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RESUMO

A COVID-19 (Coronavirus Disease-2019), inicialmente descrita como uma doenca
predominantemente respiratdria, revelou-se uma condi¢do multissistémica. A progressdo para
formas graves da doenca tem sido atribuida tanto a resposta imune exacerbada do hospedeiro,
resultando na chamada "tempestade de citocinas”, quanto @ ampla replicagdo viral em diversos
tecidos devido a expressdo ubiqua da enzima conversora de angiotensina 2 (ECA-2), utilizada
como receptor viral. No sistema nervoso central (SNC), a neuroinflamacdo destaca-se pela
relevancia na etiopatogenia de distdrbios neuropsiquiatricos. Neste estudo, utilizamos modelos
de infeccdo intranasal por betacoronavirus murinos (MHV-3 e MHV-A59) para investigar
alteracdes associadas a infeccdo aguda e subaguda/crbnica, respectivamente. O MHV-3 foi
capaz de infectar e se replicar no SNC, induzindo altera¢des agudas graves como desequilibrio
na producdo de mediadores inflamatorios, aumento na liberacdo de glutamato e no influxo de
calcio, alteracBes histopatoldgicas leves e déficits comportamentais, como anedonia,
comportamento do tipo ansioso e comprometimento motor. J& 0 MHV-A59, um virus de
tropismo pulmonar que causa doenca de carater auto resolutivo, foi utilizado como ferramenta
para estudar sequelas neuropsiquiatricas da COVID longa. Os resultados indicaram que apenas
fémeas infectadas com MHV-AS9 apresentaram alteracGes neuropsiquiatricas. Esses achados
sugerem que as alteracdes pds-infeccdo estdo diretamente relacionadas ao sexo bioldgico e a
influéncia de hormonios sexuais. Nesse sentido, foram avaliados estradiol, horménio foliculo
estimulante (FSH) e testosterona. Esses hormonios se apresentaram alterados durante a cinética
de infeccdo, mas destacamos 0s niveis de testosterona que permaneceram reduzidos durante
todo periodo estudado. Assim como demonstrado na literatura, essa reducdo esta diretamente
associada aos sintomas da COVID longa, em ambos 0s sexos. A ovariectomia em fémeas
infectadas resultou em melhora significativa nas sequelas comportamentais e no escore
histopatologico cerebral. Nesse contexto, a prova de conceito consistiu no tratamento com o
peptideo anti-inflamatdrio e pro-resolutivo angiotensina (1-7), administrado na fase aguda da
infeccdo, demonstrando ser eficaz na prevencdo das sequelas neuropsiquiatricas observadas
previamente. Portanto, os modelos murinos de MHV-3 e MHV-A59 mimetizam aspectos
fundamentais da COVID-19 aguda grave e da COVID longa, respectivamente, fornecendo
plataformas pré-clinicas robustas para estudos de patogénese e desenvolvimento de

intervencdes terapéuticas.

Palavras-chave: MHV-3; infeccdo SNC; COVID-19; comportamento animal; COVID longa;
MHV-A59.



ABSTRACT

COVID-19 (Coronavirus Disease-2019), initially described as a predominantly respiratory
disease, has proven to be a multisystemic condition. The progression to severe forms of the
disease has been attributed both to the exacerbated host immune response, resulting in the so-
called "cytokine storm”, and to widespread viral replication in several tissues due to the
ubiquitous expression of angiotensin-converting enzyme 2 (ACE-2), used as a viral receptor.
In the central nervous system (CNS), neuroinflammation stands out for its relevance in the
etiopathogenesis of neuropsychiatric disorders. In this study, we used models of intranasal
infection by murine betacoronaviruses (MHV-3 and MHV-A59) to investigate changes
associated with acute and subacute/chronic infection, respectively. MHV-3 was able to infect
and replicate in the CNS, inducing severe acute changes such as imbalance in the production of
inflammatory mediators, increased glutamate release and calcium influx, mild histopathological
changes, and behavioral deficits such as anhedonia, anxiety-like behavior, and motor
impairment. MHV-AB9, a pulmonary tropism virus that causes self-resolving disease, was used
as a tool to study neuropsychiatric sequelae of long COVID. The results indicated that only
females infected with MHV-A59 presented neuropsychiatric changes. These findings suggest
that post-infection changes are directly related to biological sex and the influence of sex
hormones. In this sense, estradiol, follicle-stimulating hormone (FSH), and testosterone were
evaluated. These hormones were altered during the kinetics of infection, but we highlight that
testosterone levels remained reduced throughout the study period. As demonstrated in the
literature, this reduction is directly associated with the symptoms of long COVID in both sexes.
Ovariectomy in infected females resulted in significant improvement in behavioral sequelae
and brain histopathological score. In this context, the proof of concept consisted of treatment
with the anti-inflammatory and pro-resolution peptide angiotensin (1-7), administered in the
acute phase of infection, proving to be effective in preventing the neuropsychiatric sequelae
previously observed. Therefore, the murine models of MHV-3 and MHV-A59 mimic
fundamental aspects of severe acute COVID-19 and long COVID, respectively, providing
robust preclinical platforms for pathogenesis studies and development of therapeutic

interventions.

Keywords: MHV-3; CNS infection; COVID-19; animal behavior; long COVID; MHV-AS9.
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APRESENTACAO

Esse trabalho foi estruturado em:

Introducdo

Obijetivos

Artigos relacionados a tese e resultados nao publicados
Discussao

Conclusao

Producao cientifica

N o o~ w h e

Anexos

Referéncias

Os resultados deste trabalho foram organizados em dois artigos cientificos e
complementados com dados inéditos ainda ndo publicados: o primeiro artigo, ja publicado,
apresenta uma plataforma experimental para o estudo da fase aguda da COVID-19 grave. Essa
plataforma foi desenvolvida a partir de um modelo murino de infeccéo pelo betacoronavirus
MHYV-3, permitindo a investigacao de aspectos neurogquimicos, comportamentais e inflamatorios
associados a doenca. O segundo artigo, atualmente em revisdo e em pré-print
(https://www.biorxiv.org/content/10.1101/2024.01.10.575003v1), introduz  uma  nova
plataforma baseada em um modelo murino de infeccdo pelo betacoronavirus MHV-A59. Essa

abordagem ampliou a analise para incluir ndo apenas a fase aguda da infec¢do, mas também as
sequelas prolongadas induzidas pelo virus, comumente chamadas de COVID longa ou sindrome
p0s-COVID. Além desses artigos, os resultados ndo publicados reforcam o valor do modelo de
COVID longa como uma ferramenta importante para o estudo de intervencdes terapéuticas. Esses
dados sugerem que o modelo pode ser crucial para identificar estratégias que previnam ou

atenuem os efeitos debilitantes dessa condicao cronica.


https://www.biorxiv.org/content/10.1101/2024.01.10.575003v1
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1.  INTRODUCAO

1.1 Os Coronavirus

Em dezembro de 2019, um surto de uma nova Sindrome Respiratéria Aguda Grave
(SARS) foi identificado em Wuhan, provincia de Hubei, na China. No inicio de 2020, foi
confirmado que essas infec¢bes eram causadas por um novo coronavirus (CoVs), posteriormente,
denominado SARS-CoV-2, agente etiologico da doenca COVID-19 (do inglés, Corona virus
disease 2019) (Uddin et al., 2020). Esse virus possui alto potencial de disseminacéo, e em janeiro
de 2020, a Organizacao Mundial de Saude (OMS) declarou a COVID-19 como uma emergéncia
de salde publica global e, em marco de 2020, foi anunciada como uma pandemia (OMS, 2020).

Os CoVs foram descobertos na década de 1960 e organizados taxonomicamente na
familia Coronaviridae, a maior familia da ordem Nidovirales (Woo et al., 2010; Ashour et al.,
2020). A familia Coronaviridae abrange duas subfamilias: a Orthocoronavirinae e a
Torovirinae. A subfamilia Orthocoronavirinae é dividida em quatro géneros: alfacoronavirus,
betacoronavirus, gamacoronavirus e deltacoronavirus (Woo et al., 2010; Ashour et al., 2020;
ICTV). Este grupo viral foi denominado como coronavirus (da palavra latina corona, que
significa coroa) em virtude da morfologia esférica da particula viral e das projecdes da proteina
“S” (do inglés, spike protein) na superficie do envelope que se assemelham a uma coroa ao
microscopio eletrénico (Masters & Pearlman, 2013).

Os CoVs estdo muito dispersos na populacdo humana, assim como em outros mamiferos
e em passaros, sendo responsaveis por doencas respiratorias, entéricas, neuroldgicas e hepaticas
(Weiss & Leibowitz, 2011). Dentre os CoVs, vale ressaltar as espécies que possuem capacidade
de acometer os seres humanos (HCoVs) como o 229E, OC43, NL63 e HKU1, os quais
geralmente causam doencas respiratorias leves em individuos imunocompetentes (Su et al.,
2016), e as espécies de CoVs zoondticas, 0 SARS-CoV (Coronavirus da Sindrome Respiratéria
Aguda Grave), 0o MERS-CoV (Coronavirus da Sindrome Respiratoria do Oriente Médio) e o
SARS-CoV-2 (Coronavirus 2 da Sindrome Respiratoria Aguda Grave) (Ge et al., 2020).

A COVID-19 ¢ a terceira epidemia de pneumonia causada por CoVs nas Ultimas duas
décadas. A primeira foi em novembro de 2002, em que um novo betacoronavirus denominado
SARS-CoV surgiu em Guandong, China, provocando mais de 8.000 infecgdes e 774 mortes em
37 paises; A segunda ocorreu em 2012, causada pelo coronavirus MERS-CoV, notificado pela

primeira vez na Arabia Saudita, infectando 2.494 e matando 858 individuos (Ge et al., 2020). E
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mais recentemente, a pandemia causada pelo SARS-CoV-2, apresentando mais de 776 milhdes
de casos confirmados e mais de 2,9 milhGes de mortes até janeiro de 2025 (WHO, 2025).

O surgimento periodico de novos coronavirus em surtos zoondticos se deve,
principalmente, a distribuicéo global e a grande diversidade genética desses virus, assim como
pelo aumento da ocupacdo humana em locais isolados (Cui, Li & Shi, 2019). O envelope dos
CoVs é derivado da bicamada lipidica da membrana plasmética hospedeira, possuem genoma de
RNA de fita simples (ssSRNA), ndo segmentado, com polaridade positiva e se destacam pelos
maiores genomas de RNA conhecidos (Hulswit et al., 2016). Esse genoma codifica dezesseis
proteinas ndo estruturais e quatro proteinas estruturais. As proteinas estruturais sdo: proteina
pico, “Spike” de superficie (S), proteina de membrana (M), proteina do envelope (E),
fosfoproteina do nucleocapsideo (N) encontrada no cerne ribonucleoprotéico e proteina
hemaglutinina-esterase (HE) presente em alguns betacoronavirus (Hulswit et al., 2016; Ashour
et al., 2020).

A proteina S é fortemente glicosilada, forma picos na superficie da particula viral e esta
envolvida diretamente na interacdo virus/hospedeiro ao mediar a adsorcdo do virus as células
(Ashour et al., 2020). A proteina M é uma das mais importantes e abundantes da estrutura viral,
dando forma a particula e sendo crucial, juntamente com a proteina E, na modulacdo da
montagem do virion (Ashour et al., 2020). A proteina E participa do processo de liberagdo de
particulas virais das células hospedeiras (Siu et al., 2008). A proteina N interage com 0 RNA
viral formando o nucleocapsideo, o que a torna importante para 0 empacotamento do genoma
durante a montagem do virion (Hurst et al., 2009; Ashour et al., 2020). Presente em somente
alguns betacoronavirus como ja citado, a proteina HE se localiza na superficie dos virus, é uma
hemaglutinina semelhante a do virus Influenza e possui atividade acetil-esterase (Klausegger et
al., 1999). Os coronavirus portadores dessa proteina sdo mais virulentos e ela esta envolvida no
processo de adsorcdo desses virus (Ashour et al., 2020). J& as proteinas ndo estruturais sao
regulatérias e imunomoduladoras, como as helicases e a RNA polimerase RNA-dependente
(RdRp) responsavel pela replicagdo do genoma (Wu te al., 2020). Os virus de RNA sdo
conhecidos por apresentarem taxas elevadas de mutagoes quando comparados aos de DNA e isso
se deve a falta da atividade corretora da enzima RdRp durante a replicagdo do genoma, 0 que
resulta na formacgdo de particulas virais com ampla diversidade e eficientes na adaptacdo a
diferentes hospedeiros (Vignuzzi et al., 2006).

A interacdo do SARS-CoV-2 com as células hospedeiras se da, principalmente, pela
ligacdo da proteina S do virus & enzima conversora de angiotensina 2 (ECA-2) presente na

superficie celular, que promove a entrada do virus (Hoffmann et al., 2020). A ECA-2 é uma
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molécula presente na superficie de diversos tipos celulares, o que explica parcialmente, o amplo
tropismo viral e o extenso espectro clinico da COVID-19 (Kuba, et al., 2021). (Figura 1).

Figura 1: SARS-CoV-2 utiliza a ECA-2 como receptor para entrar na célula hospedeira e requer

a protease celular TMPRSS2 para ativar a proteina spike. Adaptado de Mushebenge et al., 2023.
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Ja foi descrito que as células da glia e 0s neurdnios expressam ECA-2, o que os torna alvo
potencial do SARS-CoV-2 (Baig et al., 2020). Em concordancia, Netland e colaboradores (2008)
demonstraram que 0 SARS-CoV é capaz de induzir morte neuronal em camundongos ao acessar

0 cérebro através do epitélio olfatdrio.
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1.2 COVID-19 e o Sistema Nervoso Central

A COVID-19 foi primeiramente caracterizada como uma doenca respiratdria. No entanto,
a medida que os sintomas foram sendo compreendidos e mais estudos realizados, observou-se
que a doenca é multissistémica, sendo o SNC um dos alvos (Bougakov et al., 2021).
Curiosamente, os sinais neuroldgicos podem preceder os sintomas respiratorios ou ser os Unicos
sinais de infeccdo pelo SARS-CoV-2. As primeiras manifestacdes neuroldgicas decorrentes da
COVID-19 sdo geralmente periféricas, como as disfuncbes gustativas e olfativas (Harapan &
Yoo, 2021). Foram relatadas outras manifestacGes periféricas como a sindrome de Guillain-
Barré, além de condigdes que indicam comprometimento do SNC, como acidente vascular
encefalico, epilepsia, convulsdes e encefalite (Harapan & Yoo, 2021).

A infeccdo aguda por SARS-CoV-2 pode estar relacionada a varias complicacdes
neuropsiquiatricas (Boldrini et al., 2021; Bremner et al., 2025) que decorrem de eventos como,
microinfartos associados a exacerbacdo da coagulacdo sanguinea, vasculite cerebral,
comprometimento da seletividade da barreira hematoencefalica (BHE), assim como ativagédo de
uma resposta inflamatoria no cérebro e na periferia (Amruta et al., 2021). O material genético e
as proteinas do SARS-CoV-2 foram identificados no tecido cerebral post-mortem e no liquido
cefalorraquidiano (LCR) de pacientes afetados pela COVID-19 (Krasemann et al., 2022). Foram
propostos mecanismos de entrada para explicar a presenca do virus no SNC (Figura 2), como:

I. Vianeuronal

Devido a alta carga viral no epitélio nasal (Meinhardt et al., 2021) e a proximidade da
cavidade nasal com o cérebro, a rota olfatoria € considerada uma porta de entrada para o virus
atingir o SNC. Foram encontradas particulas intactas de CoV, assim como RNA de SARS-CoV-
2 na mucosa olfatoria e em areas que recebem projecdes do trato olfatorio, 0 que sugere neuro
invasdo, via transporte axonal, pelo nervo olfatorio (Meinhardt et al., 2021). No entanto, tem-se
questionado essa Vvia, pois 0s neurdnios sensoriais olfatérios ndo expressam ECA-2 nem a
protease TMPSSR-2 para serem infectados.

O SARS-CoV-2 infecta células ndo neuronais (células de sustentacdo e glandulares) e o
epitélio olfativo, que expressam ECA-2 (Tsukahara et al., 2023). A infeccdo do epitélio causa
alteracdo da arquitetura nuclear e regula negativamente a expressdo de receptores olfativos,
impactando indiretamente na fungéo desses neurdnios (Zazhytska et al., 2022). Foi sugerido que

um pequeno numero de neurdnios olfatdrios infectados poderia contribuir para a neuroinvaséo,
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porém constataram que a maioria dos exemplos mostrados sdo de neurdnios imaturos, e esses
sdo incapazes de transportar o virus até o cérebro por ainda ndo possuirem as projecdes axonais
necessarias (Butowt et al., 2021).

O SARS-CoV-2 é um virus que possui tropismo multissistémico podendo infectar o
Trato Gastrointestinal (TGI). O sistema nervoso entérico (SNE) interage com o SNC por meio
de uma via de méo dupla, que se d&, principalmente, pelo nervo vago (Valdetaro et al., 2023). Os
neurdnios entéricos estdo conectados trans-sinapticamente aos neurdnios centrais, 0 que
corrobora com a ideia de que o SNE além de ser um alvo potencial do SARS-CoV-2, é uma porta
de entrada desse virus para o0 SNC (Valdetaro et al., 2023). A infec¢do do TGI pelo coronavirus
gera implicacgdes clinicas como perda de apetite, nduseas, vomitos, diarreia e dores abdominais,
e embora menos comuns, condi¢fes mais graves como isquemia mesentérica e sangramentos
gastrointestinais podem ocorrer (Slabakova et al, 2023). Os sintomas gastrointestinais tém sido
vinculados as infecgdes pelo SARS-CoV-2 desde o inicio da pandemia, embora a maioria dos
individuos ndo relatasse. Durante a fase inicial, marcada pela predominéancia da variante G614,
a diarreia foi o sintoma gastrointestinal mais reportado, com uma taxa de 28,2%. Porém a
frequéncia reduziu nas fases seguintes dominadas por outras variantes: Alfa (19,4%), Delta
(17,9%) e Omicron (13,8%) (Schulze & Bayer, 2022).

Il.  Via hematogénica

A infeccdo e o dano as barreiras epiteliais permitem o acesso do virus a corrente sanguinea
e ao sistema linfético, e consequentemente a diversos 6rgaos, incluindo o cérebro (Pennisi et al.,
2020). Nesse sentido, existem dois mecanismos propostos para a disseminagdo do SARS-CoV-
2 pela via hematogénica (Zubair et al., 2020): a transcitose do virus por meio das células
endoteliais vasculares da BHE e a infeccdo de leucécitos capazes de atravessar a BHE,
mecanismo denominado “cavalo de Tréia” (W.-K. Kim et al., 2003). Na primeira hipdtese, o
virus presente na circulacdo sanguinea, ao chegar na microvasculatura da BHE, se liga ao
receptor ECA-2 presente no endotélio capilar, e € transportado através da membrana basolateral
para o interior do SNC (Baig et al., 2020). A segunda hip6tese propde um mecanismo semelhante
ao “cavalo de Troia”, onde leucocitos infectados pelo virus, por expressarem a ECA-2, atuam
como vetores, transportando o patdgeno atraves da BHE até o SNC (Miner & Diamond, 2016).
A resposta inflamatoria sistémica, caracterizada pela “tempestade de citocinas”, induzida pelo
SARS-CoV-2, pode prejudicar a integridade da BHE possibilitando assim a entrada do virus no

SNC (Z. Li et al., 2020), corroborando o segundo mecanismo proposto. Contudo, ainda faltam
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indicios que comprovem uma replicacdo viral ativa no SNC, o que sugere que 0s sintomas
neuroldgicos que ocorrem durante ou apds a COVID-19 sdo resultado, principalmente, da
resposta inflamatdria induzida pela infeccdo do que em consequéncia do neurotropismo de
SARS-CoV-2 (Aschman et al., 2022). Portanto, a resposta inflamatoria intensa, é atualmente
considerada, o principal mecanismo responsavel pelas alteracdes neuropsiquiatricas decorrentes
da COVID-19 (Boldrini et al., 2021), em que varios mediadores produzidos na periferia durante

a infeccdo aguda, sdo capazes de atingir o SNC e desencadear uma neuroinflamacéo.

Figura 2: Principais mecanismos utilizados pelo SARS-CoV-2 para alcangar o SNC. O virus
pode afetar o SNC, diretamente, chegando ao cérebro por vérias vias, como: (1) via olfativa, pelo
nervo trigémeo ou nervo olfatorio, (2) via nervo vago em conexao com os pulmaoes e (3) via eixo
intestino-cérebro; ou indiretamente como consequéncia da resposta sistémica, resultando em

ruptura da BHE e aumento da inflamac&o e risco de infec¢des secundaria. Adaptado de Sarubbo
etal., 2022.
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1.3 Neuroinflamacao

A neuroinflamacdo, uma resposta inflamatéria do SNC, é desencadeada por diversos
estimulos nocivos, incluindo patégenos, isquemia e traumas (Diener et al. 2013). Esse fendmeno
denominado neuroinflamacao, constitui um processo complexo que envolve a interagdo dindmica
e a ativacdo coordenada de diferentes tipos celulares, incluindo neurdnios, células da glia e
células imunes periféricas (Gilhus & Deuschl, 2019). As respostas neuroinflamatérias séo
imprescindiveis para a comunicacao adequada entre sistema imune e o cérebro, para remodelacao
tecidual pds-leséo, assim como para o pré-condicionamento imunoldgico (Almutairi et al., 2021).
Todavia, uma neuroinflamacédo exacerbada e crénica esta associada a um recrutamento excessivo
de células imunes, ao estresse oxidativo, com consequente neurodegeneracdo e morte neuronal.
O aumento de mediadores inflamatorios, éxido nitrico e a producdo de radicais livres sdo
mediados por células ativadas residentes no SNC, principalmente microglia e astrocitos
(Almutairi et al., 2021).

Nesse contexto, a micréglia desempenha um papel central na vigilancia imunologica do
SNC. Essas células residentes estdo envolvidas na producdo de mediadores inflamatorios e na
execucao de atividades que se assemelham as dos macréfagos (DiSabato et al., 2016). Sendo uma
das primeiras células a colonizar o SNC, a microglia se origina de precursores mieloides do saco
vitelino durante a embriogénese e tém capacidade de autorrenovagdo, portanto, ndo séo
substituidas por células mieloides da medula dssea em estagios posteriores (Ginhoux et al.,
2010). Essas células correspondem aproximadamente a 10% da populacdo do SNC, sdo de longa
duracdo, com baixa taxa de renovacao, cuja reposicao, quando necessaria, provém de uma fonte
progenitora intrinseca ao SNC (Ginhoux et al., 2010). Além de sua conhecida funcdo imune, a
micrdglia exerce um papel multifacetado na fisiologia cerebral tanto durante o desenvolvimento
quanto na vida adulta, pois atua como célula reguladora ao modular a neurogénese, ao interagir
com astrdcitos, oligodendrocitos e neurdnios, ao influenciar a formacdo e a fungéo das sinapses
(Wright-Jin & Gutmann, 2019). A ativagdo da microglia e suas atividades buscam manter a
homeostase do SNC, no entanto uma ativagdo exacerbada e/ou crénica ou perda de sua funcgao
podem resultar em condi¢des de doencgas, como depressao e doencas neurodegenerativas (Norden
& Godbout, 2013). Antes vista como um simples “agente” reagente a lesdo cerebral, a microglia
¢ agora reconhecida como um participante ativo na iniciacdo e progressdo de diversas doencas
neuroldgicas, incluindo Alzheimer, tumores cerebrais e autismo (Wright-Jin & Gutmann, 2019).

Assim como a microglia, os astrocitos sdo muito importantes para o equilibrio do

ambiente cerebral. S&o as celulas gliais mais numerosas do SNC, originando-se a partir da
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diferenciacdo de células-tronco neurais (NSCs), desempenham fungdes essenciais para a
homeostase e a protecdo do SNC, como a reciclagem de neurotransmissores, a regulagdo do
equilibrio ibnico, a modulacéo da sinaptogénese e da transmissdo sinaptica, além de contribuir
para a manutencdo da seletividade da barreira hematoencefalica (Volterra & Meldolesi,2005).
Em situagbes patoldgicas, os astrocitos podem sofrer transformac6es adquirindo um fendtipo
reativo que envolve aumento na expressdo de varias moléculas, como a proteina fibrilar glial
acida (GFAP), e aumento do volume celular (T. Li et al., 2019). Ademais, a astrogliose esta
relacionada a progressao de doencas neurodegenerativas como a Esclerose Lateral Amiotrofica
(ELA), Alzheimer e Parkinson, e & perda do controle dos niveis de glutamato, resultando em
excitotoxicidade e dano neuronal (Valles et al., 2023). Portanto, os astrocitos com seu papel dual,
podem tanto proteger quanto estar diretamente envolvidos na fisiopatologia de diversas doencas
neurodegenerativas.

A resposta inflamatdria sistémica pode atingir o SNC por diferentes vias. Uma delas é
por via neural, caracterizada pela ativacdo do nervo vago aferente, que por ter receptores de
citocinas e receptores de reconhecimento de padrdes (RRPs) reconhecem estimulos viscerais
conduzindo-os até o SNC (Janig & Green, 2014). Outra via € a humoral, em que 0s 6rgdos
circunventriculares e o plexo coroide, locais em que BHE ¢é mais permeavel, expressam
receptores como 0 TLR (Toll-like receptor) e o CD14 (cluster of differentiation 14), assim como
receptores de citocinas (Czura e Tracey, 2005) que respondem a insultos da periferia. Além das
vias classicas, Louveau e colaboradores (2015) revelaram a existéncia de um sistema glinfatico
no SNC, com vasos localizados nos seios durais que se conectam aos vasos sanguineos. Essa
descoberta sugere uma nova via de acesso ao SNC.

Nos Gltimos anos, a neuroinflamacgdo emergiu como um dos focos centrais na pesquisa
neurocientifica, pois os processos inflamatorios tém demonstrado ser um denominador comum
na etiopatologia de uma ampla gama de distirbios neuropsiquiatricos, tais como a depressao, a
esquizofrenia e a doenca de Alzheimer (Gilhus & Deuschl, 2019). Alteragdes neuroldgicas
significativas podem ser diretamente atribuidas a inflamagéo do SNC, como a esclerose maltipla
(EM). Além disso, muitos outros disturbios cerebrais decorrem de insultos periféricos que
alcancam o SNC por meio de intricados mecanismos de comunicagdo neuroimune, destacando a
interconexao entre o sistema imune e 0 SNC (Gilhus & Deuschl, 2019).

De fato, ja foi relatado mudancas na expressdo génica de astrocitos do cortex cerebral e
comportamento de anedonia em camundongos apos neuroinflamacgdo induzida perifericamente
pela endotoxina bacteriana, o lipopolissacarideo (LPS) (Diaz-Castro et al., 2021). Outro estudo

demonstrou que a infecgcdo congénita pelo virus Zika (ZIKV) estava associada a uma reducao do



25

volume cerebral, ao aumento da neurodegeneracdo e a redugdo de neurdénios em descendentes
adultos nascidos de mées infectadas (Camargos et al., 2019). Por fim, foi demonstrado que o
SARS-CoV-2 pode induzir a perda da homeostase do SNC tanto por acdo direta quanto mediado
pela resposta inflamatdria sistémica associada a infeccdo aguda (Reza-Zaldivar et al, 2021). A
COVID-19 pode, portanto, comprometer a permeabilidade da BHE, visto que mediadores
inflamatdrios em excesso podem aumentar a permeabilidade da barreira. Tal fato, facilita tanto a
entrada do virus quanto a passagem de mediadores inflamatdrios e células do sistema imune para
0 SNC e ambos o0s processos atuam na manutencéo da neuroinflamacéo (Coperchini et al., 2020;
Matschke et al., 2020).

Estudos recentes mostram que a infeccdo pelo SARS-CoV-2 pode impactar de forma
significativa tanto a microglia quanto os astrocitos. Evidéncias apontam que o0s astrocitos séo
suscetiveis a infeccdo pelo virus e respondem a essa agressao alterando seu metabolismo, o que
afeta a producdo de metabdlitos essenciais para a manutencdo dos neurdnios. Essa alteracdo no
fendtipo secretor dos astrdcitos infectados impacta diretamente a viabilidade neuronal,
contribuindo para os danos observados nos cérebros de pacientes com COVID-19 (Crunfli et al.,
2022). Também foi observado que o transcriptoma da microglia no cortex de pacientes com
COVID-19 apresentava semelhancas com padrfes encontrados em doengas neurodegenerativas,
como a Doenca de Alzheimer (Mathys et al., 2019; Yang et al.,2021). Além disso, em um modelo
murino de COVID-19 leve, demonstraram que a microglia permanecia ativada mesmo apos sete
semanas do fim da infeccdo, sugerindo que essa ativacao persistente pode contribuir para os

sintomas neuroldgicos observados na COVID longa (Fernandez-Castafieda et al., 2022).

1.4 COVID longa: um novo desafio

A COVID longa pode ser classificada como uma das sindromes de infeccdo p6s-aguda
(PAISS) e é frequentemente referida como Sequelas P6s-Agudas da COVID-19 (PASC) (Silva
& lwasaki, 2024). Atée o0 momento, ndo ha um consenso unanime sobre a definigdo de PASC.

O Centro de Controle e Prevencdo de Doencas (CDC) dos Estados Unidos define a
COVID longa como a presenca de sintomas ou sequelas que persistem por mais de quatro
semanas apos a infeccdo inicial pelo SARS-CoV-2 (Datta et al., 2020). Ja a OMS conceitua
COVID longa como sintomas néo atribuiveis a outras causas e estdo presentes mais de trés meses
do inicio da COVID-19 e duram pelo menos dois meses (WHO, 2021).

Sequelas de longo prazo também foram observadas nas duas epidemias anteriores de
CoVs, a SARS em 2003 (Ngai et al., 2010) e a MERS em 2012 (O'Sullivan et al., 2021). A



26

compreensdo da fisiopatologia e dos fatores que predispdem o desenvolvimento das PASC
diminuem os impactos socioeconémicos, portanto a OMS e o Long COVID Forum Group tém
incentivado pesquisas que atuem na melhoria da caracterizagdo clinica, assim como no
desenvolvimento de estratégias terapéuticas para esses quadros (Carson, & Long COVID Forum
Group, 2021).

Um estudo, realizado entre seis de setembro e 25 de novembro de 2020, disponibilizou
um questionario em oito idiomas, além do inglés, e os dados foram coletados utilizando a
Qualtrics, uma plataforma de pesquisa on-line. Avaliaram 3.762 participantes que tiveram
COVID-19 demonstrando uma prevaléncia ainda maior de sintomas neurologicos apds 0s
primeiros seis meses p6s-COVID-19 e os sintomas mais frequentemente relatados incluiram
déficits sensorio-motores (91%), disfuncdo cognitiva (85%), distdrbios de humor (88%),
distdrbios de sono (79%), cefaleia (77%), comprometimento de memoria (73%) e alteracdes do
olfato e/ou paladar (58%). Além disso, desses pacientes 65% relataram persisténcia dos sintomas
neuroldgicos por periodo superior a 6 meses, sendo os mais frequentes fadiga (80%), mal-estar
pos-esforco (73%) e disfuncdo cognitiva (58%) (Davis et al., 2021). Outro estudo avaliou 1.733
pacientes apos seis meses do diagnoéstico laboratorial da COVID-19 e mostrou que 76% deles
relataram pelo menos um sintoma neuroldgico, incluindo fadiga ou fraqueza muscular (63%),
disturbios de sono (26%), alteracdo do olfato ou paladar (11% e 7%, respectivamente), mialgias
(2%) e dor de cabeca (2%), assim como transtornos psiquiatricos, em especial ansiedade e
depressédo (23%) (Huang et al., 2021). De fato, foi mostrado que as PASC atingem de 10% a 30%
das pessoas e que as mulheres sdo mais suscetiveis (Thompson et al., 2022).

A COVID longa pode ser caracterizada como uma doenga multissistémica fundamentada
por varios mecanismos que explicam as sequelas decorrentes da infeccdo por SARS-CoV-2 (Al-
Aly & Topol, 2024). Apesar dos grandes esforcos realizados para entender esse legado que a
pandemia nos deixou, 0s potenciais mecanismos envolvidos no processo da PASC ainda sdo
muito especulativos. Vale destacar as principais hipteses apoiadas pela literatura para explicar
as PASC (Figura 3):
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Figura 3: Potenciais mecanismos fisiopatolégicos relacionados a COVID longa. Os principais
fatores hipotéticos envolvidos na fisiopatologia da PASC abrangem: (I) Reservatoério viral, (11)
Disfuncdo imune, (I11) Coagulopatia/disfuncao endotelial, (IV) Autoimunidade e (V) Alteracao

do microbioma intestinal. Modificado de J. Li et al., 2023.
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I. Reservatorios virais persistentes

Individuos com COVID longa podem nao eliminar completamente o SARS-CoV-2 ap06s a
infeccdo inicial, ao contrario, o virus replicante e/ou 0 RNA viral, com capacidade de produzir
proteinas virais, podem persistir em reservatorios nos tecidos (Proal et al., 2023a). O SARS-
CoV-2, um virus de ssRNA de sentido positivo, compartilha caracteristicas com outros virus cuja
persisténcia ja foi observada, como o Ebola (Keita et al., 2019; Varkey et al., 2015) e 0 ZIKV
(Paz-Bailey et al., 2017). Esses virus persistentes tém sido associados ao desenvolvimento de
doencas cronicas (Dokubo et al., 2018). Relatos indicam que novos surtos de Ebola foram
causados por individuos que carregavam o virus persistente anos apds a recuperacdo (Keita et
al., 2021) e o ZIKV pode ser transmitido por via sexual meses apés a fase aguda da infeccédo
(Russell et al., 2017).

Um estudo de autopsia identificou RNA e proteinas de SARS-CoV-2 em diversos tecidos,
coletados entre 31 e 230 dias ap6s o inicio dos sintomas da infeccdo. Mais de 50% dessas
autopsias revelaram RNA viral persistente em linfonodos da cabeca, pescoco e térax, além de
tecido ocular, medula espinhal cervical, tronco cerebral e nervo olfatorio (Stein et al., 2022).
Outro estudo analisou bidpsias intestinais de 46 individuos com doenca inflamatoria intestinal,
dos quais apenas trés haviam sido hospitalizados durante a COVID-19. Os resultados mostraram
que 70% dos participantes apresentaram RNA do SARS-CoV-2 na mucosa intestinal sete meses
apos a infeccdo. Entre os 21 individuos com sintomas p6s-COVID, todos tinham RNA viral no
intestino, enquanto, dos 25 sem sintomas, 9 apresentaram RNA viral e 0s outros 14 ndo tiveram
RNA viral detectavel (Zollner et al., 2022).

A presenca de RNA e/ou proteinas do SARS-CoV-2 em reservatorios no organismo pode
desencadear doencas por meio de diversos mecanismos. Os componentes virais persistentes
podem se ligar aos RRPs do hospedeiro, induzindo a producdo de mediadores inflamatorios e
promovendo inflamacdo; além disso, a ativacdo constante do sistema imunoldgico pode
comprometer sua atividade efetora, levando a exaustdo ou a diferenciacdo alterada das células
imunes (Proal et al., 2023b). Essas alteragdes podem resultar em disfun¢fes imunoldgicas e
contribuir para o desenvolvimento de patologias associadas as PASC. A replicagdo viral nos
reservatorios pode ter efeito citopatico, visto que muitas células expressam receptores para
entrada do virus, o que resulta em danos diretos a diversos tecidos (Proal et al., 2023b).

A permanéncia do SARS-CoV-2 no SNC pode contribuir para a neuroinflamacéo e estar
associada aos sintomas cognitivos, neuroldgicos ou psiquiatricos em pessoas com PASC. Um

estudo de autopsia revelou aumento na deposic¢ao de placas de AP no cérebro de pacientes com
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COVID-19 grave, com menos de 60 anos (Rhodes et al., 2022). A proteina AP, associada a
doenca de Alzheimer, atua como um peptideo antimicrobiano na resposta imune inata contra
patogenos no tecido cerebral (Proal et al., 2023b). Experimentos in vitro e em animais mostraram
que a AP se acumula em resposta a patogenos, incluindo o virus herpes simples tipo 1 (HSV-1)
(Eimer et al., 2018). Portanto, a persisténcia de SARS-CoV-2 no SNC ou a reativacdo de outros
patdgenos, como herpesvirus, ap6s a COVID-19 podem desencadear processos degenerativos
como actimulo de AP, aumentando o risco de Alzheimer (Proal et al., 2023b).

Por outro lado, as proteinas do SARS-CoV-2 podem modular negativamente a resposta imune
inata do hospedeiro, desativando essas respostas em vez de induzi-las (Rashid et al., 2022). Além
disso, essas proteinas podem desregular fatores metabdlicos, epigenéticos e genéticos do
hospedeiro, contribuindo para o surgimento de sintomas, mesmo na auséncia de efeitos
citopaticos diretos (Kee et al., 2022). Muitas sdo as evidéncias, no entanto ha a necessidade de
mais pesquisas para compreender os mecanismos subjacentes a persisténcia viral e sua relacao

com os sintomas de longo prazo.

I1. Disfuncdo imune

Os individuos com COVID longa apresentam algumas diferencas imunoldgicas em
relacdo as que se recuperaram completamente. Entre elas, destaca-se uma menor propor¢do de
células T CD8* de memodria especificas, produtoras de interferon gama (IFN-y*), em individuos
com sintomas persistentes (Peluso et al., 2021). Schultheil? et al. (2022) identificaram que as
PASC estdo associadas a niveis elevados de citocinas inflamatérias, como IL-1p, IL-6 e TNF,
sem relagdo direta com autoanticorpos (AABs). Além disso, Fernandez-Castafieda et al. (2022)
relataram niveis aumentados da quimiocina CCL11 (eotaxina) no sangue de individuos com
comprometimento cognitivo relacionado a COVID longa, e esses niveis diminuiram conforme
0s sintomas cognitivos foram resolvidos.

Um estudo recente desenvolvido por Visvabharathy e colaboradores (2023) identificou
um padrdo distinto de ativacao de células T em pacientes com Neuro-PASC. Demonstraram que
pacientes com Neuro-PASC apresentam: (i): Respostas elevadas de IFN-y ao dominio C-terminal
da proteina N (regido N3), enguanto os controles convalescentes mostraram pouca reatividade a
essa regido. Embora um aumento nas respostas de células T antivirais geralmente seja visto como
protetor, estudos tém encontrado associa¢des contraditorias entre essas respostas de células T e
os desfechos clinicos da COVID-19; (ii): Resposta atenuada de células T CD8" de memodria, 0

que prejudica a geracao eficaz de respostas efetoras para proteger contra futuras reinfecgdes; (iii)
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Maior expresséo de IL-6, citocina que foi correlacionada com a dor relatadas pelos pacientes. De
fato, niveis elevados de IL-6 sérica foram associados a piores progndsticos em pacientes com
COVID-19 grave (Weiskopf et al., 2020). A IL-6 tambeém esteve associada a fadiga e ao
comprometimento cognitivo em uma coorte de pacientes com PASC que apresentaram infeccéo
aguda leve (Schultheif3 et al., 2022). (iv): Niveis significativamente elevados de ansiedade,
depressdo e dor foram observados em comparacgdo aos controles convalescentes. A gravidade
desses déficits correlacionou-se com respostas imunolégicas adaptativas antivirais; Por fim, (v):
assinaturas de resposta inflamatoria e antiviral reduzidas em comparacdo com controles
convalescentes, concomitantes a elevacao de proteinas imunorreguladoras.

Ainda, outros estudos sugerem que a desregulacdo do sistema imune também pode estar
associada a reativacdo de virus que se encontram em estado latente no organismo. Um estudo
reforca a associacdo entre a positividade de anticorpos contra o virus Epstein-Barr (EBV) e os
sintomas de COVID longa (Peluso et al., 2023). Também ja foi demonstrado que mulheres com
PASC apresentam, em sua maioria, niveis elevados de anticorpos contra herpesvirus, como EBV,
CMV e HSV-2 (Klein et al., 2023). De forma semelhante, Silva e colaboradores (2024)
observaram titulos elevados de IgG contra antigenos do EBV em mulheres com COVID longa,
indicando uma possivel reativacdo recente do virus. O papel da reativacdo do EBV na PASC
ainda ndo estad completamente elucidado, entretanto foi sugerido que a replicacdo litica do virus
pode aumentar a expressao de ECA-2 em células epiteliais, facilitando a entrada do SARS-CoV-

2 nas células hospedeiras (Verma et al., 2021).

I11. Coagulopatia/disfunc¢éo endotelial

Eventos trombdticos potencialmente fatais e consequentes manifestacbes neuroldgicas
sdo frequentemente observados em pacientes com COVID-19, persistindo em muitos casos
mesmo apds a fase aguda da infeccdo (Tang et al., 2020). Apesar da ampla documentacdo
clinica sobre esses fendmenos, 0s mecanismos responsaveis pela coagulopatia associada a
COVID-19 e suas implicacbes na inflamagdo e na neuropatologia ainda ndo estdo
completamente elucidados.

Uma pesquisa envolvendo mais de 150 mil sobreviventes de COVID-19, incluindo casos
ndo hospitalizados, hospitalizados e tratados em UT], revelou que, apds um ano, mesmo aqueles
que ndo necessitaram de internagdo durante a fase aguda da doenga apresentam um risco

elevado de desenvolver distarbios cardiovasculares. Além disso, sobreviventes que foram
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hospitalizados enfrentam uma carga significativa apdés um ano, marcada por um aumento na
incidéncia de trombose venosa profunda (TVP) e embolia pulmonar (EP) (Xie et al., 2022).

O fibrinogénio, uma proteina essencial na formacdo de coagulos sanguineos, tem sido
encontrado em grandes quantidades nos pulmdes e no cérebro de pacientes infectados,
apresentando uma forte correlacdo com a gravidade da doenca; além disso, ele tem sido
apontado como um biomarcador til para prever déficits cognitivos pdés-COVID-19 (J. K. Ryu
et al., 2024). Nesse sentido, demonstraram que a fibrina derivada do fibrinogénio, interage
diretamente com a proteina spike do SARS-CoV-2, resultando na formacdo de coagulos
sanguineos que contribuem para a tromboinflamac&o sistémica, assim como desempenham um
papel significativo na neuropatologia observada em pacientes com COVID-19 (J. K. Ryu et al.,
2024). Apos a infeccdo pelo SARS-CoV-2, a fibrina também intensifica a neuroinflamacéo e a
perda neuronal, além de desencadear respostas imunes inatas tanto no cérebro quanto nos
pulmdes, mesmo na auséncia de infeccdo ativa (J. K. Ryu et al., 2024). Interessantemente, nesse
estudo utilizaram um anticorpo monoclonal que blogueia o dominio inflamatério da fibrina, e
este se mostrou eficaz em proteger contra a ativacdo da micrdglia, danos neuronais e a
tromboinflamacdo pulmonar apdés a infecgéo.

Um estudo adicional explorou o0s mecanismos subjacentes a disfuncdo vascular
provocada pelos betacoronavirus MHV-3 e SARS-CoV-2. A pesquisa revelou uma reducéo da
contratilidade em grandes artérias e veias, resultando em insuficiéncia circulatdria e 6bito. Esse
processo foi associado a via TNF/iNOS/NO, destacando o papel critico do endotélio vascular e
do TNF na patogénese e na gravidade das infeccBes por coronavirus (Vieira-Alves et al., 2023).
Diversas hipoteses foram sugeridas para explicar o estado de hipercoagulacdo persistente
observado em sobreviventes da COVID-19. Entre elas, destacam-se a inflamagédo néo resolvida,
a geracdo de AABs e a possivel presenca de reservatorios virais ou fragmentos de RNA e
proteinas virais, capazes de ativar leucdcitos e plaquetas, perpetuando a resposta inflamatéria.
Independentemente do estimulo subjacente, individuos com PASC apresentam
tromboinflamacdo persistente, sustentada pela ativacdo continua de células endoteliais e
plaquetas, além de uma formacdo exacerbada de codgulos de fibrina (Martins-Gongalves et al.,
2023).

1VV. Autoimunidade

Os virus possuem a notavel capacidade de modular o sistema imunolégico humano, como

exemplificado pelo citomegalovirus (CMV) e pelo EBV, frequentemente associados ao
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desenvolvimento de doencas autoimunes (Chang et al., 2023). O EBV ¢ o0 agente etioldgico da
mononucleose infecciosa, pode estar associado a certos tipos de cancer e graves doengas
linfoproliferativas, sendo capaz de estabelecer infeccdo permanente, geralmente assintomatica,
em mais de 90% da populacéo adulta global (Fonseca et al., 2023). O EBV ¢é considerado como
um gatilho da esclerose multipla (EM), visto que em uma ampla coorte de mais de 10 milhGes
de militares do exército dos EUA, foi identificado um aumento de 32 vezes de EM entre
individuos que se tornaram soropositivos para 0 EBV, em comparacdo com aqueles que
permaneceram soronegativos (Bjornevik et al., 2022). A EM é uma condic¢édo croénica do SNC,
mediada pelo sistema imune, marcada por areas de desmielinizacdo e processos
neurodegenerativos (Bellucci et al., 2021) e, nesse contexto, a contribui¢do do EBV é relacionada
a reatividade cruzada entre seus antigenos e as proteinas do proprio organismo, envolvendo
mecanismos tanto da imunidade celular quanto da imunidade humoral (Soldan & Lieberman,
2023). Na COVID-19 grave foram observadas algumas vias imunoldgicas desreguladas que
coincidem com alteracGes tipicas da EM, sugerindo que o SARS-CoV-2 pode representar um
fator de risco para o surgimento ou a piora da EM em individuos suscetiveis (Fonseca et al.,
2023).

A infecgdo pelo SARS-CoV-2 tem sido vinculada a um risco aumentado de outras
condicdes autoimunes, incluindo diabetes mellitus tipo 1 (DM1), lupus eritematoso sistémico
(LES), artrite reumatoide, diversas formas de vasculite e doencas inflamatdrias intestinais (Antar
& Cox, 2024). Os mecanismos exatos que sustentam a relagdo entre infeccdo viral e doencas
autoimunes permanecem desconhecidos. Estudos sugerem que os virus podem induzir
autoimunidade por diversos processos, como mimetismo molecular (B. Kim et al., 2006),
disseminacéo de epitopos (Getts et al., 2013) e ativacdo de células espectadoras (Fujinami et al.,
2006). Supbe-se que a inflamacdo prolongada observada na COVID-19 possa ativar o sistema
imunoldgico, levando a producédo de anticorpos direcionados a antigenos virais estruturalmente
semelhantes a autoantigenos, resultando em respostas cruzadas tanto contra autoantigenos quanto
contra outros antigenos (Chang et al., 2023). Além disso, o surgimento de condi¢des autoimunes
apos a COVID-19 pode ser associado a imunossupressao temporaria, que compromete a auto
tolerancia, e a uma reconstituicdo imunoldgica inadequada em individuos predispostos a
autoimunidade (Cafias, 2020).

A geragdo de AABs durante a infecgdo aguda por SARS-CoV-2 também esté associado
ao desenvolvimento de autoimunidade. A producédo de anticorpos é uma mecanismos natural que
ocorre em resposta as infec¢des, no entanto os AABSs resultam da ativacédo de espectadores ou de
mimetismo molecular (Zhao et al., 1998). Diversos AABs com potencial patologico foram
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identificados durante a COVID-19 (Wang et al., 2021). mas, normalmente, os niveis de AAB
tendem a diminuir conforme o sistema imune retorna a homeostase (Woodruff et al., 2022).
Todavia, varios estudos retrospectivos demonstraram que pacientes com COVID-19 apresentam
um risco de 20 a 40% maior de desenvolver diversas doencgas autoimunes apos a infeccao (Peng
et al., 2023; Syed et al., 2023; Tesch et al., 2023). Nesse contexto, uma pesquisa identificou a
presenca de anticorpos antinucleares (ANAS) relacionados a sintomas persistentes de COVID-
19 até 12 meses apo6s a infeccdo inicial (Son et al., 2023). Outro estudo constatou que AABS
direcionados a diversos receptores acoplados a proteina G (GPCRs) estavam presentes em todos
os 31 participantes diagnosticados com COVID longa, sendo que esses padrdes de ABBs ja foram
observados em déficits neuroldgicos e em doencas cardiovasculares independentes da COVID-
19 (Wallukat et al., 2021).

Um estudo recente revelou niveis elevados de AABs direcionados as proteinas do SNC
em pacientes com COVID longa, correlacionando-o0s com os sintomas neuroldgicos e cognitivos
observados nesses individuos. Além disso, os pesquisadores demonstraram que a injecéo de 1gG
purificada desses pacientes em camundongos resultou em maior sensibilidade a dor, bem como
em perda de equilibrio e coordenacao, reproduzindo os sintomas relatados pelos pacientes (Sa et
al., 2024).

V. Alteragdes no microbioma

A COVID-19 pode causar alteracGes significativas e persistentes no microbioma
intestinal, em parte devido a elevada expressdao de ECA-2 no TGlI, o que facilita a entrada do
SARS-CoV-2 em células epiteliais intestinais, afetando organismos comensais benéficos (Yeoh
et al., 2021). A infeccdo nessas células pode desencadear inflamacdo tecidual, morte celular e
danos as barreiras intestinais, além de outros tecidos. Esses processos podem levar a translocacéao
de microrganismos para a corrente sanguinea, resultando em uma resposta inflamatoria sistémica
(Peluso & Deeks, 2024). Foram detectados niveis elevados de biomarcadores de translocacao
microbiana, como zonulina (proteina reguladora da permeabilidade do epitélio intestinal), beta-
D-glucana (componente da parede celular de fungos) e proteina de ligagdo a LPS (componente
da parede celular bacteriana) no sangue de individuos com COVID longa, em comparagdo com
aqueles que se recuperaram completamente (Giron et al., 2022). Em Hong Kong, um ensaio
clinico analisou o potencial da modulagdo do microbioma intestinal como tratamento para a
COVID longa. Os participantes que utilizaram uma preparacao simbidtica relataram melhorias

significativas em sintomas associados a PASC, como reducdo da fadiga, melhora na
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concentracdo e memoria, alivio de distdrbios gastrointestinais e diminuicdo do mal-estar geral,
quando comparados ao grupo placebo (Lau et al., 2024).

Um outro estudo revelou que a microbiota intestinal de individuos pds-COVID é
dominada por bactérias da familia Enterobacteriaceae com resisténcia a antibidticos, em
comparacdo a controles saudaveis. O transplante fecal desses individuos para camundongos
germ-free resultou em inflamacdo pulmonar e pior evolugdo na infecgdo por Kilebsiella
pneumoniae multirresistente. Além disso, os camundongos p6s-COVID apresentaram déficits de
memoaria em testes de reconhecimento e localizacdo, acompanhados por niveis elevados de
MRNA de tnf no hipocampo e reducgéo de fatores neuroprotetores como bdnf e psd-95. Como
prova de conceito, administraram um probiético, o Bifidobacterium longum, em camundongos
infectados pelo betacoronavirus MHV-3, e observaram que o tratamento preveniu o

comprometimento de memoria induzido pela infeccdo (Mendes de Almeida et al., 2023).

1.4.1 Sexo biolégico e a relagcdo com a COVID-19/COVID longa

Desde a epidemia de SARS-CoV em 2002-2003, ficou claro que os homens apresentam
maior vulnerabilidade a doencas pulmonares agudas, uma tendéncia reforcada durante a
pandemia de SARS-CoV-2, que revelou uma maior taxa de letalidade entre o publico masculino
(Scully et al., 2020). Por outro lado, as mulheres tém trés vezes mais chance de desenvolver
PASC em comparacdo aos homens, no entanto a gravidade da doenca, assim como o tempo para
resolucdo da fase viral aguda ndo foram associados a COVID longa (Bai et al., 2021). Esses
padroes tém sido associados a diferencas na imunidade e influenciados pela producéo de
hormonios sexuais, além de variagdes na resposta imune relacionadas ao cromossomo X
(Channappanavar et al., 2017).

De forma semelhante a PASC, outras sindromes de infec¢do p6s-aguda (PAISs), como
encefalomielite mialgica/sindrome da fadiga crénica (ME/CFS) e doenga de Lyme longa,
apresentam uma predominancia feminina ainda mais acentuada, com até 80% dos casos
ocorrendo em mulheres (Choutka et al., 2022). A anélise da assinatura imunoldgica na COVID
longa revelou um perfil distinto entre homens e mulheres. Em homens, essa assinatura se
associou a um aumento significativo de sintomas como fadiga, distdrbios de humor, ansiedade,
dor e comprometimento neurolégico. Curiosamente, mulheres com uma assinatura imunologica
mais similar a dos homens apresentaram uma menor carga sintomatica (Silva et al., 2024). Esses

resultados sugerem que a assinatura imunoldgica feminina, em particular, pode ser um fator



35

contribuinte para a maior intensidade e variedade de sintomas relatados por mulheres com
COVID longa.

O sexo biologico afeta as respostas imunes inatas e adaptativas, conduzindo a diferencas
sexuais na autoimunidade, assim como em respostas a infec¢fes e vacinas (Klein & Flanagan,
2016). O estrogeno, em particular, desempenha um papel crucial na regulacdo do sistema
imunoldgico, com diversos estudos destacando sua capacidade de suprimir respostas
inflamatdrias. No entanto, algumas pesquisas sugerem que 0s estrogénios podem exercer efeitos
pré-inflamatorios ou até mesmo duplos (pré- e anti-inflamatorios), dependendo do tipo de
citocina ou célula envolvida (Dragin et al., 2017). A ovariectomia, frequentemente utilizada em
modelos murinos para modular a agao do estradiol produzido pelas génadas, ¢ um método eficaz
para estudar esse horménio, que também pode ser sintetizado em tecidos secundarios, como
cérebro, rim, o0sso, pele e tecido adiposo, ainda que em quantidades reduzidas (Harding &
Heaton, 2022).

Em relacdo a COVID-19, Ding e colaboradores (2021) identificaram que o estradiol (E2)
pode exercer um efeito protetor em mulheres, regulando citocinas associadas a gravidade da
infeccdo (Ding et al., 2021). Além disso, niveis elevados do horménio foliculo estimulante (FSH)
foram observados em mulheres durante a infec¢do por SARS-CoV-2 (Cai et al., 2022), porém 0s
mecanismos que explicam a alteracdo do FSH na fase aguda e na COVID longa permanecem
pouco explorados.

A testosterona, por sua vez, é outro horménio de relevancia devido as suas propriedades
imunossupressoras. Em mulheres, niveis reduzidos de testosterona podem contribuir para uma
maior predisposicdo a doencas autoimunes (Bupp & Jorgensen, 2018). Como os receptores de
andrdgenos sdo expressos em células do sistema imunoldgico, acredita-se que 0s niveis de
testosterona desempenhem um papel direto na modulacdo dos perfis imunologicos individuais
(Bupp & Jorgensen, 2018). Em homens, baixos niveis de testosterona tém sido associados a
piores desfechos clinicos na COVID-19 (Schroeder et al., 2021). Paralelamente, as mulheres
parecem mais suscetiveis a COVID longa devido a reducao nos niveis de testosterona (Silva et
al., 2024).

15 Coronavirus da hepatite murina (MHV) como potencial modelo para estudo da
infeccéo pelo SARS-CoV-2

O género betacoronavirus é composto por quatro subgéneros. O subgénero Embecovirus
abriga os MHV e o subgénero Sarbecovirus inclui os SARS-CoV e SARS-CoV-2 (ICTV, 2019).
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Consistente com outros estudos (Yang et al., 2014; Andrade et al., 2021; S. Ryu et al., 2021,
Lima et al., 2024), o MHV imita efetivamente a infeccdo pelo SARS-CoV-2, reproduzindo
aspectos-chave da COVID-19 humana, como replicacdo viral, patogénese, respostas imunes
pulmonares e extrapulmonares e 0 amplo espectro de manifestacdes clinicas (Figura 4) (Koérner
et al., 2020). A principal distincdo entre MHV e SARS-CoV-2 esta no receptor usado para
entrada celular: as cepas de MHV utilizam a molécula de adesdo CEACAM-1
(Carcinoembryonic Antigen-Related Cell Adhesion Molecules 1), enquanto o0 SARS-CoV-2
depende da enzima ECA-2 (Kdrner et al., 2020). Essa diferenca pode representar desafios para
estudar mecanismos de entrada viral e avaliar medicamentos direcionados a esse estagio do ciclo
de replicagéo.

Vérias cepas de CoVs que infectam camundongos induzem doencas hepaticas,
respiratorias ou entéricas e sdo acompanhadas por alteracdes neuroldgicas (Cowley & Weiss,
2010). Por exemplo, 0 MHV-3 e 0 MHV-A59 se replicam inicialmente no epitélio nasal, com
viremia subsequente e disseminacgdo para os pulmdes, figado, medula éssea, cérebro, tecido
linfoide e 6rgédos reprodutores (Homberger et al., 1998). No entanto, diferencas importantes em
relacdo as manifestagcdes da doenca induzida por estas duas linhagens podem ocorrer. Enquanto
0 MHV-3 induz uma infec¢éo inicialmente pulmonar seguida de disseminagéo sisttémica, com
alto tropismo pelo figado e elevada morbimortalidade dos animais, quadro semelhante a uma
COVID-19 grave (Andrade et al., 2021), a infecgdo pelo MHV-A59 induz uma doenca
majoritariamente pulmonar e autolimitada (Yang et al., 2014). O MHV-A59 é uma cepa hepato-
neurotropica que causa hepatite aguda, meningoencefalomielite, neurite dptica e infeccdo
persistente no SNC (Das Sarma et al., 2000). Outras cepas, como 0 MHV-2, também apresentam
tropismo pelo figado, entretanto é capaz de invadir o SNC de forma limitada, podendo induzir
meningite sem causar encefalite (Das Sarma et al., 2010). Sobretudo 0 MHV-JHM ¢ altamente
neurotropico, capaz de provocar encefalite grave e desmielinizacdo, sem tropismo para o figado
(Bergmann et al. 2006).

Desde a descoberta do SARS-CoV, o MHV tem sido utilizado como modelo de infecgédo
para entender a SARS e seus desdobramentos, ja que sua manipulacéo requer contencdo em nivel
de biosseguranga 2 (NB-2), em contraste com a necessidade de contencdo de nivel de
biosseguranca 3 (NB-3) para SARS-CoV e SARS-CoV-2 (Kdrner et al., 2020). Este & um aspecto
muito importante, pois muitos laboratorios de pesquisa ndo tém infraestrutura e recursos para
manter instalagdes NB-3. Ryu et al. (2021) utilizaram o MHV-A59 para investigar a resposta
imune relacionada ao envelhecimento durante a infecc¢éo por coronavirus e exploraram o impacto

de uma dieta cetogénica pro-longevidade (KD) na vigilancia imunoldgica. A inoculagéo
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intranasal com MHV-A59 em camundongos idosos levou ao aumento da mortalidade e
inflamacao sistémica, incluindo neutrofilia e deple¢do de células T yo nos pulmdes. A ativacao
da cetogénese expandiu as células T yo protetoras do tecido, desativou o inflamassomao NLRP3
e reduziu os mondcitos patogénicos nos pulmdes de camundongos idosos infectados (Ryu et al.,
2021)

Para mimetizar os sintomas da COVID-19, camundongos transgénicos expressando
ECA-2 humana (hECA-2) sob varios promotores foram usados (Bao et al., 2020; Seo et al.,
2022). No entanto, muitos desses modelos transgénicos falham em capturar o espectro completo
da COVID-19, particularmente as manifestacGes extrapulmonares e seus sintomas persistentes
(Knight et al., 2021). Isso acontece principalmente porque a expressdéo da ECA-2 é
frequentemente restrita as células epiteliais nesses modelos, como visto com o promotor k18 (Fan
et al.,, 2022; Knight et al., 2021). Nesse contexto, desenvolver modelos novos e diversos €
fundamental para abordar essas limitagcdes e progredir (Fan et al., 2022; Mufioz-Fontela et al.,
2022).

Figura 4: Principais similaridades e diferencas na patogénese do virus da hepatite murina (MHV)
e 0 coronavirus da sindrome respiratoria aguda grave 2 (SARS-CoV-2). Adaptado de
(Korner et al., 2020).
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1.6  Intervengdes farmacologicas

A fase aguda da COVID-19, especialmente a doenca grave, é caracterizada por alta
replicacdo viral e uma resposta inflamatdria exacerbada (Merad et al., 2022). Antivirais, anti-
inflamatorios e anticoagulantes sdo usados para controlar a COVID-19 aguda grave (Braz-de-
Melo et al., 2021). Até o momento, alguns antivirais de moléculas pequenas, como nirmatrelvir-
ritonavir, remdesivir e molnupiravir, além de 11 anticorpos monoclonais, foram aprovados para
o tratamento da COVID-19(G. Li et al., 2023). Pacientes hospitalizados com COVID-19 grave
também podem ser tratados com agentes imunomoduladores previamente aprovadas, como
glicocorticoides (ex.: dexametasona), antagonistas de citocinas (ex.: tocilizumabe) e inibidores
da Janus quinase (ex.: baricitinibe) (G. Li et al., 2023).

Dexametasona e hidrocortisona, ambos glicocorticoides, sdo corticosteroides
recomendados principalmente para pacientes hospitalizados com COVID-19 que requerem
suporte de oxigénio (Bhimraj et al., 2020). A dexametasona foi o primeiro glicocorticoide a
apresentar beneficios clinicos em casos graves da doenca. Nos estagios iniciais da pandemia, o
estudo RECOVERY demonstrou que esse medicamento reduziu significativamente a
mortalidade em pacientes que necessitavam de suporte respiratério (RECOVERY Collaborative
Group, 2021). Além disso, a dexametasona, isoladamente ou em combinagdo com tocilizumabe
e antivirais, mostrou-se eficaz no tratamento de formas moderadas a graves de COVID-19
(Alunno et al., 2022). Contudo, nao foram observados beneficios em pacientes internados que
ndo precisavam de suporte respiratério (RECOVERY Collaborative Group, 2021), e seu uso
pode aumentar o risco de eventos adversos graves relacionados ao medicamento em casos de
COVID-19 grave (Wolfe et al., 2022).

A répida resposta global com o desenvolvimento de vacinas contra a COVID-19 e o
reposicionamento de farmacos foi um avanco sem precedentes. No entanto, a identificacdo de
tratamentos eficazes para a Covid Longa tem sido um processo mais lento. J& existem relatos que
apontam para um possivel alivio dos sintomas pos-COVID ap0s a vacinacdo contra 0 SARS-
CoV-2 (Arnold et al., 2021), mas um numero significativo de pessoas ndo observou nenhuma
mudanca (Nakagawara et al., 2023).

A hipotese de que a replicagéo viral continua seja um fator causal da Covid Longa tem
sido investigada em ensaios clinicos com medicamentos antivirais em pacientes com a doenca
em estagio cronico. O ensaio clinico controlado randomizado, duplo-cego, STOP-PASC avaliou
a eficacia do nirmatrelvir-ritonavir, no qual 155 adultos com pelo menos dois sintomas

moderados a graves autorrelatados foram randomizados para utilizar 15 dias de nirmatrelvir-
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ritonavir oral (Paxlovid) ou placebo-ritonavir (100 mg) duas vezes ao dia. Os resultados
demonstraram que o tratamento, embora seguro, néo foi capaz de melhorar significativamente os
sintomas de longo prazo, apesar de um leve alivio durante as 15 semanas em que as pessoas
foram acompanhadas (Geng et al., 2024).

A escassez de estudos relacionados a terapias para COVID Longa é uma lacuna
significativa na pesquisa. Um estudo recente, randomizado e duplo-cego, avaliou a eficicia do
probidtico SIM01 em reduzir os sintomas da PASC. Os resultados indicaram que os participantes
que receberam SIMO1 apresentaram menor frequéncia de fadiga, dificuldades cognitivas, dor,
insOnia e problemas gastrointestinais em comparagdo ao grupo placebo (Lau et al., 2024). Em
um pequeno ensaio clinico randomizado e controlado, 41 pacientes com Covid Longa foram
tratados com AXA1125, um modulador metabdlico enddgeno que visa melhorar a funcéo
mitocondrial e reduzir o stress oxidativo. Embora tenha sido observado um nimero moderado de
eventos adversos leves, os participantes do grupo de tratamento apresentaram uma melhora
estatisticamente significativa nos sintomas de fadiga em comparacdo com o grupo placebo
(Finnigan et al., 2023). Em contrapartida, dois ensaios clinicos controlados ndo demonstraram
eficacia na reducdo dos sintomas da Covid Longa ap0s o uso de coenzima Q10 por 6 semanas
(Hansen et al., 2022) ou da estimulacdo transcraniana do cortex pré-frontal (Klirova et al.,
2024). Nesse contexto, busca-se compreender se 0 manejo clinico precoce da COVID-19 pode
influenciar o surgimento e a gravidade dos sintomas de longo prazo, caracteristicos da PASC.

O Sistema Renina-Angiotensina (SRA) esta presente no SNC e desempenha funcdes
importantes que vdo além do sistema renal e cardiovascular (Paul et al., 2006). O SRA ¢
composto por dois eixos principais, sendo a Angiotensina (1-7) [Ang-(1-7)] componente do eixo
contrarregulador que inclui a ECA-2 e o receptor Mas. Evidéncias de estudos clinicos e
experimentais indicam que desequilibrios no SRA cerebral estdo associados ao desenvolvimento
e a progressdo de doencas neurodegenerativas (Kangussu et al., 2022).

A literatura ja vem mostrando que a Angio (1-7) pode atuar como neuroprotetor em varios
processos patologicos do SNC. Janatpour e colaboradores (2019) mostraram que administracdo
subcuténea de Angio (1-7) melhora a recuperacdo de camundongos apds lesdo cerebral., visto
que atenuou os déficits motores e a histologia cerebral juntamente com a ressonancia magnética
indicaram que os camundongos tratados apresentaram volumes menores nas lesées. Além disso,
observaram que o tratamento reduziu a microgliose, a astrogliose e reduziu a perda neuronal
(Janatpour et al., 2019). Outro estudo investigou o papel da Angio (1-7) na doenca de Parkinson,
em que o tratamento com esse peptideo amenizou as alteragdes comportamentais, evidenciado

pelo aumento da atividade locomotora no teste de campo aberto e aumento da laténcia no teste
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de Rotarod, em comparagdo ao grupo que ndo recebeu o tratamento. Além disso, a intervencao
demonstrou efeitos neuroprotetores, como a preservacdo de neurdnios dopaminérgicos e a
reducgdo da expressdo de a-sinucleina na substancia negra de camundongos com Parkinson (Gao
et al., 2024)

O peptideo enddgeno Angio (1-7) e os agonistas de seu receptor Mas foram sugeridos
como moléculas promissoras para limitar a inflamacéo induzida por SARS-CoV-2 (Lobo et al.,
2024; Sousa et al., 2020). Durante a infeccdo pelo SARS-CoV-2 os niveis de Ang (1-7) séo
reduzidos, uma vez que a ECA-2, responsavel pela conversao da angiotensina Il em Angio (1-
7), é regulada negativamente ap0s a entrada do virus (Issa et al., 2021). Portanto, lesdo pulmonar
grave e alta carga viral em pacientes com COVID-19 tém sido associadas a altos niveis de
angiotensina Il e reducdo de Angio (1-7), uma molécula anti-inflamatéria e vasodilatadora
(Miesbach, 2020).
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2. OBJETIVO GERAL

Avaliar as possiveis alteracdes neuroquimicas e comportamentais resultantes da infeccéo

por coronavirus.

2.1 OBJETIVOS ESPECIFICOS

Caracterizar as alteracdes celulares e morfoldgicas agudas no SNC decorrentes da

infeccdo pelo MHV-3;

Investigar as alteragdes neuroquimicas e inflamatoérias agudas no SNC induzidas pela

infeccdo pelo MHV-3;

Investigar a ocorréncia de alteragcbes comportamentais durante a fase aguda da infeccéo
pelo MHV-3;

Implementar um modelo de COVID longa utilizando o coronavirus murino MHV-A59
como plataforma para investigar as alteracdes/sequelas neuropsiquiatricas de longo
prazo decorrentes da infec¢éo;

Avaliar como intervencgdes terapéuticas (antiviral e anti-inflamatéria) na fase aguda da

infeccdo podem repercutir nas sequelas neuropsiquiatricas no modelo de COVID longa.
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3. ARTIGOS RESULTANTES DA TESE

3.1 Trabalho cientifico I:

“A suitable model to investigate acute neurological consequences of coronavirus infection”

O presente artigo explora os impactos neurologicos agudos desencadeados pela infeccao
por coronavirus, utilizando um modelo experimental murino. A pesquisa teve como objetivo
avaliar os efeitos neuroquimicos, comportamentais e histoldgicos associados a infeccdo aguda
pelo virus MHV-3, um betacoronavirus. Para tanto, foram utilizados camundongos C57BL/6,
machos e fémeas, infectados por via intranasal com o MHV-3, sendo todas as analises realizadas
até o 5° dpi.

O estudo empregou uma abordagem integrada que incluiu testes comportamentais,
andlises histoldgicas e ensaios bioquimicos. Entre as analises destacam-se a quantificacdo de
mediadores inflamatdrios e neuroprotetores (IL-6, IFN-y, TNF, BDNF e CX3CL1) por ELISA,
a analise de sinaptossomas para avaliar a liberacdo de glutamato e os niveis intracelulares de
calcio, bem como testes comportamentais, como campo aberto, labirinto em cruz elevado e teste
de nado forcgado.

Os resultados revelaram alteragdes neuroquimicas significativas, incluindo aumento nos
niveis de glutamato e célcio intracelular. Paralelamente, observou-se elevacdo de citocinas pro-
inflamatorias (IL-6 e IFN-y) no cortex cerebral, especialmente em fémeas, e reducdo de
mediadores neuroprotetores como BDNF e CX3CL1 em camundongos infectados. As anélises
histoldgicas demonstraram sinais de degeneracdo neuronal no cOrtex cerebral e alteracGes
celulares, conforme indicaram os marcadores NeuN, IBA-1 (lonized calcium binding adaptor
molecules 1) e S100B (Calcium binding protein B). Nos testes comportamentais, 0s animais
infectados exibiram comportamento de anedonia, do tipo ansioso e deficits motores.

Os achados reforcam a utilidade do modelo murino de MHV-3 para o estudo da
fisiopatologia das manifestacfes neurologicas agudas observadas em casos graves de COVID-
19. Contudo, 0 modelo apresenta limitagdes importantes, como a auséncia de interacao direta do
virus com o receptor ECA-2, utilizado pelo SARS-CoV-2, e a natureza altamente aguda e letal
da infeccdo pelo MHV-3, o que dificulta a analise de sequelas tardias.
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Abstract

Objective and design The present study aimed to investigate the neurochemical and behavioral effects of the acute conse-
quences after coronavirus infection through a murine model.

Material Wild-type C57BL/6 mice were infected intranasally (i.n) with the murine coronavirus 3 (MHV-3). Methods:
Mice underwent behavioral tests. Euthanasia was performed on the fifth day after infection (5 dpi), and the brain tissue was
subjected to plaque assays for viral titration, ELISA, histopathological, immunohistochemical and synaptosome analysis.
Results: Increased viral titers and mild histological changes, including signs of neuronal degeneration, were observed in
the cerebral cortex of infected mice. Importantly, MHV-3 infection induced an increase in cortical levels of glutamate and
calcium, which is indicative of excitotoxicity, as well as increased levels of pro-inflammatory cytokines (IL-6, IFN-y) and
reduced levels of neuroprotective mediators (BDNF and CX3CL1) in the mice brain. Finally, behavioral analysis showed
impaired motor, anhedonia-like and anxiety-like behaviors in animals infected with MHV-3.

Conclusions In conclusion, the data presented emulate many aspects of the acute neurological outcomes seen in patients
with COVID-19. Therefore, this model may provide a preclinical platform to study acute neurological sequelae induced by
coronavirus infection and test possible therapies.
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Introduction

COVID-19 has resulted in more than 769 million cases
and 6,9 million deaths worldwide [31]. Initially, COVID-
19 was considered a respiratory disease, however, soon
after it has been observed that the disease affects several
organs and tissues, including the central nervous system
(CNS) [1].

The first neurological symptom resulting from COVID-
19 is typically gustatory and/or olfactory dysfunction [2].
In the most severe cases, peripheral neurological condi-
tions such as Guillain—-Barré syndrome, as well as condi-
tions that indicate CNS involvement such as stroke, epi-
lepsy/seizures, encephalitis, and others have been reported
[2]. The GCS-NeuroCOVID study, which involved more
than 3.500 patients, found that 80% of them reported neu-
rological manifestations during COVID-19, with encepha-
lopathy being the most prevalent [S1].

Viral genetic material and SARS-CoV-2 (severe acute
respiratory syndrome coronavirus-2) proteins have been
identified in post-mortem brain tissue and cerebrospinal
fluid (CSF) of patients affected by COVID-19 [3-7]. It is
assumed that the olfactory nerve and olfactory bulb serve
as a gateway to the CNS. Several viruses, including murine
hepatitis coronavirus (MHV) [9, 10], have been shown
to use this route to reach the CNS. SARS-CoV-2 RNA
found in the CSF or CNS parenchyma of patients with
COVID-19 may originate from the blood due to compro-
mised blood—brain barrier (BBB) permeability [7], as well
as from the migration of peripheral immune cells carrying
the virus or viral fragments. COVID-19-related neurologi-
cal symptoms are likely due to immune responses instead
of a consequence of SARS-CoV-2 neurotropism [30]. The
most accepted mechanism involved in the neurological
and neuropsychiatric changes resulting from COVID-19
is the “cytokine storm™, in which various mediators that
are peripherally produced can reach the CNS, triggering
neuroinflammation [8]. Thus, SARS-CoV-2 may induce
a loss of central homeostasis both through direct action
and by a systemic inflammatory response [14]. Hypoxia
resulting from SARS is also associated with disturbances
in brain metabolism that can result in neurological mani-
festations [12].

Different mouse strains of CoVs induce hepatic, res-
piratory, and enteric diseases that are followed by neu-
rological alterations [11]. Given the inherent limits of
human studies on the kinetics and mechanisms related to
the disease [7], experimental models may provide a bet-
ter understanding of the disease and the development of
therapeutic strategies. Recently, our research group stand-
ardized a murine model to study the acute lung injury and
systemic manifestation induced by a betacoronavirus, the

@ Springer

MHV-3, which has the Mus musculus species as a natu-
ral host [13, 15]. When inoculated intranasally, infections
induce severe lung inflammation which peaks at day 3
post-infection. This is followed by subsequent viral dis-
semination and systemic disease manifestations, which
peak at day 5, when animals start to perish [13]. Recogniz-
ing the relationship between COVID-19 and the CNS, our
objective was to investigate and characterize the effect of
betacoronavirus infection in the CNS, using the intranasal
route. We found that the MHV-3 infected mice displayed
important inflammatory, neurochemical, and behavioral
changes. Overall, this model may serve as a platform for
studying possible acute neuropsychiatric alterations result-
ing from betacoronavirus infection, as well as for testing
the efficacy of potential therapeutic strategies.

Materials and methods
Assay of cells, viruses, and plates

The cells used for viral propagation were .929 (ATCC
CCL-1), a fibroblast cell line derived from a clone of nor-
mal subcutaneous connective tissue, areolar and adipose
tissue of a male C3H/An mouse [65]. The cells were kept
under a controlled atmosphere (37 °C and 5% CO,) in
Dulbecco’s modified Eagle’s medium (DMEM) with high
content glucose content. The MHV-3 strain was granted
by Clarice Weis Arns and Ricardo Durdes-Carvalho of the
State University of Campinas [(UNICAMP, Brazil; Gen-
Bank accession n®°. MW620427.1; see reference [16])].
The propagated virus was titrated on L929 cells to deter-
mine the viral stock titer, which was found to be 1x 10°
PFU/mL. From the viral stock containing 1 X 10° PFU/mL,
100 uL of the viral stock was mixed with 900 uL of sterile
saline solution to obtain 3 x 10® PFU in 30 uL. For viable
virus detection, viral titration was performed from brain
homogenates (1:9 tissue for DMEM). Cells were grown in
24-well plates and each well with a confluent monolayer
of cells was inoculated with 100 pL of this homogenate.
These plates were gently rotated for 1 h (4 X 15 min) to
ensure effective viral adsorption. After 1 h the samples
were removed from the wells, the overlay medium was
added (DMEM containing 0,8% carboxymethylcellulose,
2% FBS and 1% penicillin-streptomycin-glutamine) and
the plates were placed for 48 h at 37 °C and 5% CO,.
Subsequently, 10% neutral buffered formalin (NBF) was
added for 1 h for cell fixation and 0,1% crystal violet was
used for staining. The viral titer was expressed by count-
ing the number of plaque forming units per gram of tissue
(PFU/g tissue).
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Mice

Animal experiments were carried out in WT C57BL/6,
male and female, aged between 6 and 8 weeks, with
approval from the Ethics Committee on Animal Experi-
mentation of the UFMG (process n°® 253/2020). The WT
animals were obtained from the Central Animal Facility
of UFMG maintained in micro-isolator cages at ABSL-2
under controlled conditions (24 °C+2 °C; on a 12-h
light/12-h dark cycle), with ad libitum access to water
and food.

MHV-3 infection

Mice were smoothly anesthetized (ketamine solution
[50 mg/kg] and xylazine [5 mg/kg], [ip]) and then inocu-
lated i.n with 30 pL of sterile saline (mock), with MHV-3
at a concentration of 3 x 10* PFU/mL. Manifestations of
morbidity, such as weight loss, dorsal arching, facial swell-
ing, ruffled hair and prostration were monitored daily until
the 5th dpi and the survival until the 14th dpi.

Sample

For sample collection, the simulated and infected animals
were previously anesthetized (ketamine solution [50 mg/
kg] and xylazine [5 mg/kg], ip) and after sedation they
were euthanized by cervical dislocation, on the 5th dpi.
Cervical dislocation without anesthesia was used only in
experiments in which drug interference in the analyses is
proven. The brain was harvested, the left hemisphere was
placed in 10% formalin buffer, and the other hemisphere
was frozen. Other tissues were collected and frozen for
further analysis.

Histopathological analysis

Brains from mock and infected mice with MHV-3 were
removed and processed for hematoxylin and eosin (H&E)
staining according to the following works [17, 18]. The
histopathological score was adapted from the cited works
and the analyses performed by a pathologist in a blinded
manner. The evaluation was performed in the cerebral cor-
tex and in the hippocampus, following a point scale: 0, no
lesion; 1 mild tissue injury and/or mild inflammation; 2
mild tissue injury and/or inflammation moderate; 3, defini-
tive tissue damage (neuronal loss and parenchymal dam-
age) and intense inflammation; 4, necrosis (complete loss
of all tissue elements with the presence of cellular debris).
Meningeal inflammation was assessed using a point scale
(0 to 4) with 0 representing no inflammation and 1 to 4

corresponding to 1 to 4 layers affected by inflammation.
The final score was the sum of the cerebral cortex and
hippocampus scores plus the meningitis score, totaling 12
points.

Measurement of cytokine and chemokine
concentration

Cerebral cortex homogenates were obtained by homogeniz-
ing frozen tissue in refrigerated cytokine extraction buffer
(100 mM Tris [pH 7,4], 150 MM NaCl, | mM EGTA, | mM
EDTA, 1% Triton X -100, 0,5% sodium deoxycholate and
1% protease inhibitor). This homogenate was subjected to
centrifugation (14.000 g, 15 min, 4 °C) and then the super-
natant was collected for the determination of TNF, IFN-y,
IL-10, IL-6, BNDF and CX3CL1 using the immunosorbent
assay system limited by mouse DuoSet enzymes (ELISA)
(R&D Systems). According to the manufacturer, the sensi-
tivity of the kit for each mediator: TNF (7,21 pg/mL), IFN-y
(2 pg/mL), IL-10 (5,22 pg/mL), IL-6 (1,8 pg/mL), BDNF
(1,35 pg/mL) e CX3CLI (0,32 ng/mL).

Immunohistochemistry IBA1, S100B, NeuN
and cleaved Caspase-3

Sections of mouse cortex were evaluated for quantitative
alteration of microglia, IBA1 (ionized calcium-binding adap-
tor molecule 1; antibody PAS5-21,274, Invitrogen; 1:150),
astrocytes (Anti-S100 beta antibody; ab41548, Abcam;
1:75), neurons (Anti-NeuN, MAB377, EMD Millipore;
1:200) and apoptosis (Anti-cleaved caspase-3; Asp175, Cell
Signaling; 1:100,) according to the manufacturer’s instruc-
tions (Vector Elite kit). Two independent experiments were
carried out, each with n=35 mice and both presented similar
results. Representative photos of one of these experiments
were used.

Transmission electron microscopy (TEM)

For ultrastructural analyzes, we used the protocol described
by Rodrigues et al. [see reference [22]]. Briefly, mice were
anesthetized with ketamine/xilazine and transcardially
perfused with ice-cold modified Karnovsky fixative and
maintained in this solution overnight at 4 °C. The brain was
removed, and the cortex was isolated were washed with
cacodylate buffer (0,1 M), cut into several pieces, post-
fixed in reduced osmium (1% osmium tetroxide containing
1,6% potassium ferrocyanide) and contrasted en bloc with
uranyl acetate (2% uranyl acetate in deionized water). The
samples were then dehydrated through an ascending series
of ethanol solutions and embedded in EPON resin. Blocks
were sectioned (50 nm) and collected on 200 or 300 mesh
copper grids 8 and contrasted with lead citrate. Sections
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were viewed with a Tecnai- G2-SpiritFEI/Quanta electron
microscope (120 kV Philips) located at Microscopy Center
— UFMG.

Purification of synaptosomes

Immediately after euthanasia, the cortex was removed and
homogenized in a gradient solution containing: 320 mM
sucrose, 0,25 mM dithiothreitol, 1 mM EDTA. Then, the
homogenate was exposed to a low-speed centrifugation
(1000 x g x 10 min). Synaptosomes were isolated from the
supernatant by discontinuous Percoll density gradient cen-
trifugation [according to reference [19]]. Isolated nerve ter-
minals were resuspended in Krebs—Ringer-HEPES (KRH)
solution containing: 124 mM NaCl, 4 mM KCI, 1,2 mM
MgS04, 10 mM glucose, 25 mM HEPES, with pH 7,4 and
without addition of CaCl,, at a concentration of approxi-
mately 10 mg/mL. For measurement of glutamate release
and intrasynaptosomal calcium concentration, aliquots of
30 pL were prepared and kept on ice until use.

Measurements of glutamate release

To measure continuous glutamate release, a fluorimet-
ric assay was performed in a fluorimeter (Synergy TM2,
Biotek®). Fluorescence emission was registered using an
excitation wavelength of 360 nm and emission of 450 nm.
Glutamate release was measured indirectly by following
the increase in the fluorescence due to the production of
NADPH in the presence of glutamate dehydrogenase type
I and NADP™. In brief, synaptosomes were incubated with
1 Mm CaCl,, 1 mM NADP* in KRH medium for 5 min.
Glutamate dehydrogenase (50 units per well) was added to
each well after 5 min. For depolarization, we used 33 mM
KCI. Calibration curve was achieved by the addition of glu-
tamate (5 nM/pL) to the reaction medium. Glutamate levels
were normalized to the total amount of protein per well.

Measurements of intrasynaptosomal free calcium
concentration

To measure intrasynaptosomal free calcium concentration,
synaptosomes were preincubated with 5 pmol/L of Fura-2
pentakis (acetoxymethyl) Ester (FURA2-AM) probe for
30 min at 35,5 °C. Next, synaptosome was centrifuged
(3000 x g x 60 s), resuspended in KRH without CaCl,, and
reincubated again during 30 min. After washout with KRH
without CaCl, synaptosomes were immediately used for
quantification of intracellular free calcium ([Ca“]i). Flu-
orescence was recorded with an excitation wavelength of
340/380 nm and an emission of 510 nm. CaCl, (1 mmol/L,
final concentration) was added in synaptosomal suspen-
sion before reading and 33 mM of KCI was added to evoke
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calcium influx. Finally, we added 10% SDS to obtain Rmax
and tris-EGTA (3 mol/L Tris, 400 mmol/L EGTA, pH 8.6)
to obtain Rmin [as described in references 20 and 21].

Open field test

Locomotor activity and anxiety-like behavior were evalu-
ated by the Open field test on the 3rd, 4th and 5th dpi [28].
Briefly, animals were videotaped by the Phenotyper appara-
tus (Noldus, Information Technology, Leesburg, VA, USA).
There were four analysis cages in the room, which allowed
for observation individually at the same time. Each cage
(3030 cm) contained a top unit with a digital video cam-
era and infrared lights. Mice were placed in the center of
the open field arena and were allowed to freely move and
explore the environment for thirty minutes. Parameters such
as locomotion activity and percentage of time spent at the
center area (anxiety measure) were recorded and analyzed
by a tracking software (EthoVision XT, Noldus Information
Technology, Leesburg, VA, USA).

Marble buried test

Mice at 4th day post-MHV-3 infection were tested in the
Marble buried test, which evaluates compulsive-like behav-
ior. The test was previously described [see reference [26]].
Mice were tested in a rectangular cage (30 X 30X 50cm) with
20 cm of fresh beddings. 25 marbles were placed equidistant
to each other. Briefly, the animal was placed in the middle of
the cage and allowed to explore and bury for 30 min. At the
end of the section, the animals were removed and measured
the number of marbles buried. Only the balls buried by more
than 2 cm were considered.

Forced swim test

Mice at 4th day post-MHV-3 infection were tested in the
forced swimming test, which evaluates the depressive-like
behavior. The test was performed as previously described
[see reference [27]]. Mice were placed in a cylindrical tank
(30 cm height X 20 cm diameters) and recorded for 6 min.
The duration of immobility time was recorded during the
last 4 min of the 6 min testing period, after a 2 min habitu-
ation period by the EthoVision XT (Noldus, Technology,
Leesburg, VA, USA).

Elevated plus maze test

Mice at 4th day post-MHV-3 infection were tested in the
elevated plus-maze test (EPM), which evaluates mice anx-
iety-like behavior. The EPM test was performed as previ-
ously described [see reference [30]]. Mice were placed in
the EPM apparatus consisting of two open and two closed
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arms, crossed in the middle perpendicularly to each other
creating a center area. Briefly, mice were placed in the center
of the apparatus and allowed to freely explore for 5 min. The
apparatus was wiped clean with 70% alcohol and dried with
paper towels between each trial. The percentage (%) of open
arm entries and % of time spent on the open arms (anxi-
ety-like behavior measure) were recorded and analyzed by
EthoVision XT (Noldus, Technology, Leesburg, VA, USA).

Sucrose preference test

The sucrose preference test was employed to assess anhe-
donic-like behavior in mice at 3rd,4th and 5th day post-
MHV-3 infection as described elsewhere [29]. Briefly, at
day 1 and 2 after MHV infection, i.e., the first two days
of the test, the animals were habituated to two bottles of
freshwater. On the following three days, corresponding to
the 3rd, 4th, and 5th day post-MHYV infection, the previous
bottles were removed and replaced with a bottle filled with
water and another one filled with 1% sucrose solution. The
percentage of sucrose preference was calculated for each of
the last three days of experiment.

Statistical analyses

All statistical analyses were performed, and all graphs were
created in GraphPad Prism 8 (GraphPad Software). Data
distribution was assessed by the Shapiro—Wilk test. Para-
metric comparisons between groups were performed using
Student’s #-test. The Mann—Whitney test was used to assess
differences between nonparametric data. Data were pre-
sented as mean + Standard Deviation (SD). Differences with
a p-value < 0.05 were considered statistically significant.

Results

Characterization of cellular and histopathological
alterations in the brain of mice infected with MHV-3

To evaluate potential brain alterations induced by the coro-
navirus, male and female C57BL/6 J mice, 6-8 weeks of age,
were infected i.n. with 3 x 10° PFU/mL of MHV-3 (Fig. 1a).
Analyses were performed on the fifth day after infection (5th
dpi) when systemic manifestations peaked, as previously
described [13]. Upon infection, MHV-3 replicates in the
brain of female (Fig. 1b) and male mice (Fig. S1b). Histo-
pathological analysis (H&E) of the cerebral cortex revealed
the presence of hyperemic blood vessels, surrounded by
few leukocytes, which translated to a mild histopathologi-
cal score in a similar way in both sexes (Fig. 1c—d and S1
c—d). Subsequently, we investigated whether this mild CNS
damage was related to changes in the number of cells as

well as in the process of apoptosis. According to H&E data,
no significant differences were found in the number of cells
stained for NeuN (Fig. le), IBA1 (Fig. If), S100B (Fig. 1g),
and caspase 3 (Fig. S1h) in the cerebral cortex of female
MHYV3-infected mice compared with mock animals. Similar
results were also found in male C57BL/6 mice (Fig. Sle—g,
i). Overall, the presented data suggest that the mild histo-
pathological damage induced by MHV-3 was not associated
with neuronal or glial death.

Signs of neuronal degeneration were observed
in the cerebral cortex of mice infected with MHV-3

To evaluate potential neurodegenerative signs caused by
MHYV-3 infection, we performed a qualitative ultrastruc-
ture analysis of female mouse cerebral cortex samples from
infected and non-infected mice (Fig. 2). Our data showed
signs of degeneration in neuronal cell bodies. For example,
Fig. 2a (red arrowhead) shows a dark degenerating neuron
with a shrunk cell body, darker staining (increased electron
density), Golgi and endoplasmic reticulum dilation (Fig. 2a’,
arrows) and mitochondria with disrupted cristae (Fig. 2a”’
and c¢”’, arrows). We also observed typical neuronal cell bod-
ies such as the profile shown in Fig. 2b but with prominent
and complex lipofuscin granules (Fig. 2b’, ¢’ and C*” arrow-
heads). Both in control and infected mice (in addition to the
ones described above), there were neuronal cell bodies with
typical morphological features such normal cell size, typical
nucleus with normal chromatin (Fig. 2d) and mitochondria
with conserved cristae (Fig. 2d’). Eventually, we noticed
occasional lipofuscin granules in control mice, such as the
one on Fig. 2d, (blue arrowhead) but they were less complex
than the ones observed in MHV-3 infected cerebral cortex.

MHV-3 infection induces glutamate release,
intracellular calcium levels elevation

and production of inflammatory mediators
in the cortical brain of mice

Glutamate is an important excitatory neurotransmitter, and
numerous studies have indicated that overstimulation of
the glutamatergic system through activation of ionotropic
glutamate receptors can lead to excitotoxicity, which may
result in neuronal calcium overload and consequent neurode-
generation [18, 23, 24]. To investigate whether coronavirus
has the potential to induce neurochemical changes in the
cerebral cortex, we measured glutamate levels and intracel-
lular calcium in cortical synaptosomes of female and male
mice [25-27]. Indeed, MHV-3 infection induced a greater
release of glutamate, as well as an increase in intracellu-
lar calcium levels, in the cerebral cortex of both male and
female infected animals (Fig. 3b—e).
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«Fig. 1 Intranasal MHV-3 infection induces mild alterations in the
cerebral cortex of mice. Female C57BL/6 mice (n=>5/group) were
infected i.n. with 3 x 10° PFU/mL of MHV-3. Euthanasia was per-
formed at 5 dpi. a Experimental design. b Viral titers quantified in
brain extracts of MHV-3 infected mice by plaque assay. Results are
demonstrated as log;, PFU per gram of tissue. Statistical comparison
among groups were made using the Mann—Whitney test (median with
95% CI). LOD, limit of detection. **, p<0.01. ¢ Hematoxylin and
eosin (H&E) staining of sections of the cerebral cortex showed mild
histological damage in infected mice, 50 pm bars. d Percentages of
mice according to the degree of tissue damage in the brain. e Immu-
nohistochemistry using antibodies anti-NeuN (count of neurons), f
anti-IBA1 (microglia/macrophages count), g anti-S100B (astrocyte
count). Representative images are on the left panels and the quanti-
fication of positive cells (Imagel software) is presented on the right
panels. Results are expressed as the mean of all cells counts per group
and statistical comparison among groups was made using unpaired
Student #-test (mean + SD); ns, not significant (p > 0.05)

Next, we evaluated the levels of certain molecules
involved in the host response induced by infections, such as
cytokines (interleukin-6 [IL-6], interferon-gamma [IFN-y],
tumor necrosis factor [TNF], interleukin-10 [IL-10], brain-
derived neurotrophic factor [BDNF]), and the chemokine
CX3CLI1 (fractalkine) in distinct brain areas of mice infected
with MHV-3 and their control littermates. Cytokines IL-6
and IFN-y showed an increase in the prefrontal cortex (PFC)
of female mice infected with MHV-3 compared to mock
animals (Fig. 4a and b). In male mice infected with MHV-3,
there was an increase in IFN-y levels in the PFC, while IL-6
was not altered (Fig. 4g and h). No significant differences
were found in the concentration of TNF and IL-10 in both
sexes (Fig. 4c—d and i—j). Interestingly, female mice infected
with MHV-3 had a reduction in BDNF and CX3CLI levels
in the PFC compared with control mice, while male mice
responded to the infection with an increase in CX3CLI lev-
els and no significant changes in BDNF concentrations in
the PFC compared with control littermates (Fig. 4e—t and
k-1, respectively). We measured the same mediators in the
hippocampus and striatum of both sexes. Regarding the con-
centrations of IL-10, TNF, IFN-y and CX3CLI, there were
no significant changes in these regions in both sex (Figs.
S2 and S3). IL-6, on the other hand, had its concentra-
tion increased in the hippocampus and striatum of females
infected with MHV-3 compared with their controls, while
no change was observed in males (Fig. S2a and S2g; S3a and
S3g, respectively). Levels of the neurotrophic factor BDNF
did not change in the hippocampus and striatum of infected
female mice (Fig. S2e and S2k) but were increased in the
hippocampus of male MHV-3 mice (Fig. S3e).

Overall, our results show that MHV-3 infection induces
acute neurochemical alterations in the brain of mice, as
demonstrated by increased levels of glutamate/calcium, sug-
gesting the occurrence of excitotoxicity, and changes in the
levels of inflammatory mediators. Furthermore, we observed
that female mice seem to be more susceptible to MHV-3

infection and to the reduction of neuroprotective mediators
compared to male mice.

MHV-3 infection promotes anxiety-like
and anhedonia-like behaviors alongside motor
dysfunction in mice

We evaluated whether MHV-3 infection is associated with
acute behavioral changes in mice. No significant differences
were observed in the total distance traveled in the Open Field
Test (OFT) on days 3 (Fig. 5b and S4a) and 4 (Fig. 5¢) post-
infection. However, on day 5, when systemic disease symp-
toms peaked, MHV-3-infected female mice (Fig. 5d) but
not male mice (Fig. S4b) showed a significant decrease in
the total distance traveled compared to non-infected con-
trols, indicating locomotor impairment in females. At 4 days
post-infection, female infected mice displayed anxiety-like
behavior, as indicated by a significant decrease in the per-
centage of time spent in the open arms of the elevated plus
maze (EPM) (Fig. Se), which was not observed in male mice
(Fig. S4c¢). Both female and male infected mice displayed an
anhedonic-like behavior in the Marble Burying test (MBT)
at 4 days post-infection, as indicated by a significant reduc-
tion in the number of marbles buried (Fig. 5f and S4d). In
addition, infected male mice had an increase in immobility
time in the Forced Swimming Test (FST) (Fig S4e), but no
change in the frequency of immobility (Fig S4f). Infected
females, on the other hand, did not present significant dif-
ferences in the time or frequency of immobility in the FST
when compared to their control group (Fig. 5g—h). When
performing the sucrose preference test (SPT), females
infected with MHV-3 showed an anhedonic behavior on the
third and fifth dpi. In summary, these results suggest that
MHYV-3 infection induces acute behavioral changes in mice,
especially in females, including locomotor impairment, anx-
iety-like and anhedonic-like behavior.

Discussion

COVID-19 has been associated with a wide range of clini-
cal manifestations, including neurological and psychiatric
alterations. In this study, we investigated whether MHV-3
can directly affect the CNS and serve as a suitable platform
to study COVID-19-related neurobiological mechanisms
and identify novel therapeutic targets. The main findings
of this study are: (i) MHV-3 delivered intranasally is capa-
ble of infecting and replicating in the CNS, causing mild
histopathological alterations; (ii) MHV-3 infection results
in increased glutamate release, intracellular calcium levels
and pro-inflammatory mediators in the cortex; (iii) MHV-3
infection decreases the production of neuroprotective medi-
ators such as BDNF and CX3CLI1 in the brain; and (iv)
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Fig.2 Cerebral cortex neurons from MHV-3 infected mice show
signs of degeneration at the ultrastructure level. a-a”- Female
C57BL/6 mice were infected intranasally with 3 x 10° PFU/mL of
MHV-3. A dark degenerating neuron profile from cerebral cortex of
MHV-3 infected mouse (red arrowhead) with enlarged Golgi cister-
nae (a' red arrows) and mitochondria with disrupted cisternae (a”

Animals infected with MHV-3 showed signs of anxiety-like
and anhedonic-like behaviors and motor dysfunction, espe-
cially female mice.

Models that assess behavioral changes in the context
of betacoronavirus infections in the CNS are still scarce.
We have demonstrated the applicability of a murine beta-
coronavirus model as a platform to recapitulate the acute
neurological and psychiatric symptoms observed in patients
with COVID-19. All analyses were performed up to the 5th
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blue arrows). b-b” and ¢—¢” cerebral cortex neurons from two dis-
tinct MHV-3 infected mice presenting complex lipofuscin granules
(b” and ¢’ blue arrowheads) and enlarged Golgi cisternae (red arrow
¢”). d-d”- A neuron profile from a mock mouse cerebral cortex with
regular features

day post infection, i.e., at the peak of systemic disease [13].
First, the neurotropism of MHV-3 was confirmed by recover-
ing viable virus particles in the brain of mice. In addition,
histopathological analysis of the brain of MHV-3-infected
mice revealed mild changes, such as dilated blood vessels
in the meninges, an inflammatory infiltrate, and hyperemic
vessels in the cerebral cortex. These findings support human
studies showing that SARS-CoV-2 was detected in the post-
mortem brain of half of COVID-19 patients along with mild
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Fig.3 MHV-3 infection induces increased cortical glutamate lev-
els and intrasynaptosomal calcium levels in mice female and male
CS7BL/6 mice infected i.n. with 3 x 10° PEU/mL of MHV-3. a
Schematic figure of cortical synaptosome preparation. b Cortical
glutamate levels and (c) cortical intrasynaptosomal calcium lev-
els were measured in female mice infected with MHV-3 and control

neuropathological lesions [3]. Although many studies have
not found SARS-CoV-2 in the brain, it is already known that
the immune response triggered by the virus can culminate
in a “cytokine storm”, which reaches and compromises the
homeostasis of the CNS, as well as other tissues [8].

In addition, we conducted a quantitative analysis of neu-
rons (NeuN), microglia/macrophage (IBA1), and astrocytes
(S100B), as well as evaluated apoptosis (cleaved caspase
3). None of these markers were found to be altered in the
cortex of infected animals when compared to mock. How-
ever, this finding does not necessarily indicate that glia and
neurons were not affected. In fact, brain tissues from indi-
viduals who died with COVID-19 showed that microglia
abundantly expressed the lysosomal marker CD68, which is
a marker of phagocytic activity, especially in the olfactory
bulb and cerebellum [52]. Boroujeni et al. 53 also demon-
strated that the inflammatory response in COVID-19 caused
neuronal death in the cerebral cortex (post-mortem) of criti-
cally ill patients [53]. NeuN quantification revealed a similar
number of marker-positive neurons when we compared the
infected and control groups. Nonetheless, the analysis of
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group. d and e Cortical glutamate levels and cortical intrasynapto-
somal calcium levels were also measured in male mice infected with
MHV-3 and mock group, respectively. Statistical analysis was per-
formed using unpaired Student r-test (mean + SD) or Mann—Whitney
test (median with 95% CI); n=4 to S/group. *p<0.05; **p<0.01,
#kEEp <0.001

the ultrastructure of cerebral cortex samples from animals
infected with MHV-3 revealed the presence of darkened
neurons, known as Dark Neurons (DNs), indicating ongo-
ing degeneration. Golgi complexes and dilated endoplasmic
reticulum and mitochondria with ruptured cristae were also
observed in these cases. Although the NeuN quantification
showed no change, about 90-99% of DNs recover with time,
while a small number of neurons die [54]. Electron micros-
copy studies have shown that these DNs have low functional
activity. However, the origin and mechanism of the emer-
gence of these dark neurons remain undefined [54].

In the present study, we also measured the levels of the
excitatory neurotransmitter glutamate and calcium (Ca*)
released at presynaptic terminals in the cerebral cortex
[55-59]. Our results showed that MHV-3 infection led to
massive glutamate release and increased intracellular Ca>*
levels. Other viruses such as HIV, ZIKV, and HINI have
been reported to impair glutamatergic transmission, which
can result in excitotoxicity and impaired cell signaling [18,
32, 60, 61]. Additionally, HCoV-OC43, a human corona-
virus, can infect human CNS neuronal and glial cells and

@ Springer



52

J.Pimenta et al.

2082

&

Mock MHV-3

5=

500

Q

L g o
o (]
XOH00 [BJUOLI]
(Tw/3d) INL

T
=
o
-

400+

Mock MHV-3

Female

600

=

* %k

T T 1
= = =]
= =

< (]

XAMO00 [BJUOLJI]
(Tu/3d) A-NAT

T
Mock MHV-3

s

1200

<

T
(=
=
o~

600+
400

T
=
=
L]

10004

X100 —E:O.@u.-ﬂ—
(Tw/3d) 971

*
*

T
Mock MHV-3

e |
o

4000

i

1
[=3 =1
(=
=
o

X31100 _Sco.@m._m
(Tw/Bd) 1710£X0

2000+
1000

T
Mock MHV-3

T

d i
€ |

10000+

1
= =
=4
=1
o

8000
6000
4000+

X9LI00 [BJUOLI]
(Tw/3d) aNag

Mock MHV-3

400

e

_ _ _ _

mmmo
(2] o ~—

X2HO0D [RUOL2I]

(Twy3d) 01-71

Male

ns

(]
L]
=1k
Molck MHIV-3

400

T T

8 8

o o
XOHO0D [RIUOIJI]
(Tw/3d) ANL

100
0

Mock MHV-3

20+

=

ns

I
8le

T T T 1
5 0 5 0
I. .l

X102 _ﬂﬁo‘_mohn—
(qui/3d) A -NAT

I
Mock MHV-3

[ ]
‘ @
Mock MHV-3

g |

300+

Q0

T
= (=]
wvy

200+
150
100

&

&

XO1I00 [eJuOIjald
(Tw/3d) 9-11

(%]
T
Mock MHV-3

i |

P N S A N N S X
S OO 0 o o 9
S O O O O o O
o~ O v T N AN -
X9UO0J [ejuotjald
(Tu/3d) 1710£X0
©
| >
fan]
=
ﬁk
L QO
(=]
b=
Gl A, 8. A b L
S O O o o © o <
e PR P o @
o O O O O o o
0~ O v F 0 N —

XQ1100 _Ecc.cuhﬁ_
(ui/3d) ANag

*

«2fe

100

1 T T
vy (=2 vy f=1
™~ v (]

X9LI00 EEO.@Q.E
(Tw/3d) 01-T11

pringer

AN's



53

A suitable model to investigate acute neurological consequences of coronavirus infection 2083

«Fig.4 Inflammatory mediator levels in the cortex of female and male
mice upon MHV-3 infection. Female and male C57BL/6 mice were
infected i.n. with 3 x 10° PFU/mL of MHV-3. Levels of IL-6, IFN-y.
TNF, IL-10, BDNF and CX3CLI (fractalkine) (a - 1) were quantified
by enzyme-limited immunosorbent assay (ELISA) in the prefrontal
cortex of control and MHV-3-infected mice. Statistical analysis was
performed using unpaired Student t-test (mean +SD) or Mann—Whit-
ney test (median with 95% CI); n=7 to 8/group (female) and n=4
to 5/group (male). ns not significant (p>0.05); *p <0.05; **p<0.01;
*5p <0.001; ****p <0.0001

activate neuroinflammatory mechanisms [33]. Infection of
mice with HCoV-OC43 has been shown to induce neuronal
dysfunction and decrease the expression of the glutamate
transporter GLT-1 in astrocytes, potentially leading to
increased central glutamate levels [34]. We also observed
an increase in IL-6 levels in the PFC of animals after MHV-3
infection. IL-6 can be produced within the CNS by various
cell types and infiltrating inflammatory cells under neuroin-
flammatory conditions [35]. It has been reported that mem-
brane depolarization is one of the primary mechanisms for
the upregulation of IL-6 in neurons, which is dependent on
glutamatergic activation of N-methyl-D-aspartate receptors
(NMDA-R), an increase in Ca’* levels, and activation of
Ca2+/dependent kinases, such as calmodulin [36]. In a ZIKV
infection model, we demonstrated that neuronal cell death
could be prevented when infected animals were treated with
an NMDA-R non-competitive inhibitor. Neurodegeneration
and microgliosis induced by the infection were also inhibited
in vitro and in vivo [8, 61].

It is interesting to note that increased levels of IL-6 have
been associated with anxiety and depressive symptoms
[37, 38], and play a role in neurogenesis [39]. Additionally,
mounting evidence suggests that inflammation and altera-
tions in glutamate neurotransmission may contribute to the
pathophysiology of mood disorders [40]. There is evidence
indicating that fractalkine has protective effects against
glutamate-mediated excitotoxicity, as fractalkine increases
BDNF levels and TrkB phosphorylation [41]. In our study,
we observed a decrease in cortical levels of fractalkine and
BDNF, which leads us to speculate that neuroprotection
mechanisms are reduced, contributing to depressive-like
behaviors in mice [62]. While IFN-y contributes to virus
clearance [42], we observed a decrease in IFN-y levels after
MHV-3 infection. Interestingly. at low physiological gluta-
mate concentrations, glutamate can directly activate naive T
cells via AMPA-R. However, when glutamate concentration
markedly increases, this neurotransmitter usually inhibits T
cell function [43].

To evaluate the behavioral consequences of MHV-3 infec-
tion, we conducted several specific tests. In the elevated plus
maze test, we observed anxiety-like behavior in the infected
animals. This finding is consistent with a previous study
on DENV-3 encephalitis, which showed that infected mice

also displayed anxiety-like behavior and increased mRNA
expression of pro-inflammatory cytokines in the hippocam-
pus associated with neuronal loss [55]. BDNF has been
shown to have an antidepressant function in the PFC [45]
and hippocampus [46]. In addition, another study demon-
strated that administration of BDNF into the hippocampus of
rats reduced anxiety-like behavior in the elevated plus maze
test [47], suggesting that the reduction in BDNF levels may
be associated with the development of anxiety disorders.
Moreover, impaired neuron-microglia communication, spe-
cifically the CX3CL1/CX3CR1 pathways, has been increas-
ingly linked to the development of psychiatric conditions
[48].

Studies performed in transgenic mice (K18-hACE2) that
overexpress human ACE-2 and are infected with SARS-
CoV-2 strongly support the acute CNS effects observed in
our MHV-3 model. Kumari and colleagues [58] reported that
intranasal inoculation of SARS-CoV-2 in K18-hACE2 mice
was associated with neuroinvasion and encephalitis. These
findings were corroborated by Oladunni et al. [62], who
demonstrated that intranasal infection of K18-hACE2 mice
resulted in viable viral titers in various organs, including the
nostril, lungs, and brain. Moreover, the infection was linked
to local and systemic chemokine storms, with increased
levels of CXCL-2, CXCL-10, and CCL-3 in the brain of
SARS-CoV-2-infected mice. Finally, another recent study
showed that primary neurons isolated from K18-hACE2
mice are susceptible to SARS-CoV-2 infection, and that the
infection upregulates the expression of genes involved in
innate immunity and inflammation, including IFN-a, ISG-
15, CXCL-10, CCL-2, IL-6, and TNEF, in the neurons [63].

According to Andrade et al. [13], there are no sexes dif-
ference in the lung disease caused by MHV-3 in mice. This
finding is supported by Oladunni et al. (2020) who found
no significant difference in chemokine levels in the lung
between male and female K18-hACE?2 transgenic-infected
mice, except for CXCL-10 at early time points of infection,
which was significantly higher in female K18-hACE2 mice.
However, our results indicate significant sex differences
in the central nervous system (CNS) of MHV-3 infected
mice, particularly in terms of the inflammatory response.
Female mice infected with MHV-3 had increased levels of
IL-6 in the analyzed brain regions (PFC, hippocampus, and
striatum), while this cytokine did not change in male mice.
On the other hand, infected male mice showed an increase
in CX3CL1 in the PFC and BDNF in the hippocampus
compared to the control group, while females infected had
reduced levels of these mediators in the PFC. Previous stud-
ies have also reported the role of BDNF in the pathogenesis
of depression, and its action is directly related to the brain
region [44].

The Brazilian COVID Registry Project, a multicenter
study that collected data from 39 Brazilian hospitals in 17
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cities, observed that patients admitted with COVID-19 and
clinically diagnosed with neurological syndromes had a
higher incidence of septic shock, ICU admission and death
compared to controls [49]. Furthermore, the study analyzed
the incidence of neurological manifestations at hospital
admission by gender and age group and found that women
were more likely to experience headaches and less likely to
have seizures [50]. In MHV-3 infection in females, there
was a reduction of BDNF and CX3CL1, which may result in
behavioral changes and loss of protection mechanisms. On
the other hand, infected males show an increase in CX3CL]1
and maintain homeostatic BDNF levels, which may help to
mitigate possible behavioral repercussions.

The MHV-3 model, like other models used to study the
neurological effects of COVID-19, has several limitations.
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First, it is not suitable for investigating the viral entry step,
as SARS-CoV-2 uses a different receptor, ACE-2, while
MHV-3 enters the cell through the CEACAM-1 adhe-
sion molecule. This limits the usefulness of the model in
studying drugs that target viral entry. Additionally, the
MHV-3 model is very acute and lethal, with mice suc-
cumbing to the infection within a short period of time
(around 6-7 dpi). As a result, it may be challenging to
detect tissue damage in refractory organs such as the brain
and heart [64] using regular techniques. In addition, future
studies should be performed on the third and fourth day
after infection to better understand the early inflammatory
and biochemical mechanisms of infection related to neu-
ropsychiatric symptoms. Another limitation of this work
is the evaluation of a single protein (cleaved caspase 3)
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involved in the apoptotic pathway, so there is a need to
explore other caspases/pathways related to programmed
cell death. We found some differences between males and
females in some experiments, while the sex differences
are intriguing and warrant further investigation, such an
exploration would require dedicated research and analysis
and are beyond the scope of this study.

In fact, fatigue is a very common symptom in cases of
COVID and, above all, post-COVID. The frequency of
immobility can be considered as an indication of motor
activity in the forced swimming test [66, 67]. In the present
study, no significant differences were found in the frequency
of immobility when comparing mice infected with MHV-3
and controls, regardless of sex. These results, along with the
open field data, suggest that the observed depressive-like
behavior in males may not be solely attributed to fatigue.
However, we acknowledge that further comprehensive inves-
tigations are warranted to systematically explore the role of
fatigue during MHV-3 infection. Nevertheless, despite these
limitations, the MHV-3 model can still be valuable in mim-
icking a severe betacoronavirus infection and may serve as a
useful platform for further studies on acute neuropsychiatric
changes caused by COVID-19, as well as testing potential
novel therapeutic strategies against severe disease.
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IBAL (microglia/macrophages count), (g) anti-S100B (astrocyte count). On the right of each graph are

representative images and cells were quantified using ImageJ software. (h, i) anti-caspase-3 cleaved,

female and male, respectively. Results are expressed as the mean of all cells counts per group and

statistical comparison among groups were made using t test [unpaired t test; mean (SD), n =4 to 5].
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[unpaired t test; mean (SD); n= 6 to 8]. ns, not significant (P > 0.05); *, P< 0.05; **, P < 0.01; ***, P
<0.001
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3.2 Trabalho cientifico II:

“Neuropsychiatric sequelae in an experimental model of post-covid syndrome in mice”

Este artigo apresenta uma analise abrangente da doenca pulmonar e das sequelas
neuropsiquiatricas em um modelo murino de sindrome p6s-COVID-19, utilizando o
betacoronavirus MHV-A59. A investigacdo abrangeu os efeitos agudos e cronicos da infeccao
com o objetivo de explorar alteragcbes pulmonares, musculoesqueléticas e neuropsiquitricas,
além de avaliar respostas diferenciadas entre os sexos em camundongos C57BL/6 infectados.

Os resultados demonstraram uma infeccdo pulmonar transitéria caracterizada por
aumento de citocinas inflamatorias, alteragdes histologicas leves e recuperagdo funcional sem
fibrose. Contudo, o impacto mais relevante foi observado nas sequelas neuropsiquiatricas.
Camundongos fémeas apresentaram comprometimentos comportamentais significativos,
incluindo perda de memoria espacial e anedonia, enquanto ambos 0s sexos experimentaram
disfuncdo motora transitéria. No contexto neuroinflamatorio, fémeas infectadas exibiram
aumento no nimero de células IBA-1" e S100B*, acompanhado por niveis elevados de glutamato
e célcio intracelular no hipocampo, sugerindo um mecanismo de excitotoxicidade.

Um ponto crucial do estudo foi a identificacdo da influéncia hormonal nas sequelas
neuropsiquidtricas, particularmente em fémeas. A ovariectomia reverteu os déficits
comportamentais observados, reforcando o papel dos hormdnios sexuais nesse contexto.
Importante notar que este procedimento ndo alterou a evolucgéo da infec¢do pulmonar, mostrando
gque os camundongos nao apresentaram comprometimento na capacidade em lidar com a
infeccdo. Além disso, foram avaliados niveis de alguns hormonios no plasma, revelando que o0s
camundongos fémeas infectados apresentaram um pico de estradiol aos 60 dpi, niveis reduzidos
de testosterona ao longo de todo o periodo observado e niveis de FSH elevados na maioria dos
pontos de infeccdo avaliados. De fato, as sequelas neuropsiquidtricas estdo associadas a
mecanismos relacionados aos hormonios sexuais, principalmente a niveis reduzidos de
testosterona. Em conclusédo, o modelo implementado mimetiza muitas caracteristicas clinicas da
sindrome p6s-COVID, evidenciando uma maior susceptibilidade de fémeas a desenvolverem
esta condi¢do. Além disso, fornece uma plataforma promissora para explorar mecanismos

subjacentes e para o desenvolvimento de estratégias terapéuticas.
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Abstract

The global impact of the COVID-19 pandemic has been unprecedented, and presently, the world
is facing a new challenge known as post-COVID syndrome (PCS). Current estimates suggest that
more than 65 million people are grappling with PCS, encompassing several manifestations,
including pulmonary, musculoskeletal, metabolic, and neuropsychiatric sequelae (cognitive and
behavioral). The mechanisms underlying PCS remain unclear. The present study aimed to: (i)
comprehensively characterize the acute effects of pulmonary inoculation of the betacoronavirus
MHV-A59 in immunocompetent mice at clinical, cellular, and molecular levels; (ii) examine
potential acute and long-term pulmonary, musculoskeletal, and neuropsychiatric sequelae
induced by the betacoronavirus MHV-A59; and to (iii) assess sex-specific differences. Male and
female C57Bl/6 mice were initially inoculated with varying viral titers (3x10° to 3x10° PFU/30
uL) of the betacoronavirus MHV-A59 via the intranasal route to define the highest inoculum
capable of inducing disease without causing mortality. Further experiments were conducted with
the 3x10* PFU inoculum. Mice exhibited an altered neutrophil/lymphocyte ratio in the blood in
the 2" and 5" day post-infection (dpi). Marked lung lesions were characterized by hyperplasia
of the alveolar walls, infiltration of polymorphonuclear leukocytes (PMN) and mononuclear
leukocytes, hemorrhage, increased concentrations of CCL2, CCL3, CCL5, and CXCL1
chemokines, as well as high viral titters until the 5" dpi. While these lung inflammatory signs
resolved, other manifestations were observed up to the 60 dpi, including mild brain lesions with
gliosis and hyperemic blood vessels, neuromuscular dysfunctions, anhedonic-like behavior,
deficits in spatial working memory, and short-term aversive memory. These musculoskeletal and
neuropsychiatric complications were exclusive to female mice and were prevented after
ovariectomy. In summary, our study describes for the first time a novel sex-dependent model of

PCS focused on neuropsychiatric and musculoskeletal disorders. This model provides a unique
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platform for future investigations regarding the effects of acute therapeutic interventions on the

long-term sequelae unleashed by betacoronavirus infection.

Keywords: COVID-19, MHV-A59, post-COVID syndrome, long COVID, neuropsychiatric

sequelae, ovariectomy.
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1. Introduction

The global impact of the COVID-19 pandemic caused by the betacoronavirus SARS-
CoV-2 has been unprecedented. It has affected over 777 million people, resulting in more than 7
million deaths worldwide (WHO, 2024). The peak of the pandemic overwhelmed the healthcare
systems globally (Huang et al., 2020). Despite the subsequent development and approval of
vaccines, our understanding of the enduring effects of COVID-19, particularly the long-term
consequences known as long-COVID or Post-COVID syndrome (PCS), remains incomplete
(Phillips and Williams, 2021).

Post-COVID syndrome (Proal et al., 2023; WHO, 2024) is a condition marked by the
persistence of symptoms for months or even years after confirmed acute infection by SARS-
CoV-2 (Proal and VanElzakker, 2021; WHO, 2024). Current estimates suggest that more than
65 million people are grappling with PCS (Ballering et al., 2022). The condition seems to affect
approximately 10-30% of non-hospitalized individuals, 50-70% hospitalized individuals, and
around 10-12% of vaccinated individuals (Davis et al., 2023). Post-COVID syndrome may affect
any age group and is not necessarily associated with the severity of the acute phase of the disease
(Davis et al., 2023; Mao et al., 2020a; Mao et al., 2020b; Zheng et al., 2020).

Clinically, PCS encompasses a broad spectrum of manifestations attributed to the
widespread viral tropism associated with the expression of the ACE-2 receptor across various
cell types (Hikmet et al., 2020). Symptoms of PCS include fatigue, impaired breathing (Tsuchida
et al., 2023), arthralgia and myalgia (Romero et al., 2023), bone pain (Davis et al., 2021), cardiac
symptoms as palpitations (Jiang et al., 2023), gastrointestinal changes including altered bowel
habits and bloating (Comelli et al., 2022), as well as neuropsychiatric impairment, such as
cognitive complaints (often referred to as “brain fog”), anxiety and depression (reviewed in
Badenoch et al., 2022). These neuropsychiatric sequelae constitute a major concern since they

may be associated with an increased risk of developing long-term cognitive impairment and
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dementia (Garcia-Gonzalez et al., 2023). A systematic review and meta-analysis examining
persistent neuropsychiatric symptoms following COVID-19 revealed that among nearly 19,000
patients, 27.4% reported sleep disorder, 24.4% experienced fatigue, and 15.7% exhibited
symptoms consistent with post-traumatic stress disorder (PTSD) (Simani et al., 2021), 35,5%
cognitive dysfunction, 19.1% anxiety, 12.9% depression, 11.4% dysosmia, 7.4% dysgeusia,
6.6% headache, 5.5% disorder sensorimotor and 2.9% dizziness (Badenoch et al., 2022). Another
comprehensive meta-analysis of 151 studies involving 1,285,407 participants across 32 countries
examined the long-term physical and mental effects of COVID-19. Among the 659,454 survivors
studied up to 12 months post-infection, 28.7% reported fatigue, 18.3% experienced depression,
17.9% showed symptoms of PTSD, and 19.7% displayed cognitive deficits (Zeng et al., 2023).
Importantly, a study has shown that the risk of neuropsychiatric symptoms may be higher in
COVID-19 than in other conditions, such as sepsis (Stallmach et al., 2022). Several hypotheses
have been proposed to explain the development of neuropsychiatric and other non-pulmonary
symptoms during the PCS, but the underlying mechanisms remain elusive. These hypotheses
encompass: (i) the systemic acute inflammatory process and dysregulation of the immune
response (Frere et al., 2022); (ii) the persistence of SARS-CoV-2 in immune privileged reservoirs
(Stein et al., 2022); (iii) autoimmunity triggered by infection (Woodruff et al., 2022); (iv)
microbiome dysbiosis (Mendes de Almeida et al., 2023); (v) reactivation of latent viruses such
as Epstein-Barr (EBV) (Chen et al., 2021); (vi) dysfunctional neuronal signaling (Spudich and
Nath, 2022); and/or (vii) sex-related susceptibility (Bai et al., 2022). Given the societal impact
of the disease, there is a great need to understand the pathogenesis of PCS, which would allow
the development of specific therapeutic strategies. Currently, the available approaches have
focused on symptom management and rehabilitation measures (Mdller et al., 2023).

Wild-type mice have shown resistance to SARS-CoV-2 infection (Dinnon et al., 2020;

Gu et al., 2020). To study coronavirus infections in mice, researchers commonly use
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betacoronaviruses such as Murine Hepatitis Viruses (MHV-1, MHV-3, MHV-A59, and MHV-S
strains), which naturally infect mice. They are associated with pulmonary infection and disease,
effectively mimicking several aspects of human coronavirus infections (Andrade et al., 2021a;
De Albuquerque et al., 2006; Yang et al., 2014). In this study, we thoroughly examined the acute
effects of the intranasal inoculation of the betacoronavirus MHV-A59 and the potential long-
term pulmonary and neuropsychiatric sequelae. Our findings revealed that MHV-A59 intranasal
inoculation leads to transient lung infection and female hormone-dependent brain inflammation,
followed by long-term cognitive and behavioral changes mimicking several aspects of long-
COVID syndrome. This model provides a unique platform for investigating the pathogenesis of
long-COVID and the therapeutic impact of antiviral, anti-inflammatory, or neuroprotective

strategies.

2.Material and Methods

2.1 Mice

Animal experimental procedures were approved by the Ethical Committee for Animal
Experimentation of the Universidade Federal de Minas Gerais (UFMG) (process number
140/2023). Experiments were carried out with male and/or female wild-type 5 and 6-weeks-old
C57BL/6 mice (Central Animal House of the UFMG), as described in figure legends. Mice were
housed in individually ventilated cages placed in an animal care facility at 24°C + 2°C on a 12-h

light/12-h dark cycle, receiving ad libitum access to water and food.

2.2 Cells and virus
L929 cells were cultured under a controlled atmosphere (37°C and 5% CO3) in high-

glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 7% fetal bovine



72

serum (FBS), 100 pg/mL streptomycin and 100 U/mL penicillin. The MHV-A59 strain was

purchased from ATCC (Manassas, Virginia, USA) and propagated in L929 cells.

2.3 MHV-A59 infection

Mice were anesthetized intraperitoneally with ketamine (80 mg/kg) and xylazine (15
mg/kg) and intranasally inoculated with 30 pL of sterile saline containing or not (Mock control)
MHV-A59. The experimental designs varied based on the objectives:

Figure 1: Male and female C57BL/6 mice were infected with 3 x 10% to 3 x 10° PFU of
MHV-A59. Weight loss and survival were monitored daily for 14 days post-infection (dpi). In a
separate cohort (3 X 10* PFU), mice were euthanized at 2, 5, 8, 16, 30, and 60 dpi to assess
circulating neutrophils, lymphocytes, organ-specific viral titters (lung, liver, spleen, plasma), and
lung histopathology and function.

Figure 2: Mice infected with 3 x 10* PFU were euthanized at 2, 5, and 8 dpi to evaluate
lung immune populations, including neutrophils, dendritic cells, CD4* and CD8* T cells, and
natural Killer cells.

Figure 3: Behavioral tests (open field, marble burying, sucrose preference, Y-maze, grip-
force, step-down inhibitory avoidance, olfactory discrimination) were conducted from 5 to 60
dpi in mice infected with 3 x 10* PFU.

Figure 4: Mice infected with 3 x 10* PFU were euthanized at 2, 5, 8, 16, 30, and 60 dpi
to measure viral load and markers of macrophages/microglia (IBA-1) and astrocytes (S100B) in
brain samples. Brain glutamate and synaptosomal calcium levels were analyzed at 5 and 30 dpi.

Figure 5: Mice were euthanized at 2, 5, and 8 dpi to evaluate brain neutrophils, microglia,
and CD4'/CD8" T-cell populations. At 2, 5, 8, 16, 30, and 60 dpi, hippocampal and prefrontal

cortex levels of CX3CL1, BDNF, and IL-6 were quantified.
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Figure 6: Female mice were infected with 3 x 10* PFU and euthanized at 2, 5, 8, 16, 30,
and 60 dpi to measure plasma estradiol, FSH, and testosterone. In an additional group
(ovariectomized/non-ovariectomized), lung and brain viral loads, histopathology, and behavioral

changes (marble burying, Y-maze, grip-force) were assessed from 5 to 60 dpi.

2.4 Sample collection

Mice were intraperitoneally anesthetized with ketamine (80 mg/kg) and xylazine (15
mg/kg), and blood samples were collected from the abdominal vena cava for cell count
(neutrophil to lymphocyte ratio (NLR) analyses determined with a Celltac MEK-6500K
hemocytometer (Nihon Kohden) and euthanized by cervical dislocation. The lungs were
collected, and the left lobe was fixed in 4% formaldehyde-buffered solution for histological
analyses. The right lung lobes, brain, liver, and spleen were snap-frozen in liquid nitrogen and
stored at -80 °C for viral titration, ELISA, and PCR assays. In another set of experiments whole

lung and brain samples were collected for flow cytometry assays.

2.5 Viral titration

To evaluate viral titters, serially diluted virus suspension of plasma samples, lung, liver,
spleen, and brain tissue homogenates (1:9 tissue to DMEM) were inoculated onto a confluent
monolayer of L929 cells grown in 24-well plates. After gentle shaking for 1 h, samples were
removed and replaced with DMEM containing 0.8% carboxymethylcellulose, 2% FBS, and 1%
penicillin-streptomycin-glutamine and kept for 3 days at 37 °C and 5% CO.. Then, cells were
fixed with 10% neutral buffered formalin solution for 2h and stained with 0.1% crystal violet.

Virus titters were determined as PFU/mL or PFU/mg of tissue.
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2.6 Histopathology

To evaluate lung and brain inflammatory scores, formaldehyde-fixed and paraffin-
embedded lung and brain tissues were sectioned into 5-um-thickness slices and stained with
hematoxylin and eosin (H&E) or Masson's trichrome stain. The inflammatory score in the lungs
and brain of mice was determined blindly by two pathologists and the result was expressed as
the average of the two analyses (C.M.Q.J.) and (M.A.R). Lung inflammatory score encompasses
(1) airway (0 to 4 points), (2) vascular (0 to 4 points), (3) parenchyma damage (0 to 5 points),
and (4) general neutrophil infiltration (0 to 5 points). In the brain, the evaluation was carried out
in the cortex and hippocampus following a point scale: 0, no lesion; 1, mild tissue injury and/or
mild inflammation; 2, mild tissue injury and/or moderate inflammation; 3, definitive tissue
damage (neuronal loss and parenchymal damage) and intense inflammation; 4, necrosis
(complete loss of all tissue elements with the presence of cellular debris). Meningeal
inflammation was assessed using a point scale (0 to 4), with O representing no inflammation and
1 to 4 corresponding to 1 to 4 layers affected by inflammation. The final score was the sum of
the cerebral cortex and hippocampus scores plus the meningitis score, totaling 12 points (Pimenta

et al, 2023).

2.7 Mechanics of the respiratory system

To measure the compliance of the respiratory system, full-range pressure-volume (PV)
curves were completed like those described in previous studies of our group (Pereira et al., 2023;
Andrade et al., 2021) and adapted from Limjunyawong et al., 2015 and Robichaud et al., 2017.
Briefly, mice were divided into three groups: control (mock), 5- and 30-dpi. The animals were
deeply anesthetized, and a polyethylene tube (P50) was inserted into the mouse’s trachea. The
PV curve was generated by injecting air volume continuously using a 3 mL syringe and an

automated syringe pump (Bonther, Ribeirdo Preto, SP, Brazil) at a rate of 3 mL/min until the
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intratracheal pressure peaked at approximately 35 cm H>O. At peak pressure, the syringe pump
was manually switched for the deflation limb, deflated at the same rate until the pressure reached
approximately -15 cm H>20, and finally inflated again to the resting lung volume. Both volume
and pressure signals were acquired and recorded using PowerLab software (LabChart v7,
AdlInstruments, Sydney, Australia). Inflation and deflation were repeated at least twice to obtain
accurate curves, and full-range PV curves for each animal were obtained. If leaks or high
pressures were detected, the data for that animal were not included in the analysis. Vital capacity
was determined by maximum insufflation (lung volume at 35 cm H»O), and static compliance of
the respiratory system (expressed in mL/cmH20) was measured at the steepest point of the
deflation limb of the PV curve (Andrade et al., 2021; Limjunyawong et al., 2015; Robichaud et

al., 2017).

2.8 Cytokine and chemokine measurement

For the determination of inflammatory mediators in the lung and brain tissues, the samples
were homogenized in chilled cytokine extraction buffer (100 mM Tris [pH 7.4], 150 MM NacCl,
1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate and 1% protease
inhibitor cocktail). After centrifugation (10,000 rpm, 10 min, 4 °C), the supernatant was collected
and used to measure inflammatory mediators using the DuoSet enzyme-limited immunosorbent
assay (ELISA) system (R&D Systems). The concentrations of CXCL1, CCL2, CCL3, CCL5,
TNF, IL-1pB, IL-6, IFN-y, IL-10 and TGF-PB were measured in the lung supernatant. IL-6, IFN-y,
BDNF (brain-derived neurotrophic factor), and CX3CL1 (fractalkine) were measured in the
prefrontal cortex (PFC) and hippocampus.

To perform plasma estradiol measurement, 0.3 mL blood was collected and centrifuged
at 2,000 rpm for 10 min to separate the plasma, which was subsequently stored at -20°C. Plasma

estradiol levels were measured using enzyme-linked immunosorbent assay (ELISA) with the
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commercial AccuBind kit (Monobind Inc., USA). To determine the estradiol concentration, a
curve graph was constructed using the absorbance of each duplicate serum reference and the
corresponding concentration of the estradiol standard in pg/mL.

The quantification of anti-MHV-A59 IgG/IgM antibodies followed the methodology
outlined by Costa et al. (2014). In brief, 96-well plates were initially coated with the MHV-A59
isolate at 10° PFU/well. Subsequently, the plates underwent a one-hour exposure to UV-C light
to render the virus inactive, followed by an overnight incubation at 4°C and 1% bovine albumin
PBS solution blocking for a duration of 2 hours. Then, serum samples diluted at 1:200 for 1gG
and 1:20 for IgM were applied and allowed to incubate for 3 hours at 37 °C. Post-incubation, a
peroxidase-Anti-1gG or anti-lgM antibody was applied and incubated for an additional 2 hours.
Results were quantified in abstract units, derived from the detected absorbance readings in
conjunction with the respective dilutions. Measurements of the absorbance were conducted using
an ELISA reader (Status-labsystems, Multiskan RC, Uniscience do Brasil) set at 490 nm. The

antibodies used are listed in Table 1.

2.9 Estradiol, FSH (Follicle Stimulating Hormone) e testosterone measurement

We performed hormone assays using the AccuBind® ELISA Test System to measure
testosterone, follicle-stimulating hormone (FSH), and estradiol levels. This system utilizes a
microplate enzyme immunoassay with colorimetric detection to quantitatively determine
hormone concentrations. We collected 0.3 mL blood samples from anesthetized animals to carry
out these analyses. The blood samples were centrifuged at 10,000 RPM for 10 minutes to separate
the plasma and stored at -20°C.

For the testosterone assay (Product Code: 3725-300), we used a competitive enzyme
immunoassay method. We used a sample volume of 0.010 mL, and the final concentration was

expressed in nanograms per milliliter (ng/mL). Testosterone in the sample competed with an
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enzyme-antigen combination for antibody binding sites. As testosterone levels increased, enzyme
activity decreased. After adding the enzyme and biotin reagents, samples were incubated for 60
minutes at room temperature (20-27°C). After the incubation period, absorbance was measured
at 450nm with a reference wavelength of 620-630nm using a microplate reader.

For the follicle-stimulating hormone (FSH) assay (Product Code: 425-300), we utilized
an immuno-enzymometric method. We used a sample volume of 0.050 mL, and the final
concentration was expressed in milli-international units per milliliter (mIU/mL). This method
involved forming a sandwich complex with high-affinity antibodies, where enzyme activity was
directly correlated with antigen concentration. After adding the enzyme reagent, the samples
were incubated for 60 minutes at room temperature. Using a microplate reader, the absorbance
was then measured at 450nm with a reference wavelength of 620-630nm.

For the estradiol assay (Product Code: 4925-300), a delayed competitive enzyme
immunoassay approach was employed. We used a sample volume of 0.025 mL, and the final
concentration was expressed in picograms per milliliter (pg/mL). Native estradiol in the sample
competed with an enzyme-labeled analog for antibody binding, with the enzyme activity
inversely proportional to the estradiol concentration. The assay required a two-step incubation
process: an initial 30-minute incubation at room temperature after adding the biotin reagent,
followed by a 90-minute incubation after adding the enzyme reagent. After incubation,
absorbance was measured at 450nm with a reference wavelength of 620-630nm using a
microplate reader.

For all assays, we plotted a dose-response curve with the absorbance of each serum
reference against hormone concentration to determine unknown sample concentrations by
locating their average absorbance on the curve. The assays required that reagents, serum

calibrators, and controls be brought to room temperature (20-27°C) before use.
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2.10 Flow cytometry

To assess infiltrating cell immunophenotyping and intracellular cytokines, brain and lung
tissues were collected, processed, and enriched. Brain tissues underwent maceration, Percoll
gradient separation, and filtration. Lung tissues were dissected, digested with Collagenase I,
dissociated, and filtered. Cells were washed in the FACS buffer, and dead cells were excluded.
Extracellular and intracellular antigens were labeled after fixation and permeabilization. The
LSR-FORTESSA equipment was used for acquisition, and data were analyzed using singlets
with FSC-A versus FSC-H gate. In the lung, live leukocytes (neutrophils, T CD4", CD8", NK
cells, and dendritic cells) were characterized. In the brain, infiltrated T subsets and neutrophils
were evaluated, along with activated microglia. IFN-y, 1L-10, and iNOS production were
measured in each cell subset in the brain and lung microenvironment using intracellular staining.
Isolated cells were maintained for 4 hours in RPMI with supplements, and Brefeldin A. FlowJo

V10.4.11 was used for data analysis, and the antibodies used are listed in Table 1.

2.11 IBA-1 and S100B Immunohistochemistry in brain samples

Sections of the cerebral cortex and hippocampus from MHV-A59-infected mice and the
control group (mock) were quantitatively analyzed for microglia, IBA-1 (ionized calcium-
binding adapter molecule 1; antibody PA5-21274, Invitrogen; 1:150) and astrocytes (anti-S100
beta antibody; ab41548, Abcam; 1:75), according to the manufacturer's instructions (Vector Elite
kit). The quantification of IBA-1, for microglial cells, and S100B, for astrocytes, was carried out
from 10 random sections of the histological section of the brain areas using the Image J®

software (National Institute of Health, USA).
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2.12 Purification of synaptosomes

Mice infected with MHV-A59, and control mice were euthanized by cervical dislocation,
since experiments involving the evaluation of neurotransmitters are subject to interference from
drugs, such as anesthetics (Hao et al., 2020). The cortex and/or hippocampus were promptly
dissected and homogenized in a gradient solution composed of 320 mM sucrose, 0.25 mM
dithiothreitol, and 1 mM EDTA. Subsequently, the homogenate underwent low-speed
centrifugation (1000 g x 10 min). Synaptosomes were then isolated from the supernatant through
discontinuous Percoll density gradient centrifugation, as detailed by Dunkley et al. (1988). The
isolated nerve terminals were resuspended in Krebs—Ringer-HEPES (KRH) solution, which
included 124 mM NaCl, 4 mM KCI, 1.2 mM MgSOa, 10 mM glucose, 25 mM HEPES, with pH
adjusted to 7.4 and devoid of additional CaCl., achieving a concentration of approximately 10
mg/mL. For the assessment of glutamate release and intrasynaptosomal calcium concentration,

30 pL aliquots were prepared and maintained on ice until further use.

2.13 Glutamate measurements

To assess continuous glutamate release, a fluorometric assay was conducted using a
Synergy TM2 fluorimeter (Biotek®). Fluorescence emission was recorded with an excitation
wavelength of 360 nm and emission at 450 nm. Glutamate release was indirectly quantified by
monitoring the fluorescence increase resulting from NADPH production in the presence of
glutamate dehydrogenase type Il and NADP* (according to Nicholls et al., 1987). In brief,
synaptosomes were incubated with 1 mM CaCl; and 1 mM NADP" in KRH medium for 5
minutes. Glutamate dehydrogenase (50 units per well) was introduced after 5 minutes.
Depolarization was induced using 33 mM KCI. A calibration curve was established by adding
glutamate (5 nM/uL) to the reaction medium. Glutamate levels were normalized to the total

protein content per well.
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2.14 Intrasynaptosomal free calcium measurements

For the determination of intrasynaptosomal free calcium concentration, synaptosomes
were preincubated with 5 umol/L of Fura-2 pentakis (acetoxymethyl) Ester (FURA2-AM) probe
for 30 minutes at 35.5 °C. Subsequently, the synaptosomes were centrifuged (3,000 g x 60 s),
resuspended in KRH without CaClz, and reincubated for 30 minutes. Following washout with
CaCl>-free KRH, synaptosomes were promptly employed for the quantification of intracellular
free calcium ([Ca?*]i). Fluorescence was recorded at an excitation wavelength of 340/380 nm
and an emission of 510 nm. CaCl, (1 mmol/L, final concentration) was introduced into the
synaptosomal suspension before reading, and 33 mM of KCI was added to induce calcium influx.
Finally, 10% SDS was added to establish Rmax, and tris-EGTA (3 mol/L Tris, 400 mmol/L
EGTA, pH 8.6) was introduced to establish Rmin, following the procedures outlined by

Grynkiewicz et al., 1985; Nicholls et al., 1987.

2.15 Ovariectomy (OVX)

To study the effect of female sex hormones in MHV-A59-induced sequelae, 6-week-old
female C57BL/6 mice were anesthetized (ketamine 80 mg/kg, xylazine 15mg/kg, i.p.) and
ovariectomized bilaterally (group OVX). Sham-operated mice were subjected to the same
experimental procedure but without ovariectomy (group SHAM). Fourteen days after the
surgery, groups of Sham or OVX mice were inoculated with MHV-A59 (3 x 10* PFU in 30 puL)
or sterile saline (30 puL) intranasally. Mice were evaluated for neuropsychiatric sequelae along
60 dpi or euthanized at 2, 5, or 60 dpi for lung, brain, uterus, and plasma collection. The uterus

weight was determined to detect uterus atrophy induced by female hormones’ deficiency.
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2.16 Open field test

The open field test was employed 5, 16, and 28 days after MHV-A59 infection to measure
spontaneous locomotor activity as described elsewhere (Hefner and Holmes, 2007). Briefly, mice
were gently placed in an arena (30 cm x 30 cm x 50 cm square), and then they were allowed to
explore the arena for 30 min freely. Key parameters were recorded, such as spontaneous
locomotor activity and the percentage of time spent in the center of the arena (a measure of
anxiety-like behavior). The test was conducted using the Phenotyper apparatus (Noldus,
Information Technology, Leesburg, VA, USA), containing a digital video camera and infrared
lights in each arena. The EthoVision video tracking software (EthoVision XT, Noldus

Information Technology, Leesburg, VA, USA) was used for data recording and analysis.

2.17 Marble burying

The marble burying test was performed 34 days after MHV-A59 infection to evaluate
compulsive-like behavior as described by Kalueff et al., 2006. Briefly, mice were placed in a
rectangular cage (30 x 30 x 50 cm) with 20 cm of fresh bedding and 25 marbles placed equidistant
to each other. The animals were allowed to explore and bury the marbles freely for 30 minutes.
At the end of the session, we removed the mouse and measured the number of marbles buried.
We considered only the balls buried by more than 2.5 cm. A significant increase in the number
of balls buried indicates compulsive-like behavior. However, associated with tests like the
sucrose preference, a decrease in the number of balls buried reinforces an anhedonic-like

behavior.

2.18 Sucrose preference test
The sucrose preference test (SPT) was performed to measure anhedonia-like behavior as

described elsewhere (De Bundel et al., 2013). Anhedonia is conceived as the reduction or loss of
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interest in pleasurable feelings or enjoyable activities. The SPT is based on a two-bottle choice
test that measures the preference of mice to intake a sweet solution, being the reduced interest
indicative of anhedonia-like behavior. Double-housing mice were initially habituated for 2 days
with two water bottles. During the next 3 days, one water bottle was replaced with a bottle with
sucrose solution (1%). The percentage of sucrose consummation was recorded, and a significant

decrease in this parameter indicates an anhedonic-like behavior.

2.19 Y maze test

The Y maze test was conducted 60 days after the MHV-59 infection to evaluate spatial
working memory as described by (Rice et al., 2019). The Y-maze is composed of three arms
intersecting at an angle of 120°. Mice were gently placed in the apparatus and allowed to explore
the maze freely for 5 minutes. Following each trial, the maze was meticulously cleaned with a
70% alcohol solution and dried using paper towels. The percentage of spontaneous alternations
between arms for 5 minutes was obtained through the index: [alternate total/ (total of entries in
arms -2) x 100]. A significant decrease in spontaneous alternation indicates an impairment in

spatial working memory.

2.20 Grip-force test

Grip-force in the forelimbs and all limbs was measured using Grip Strength Meter
(Insight Equipamentos, Ribeirdo Preto, SP) as previously described (Kolisnyk et al., 2013; Rossi
et al., 2023). Mice were allowed to grasp the smooth pull bar with forelimbs and all limbs by
holding their tails. Mice were then pulled backward in the horizontal plane, and the peak force
(9) applied to the bar was recorded. Three trials were performed per mouse within the same

session, and the average of the three trials was recorded. The average of these three trials was
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then converted into force using the formula F = m x g, where "F" represents force, "m" is the

mass, and "g" is the acceleration due to gravity.

2.21 Step-down inhibitory avoidance test

The step-down inhibitory avoidance test was performed to assess short and long-term
aversive memory 60 days after MHV-AS9 infection, as previously described by Liu et al., 2019.
Briefly, in the training trial, mice were placed on the platform, and their latency to step down on
the grid with all four paws was measured. Immediately after stepping down on the grid with the
four paws, the animals received a single mild foot shock (0.2 mA, 2.0 s). A retention test trial
was performed at 1.5 h (short-term aversive memory) and 24 h (long-term aversive memory)
after the training session. In retention tests, each animal was placed on the platform again, and
no shock was applied when the animal stepped down on the grid. The results were expressed as

a latency period to step down the platform, with a cutoff of 180 seconds.

2.22 Olfactory discrimination test

Olfactory memory was assessed by the olfactory discrimination test at 6 and 38 days after
MHV-A59 infection, as previously described by Prediger et al., 2010. The apparatus used for
this test was an acrylic box divided into two equal compartments by an open door (7.0 cm?2) in
the center, enabling the animal to select between two compartments. One compartment, known
as the familiar compartment, contained sawdust that had remained unchanged for a minimum of
3 days. Conversely, the other compartment, considered non-familiar, was filled with fresh
sawdust. The animals were allowed to explore the environment freely for five minutes. The time
spent in each compartment was recorded and subsequently analyzed using the EthoVision XT
software (Noldus, Technology, Leesburg, VA, USA). The olfactory discriminative memory

impairment was indicated by a significant decrease in the time spent in the familiar compartment.
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2.23 PCR

RNA extraction from tissues was carried out using QlAamp® Viral RNA Kits, in
accordance with the manufacturer's instructions with specific adaptations. Tissue
homogenization was performed in conjunction with the lysis buffer. The quantification of the
extracted RNA was conducted using a spectrophotometer (NanoDrop™, Thermo Scientific). For
cDNA synthesis, the iScript™ gDNA Clear cDNA Synthesis Kit (BIO-RAD) was employed.
The initiation of cDNA synthesis utilized 500 ng of total RNA, following the manufacturer's
protocols. The resulting total cDNA was previously diluted at a ratio of 1:10 for subsequent use
in the gPCR assay. Fast SYBR™ Green Master Mix (Applied Biosystems™) was employed
along with primers at a concentration of 5nM. The forward primer sequence was 5'-
CAGATCCTTGATGATGGCGTAGT-3’, and the reverse primer sequence was 5'-
AGAGTGTCCTATCCCGACTTTCTC-3'. Additionally, RNA extraction was performed on a
known PFU quantity of MHV-A59 to establish the standard, and the results were expressed in

Arbitrary Units.

2.24 Statistical analyses

GraphPad Prism software (v.9.3.0) was used for statistical analyzes. Significant outliers
identified by the ROUT test (Q = 1%) were excluded from the data prior to subsequent analyses.
The data were tested for normality using the Shapiro-Wilk test. For data that passed the normality
test, a confidence interval of 95% was assumed. Two-way ANOVA and Dunnet’s multiple
comparison test were used to analyze differences in weight changes. Simple Kaplan-Meier
survival analysis was used to analyze the differences in survival probability. Student's t-test (for
normal distribution) or Mann—Whitney test (for non-normal distribution) was used to analyze the
differences between the mock controls and the infected mice at a single time point. Two-way

ANOVA and Dunnet’s multiple comparison test were used to analyze differences between mock
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controls and infected mice of respective sex at different time points. Two-way ANOVA and the
Siddk multiple comparison test were used to analyze the differences between the sexes at the
respective infection time points. For data that did not pass the normality test, a confidence interval
of 99% was assumed for Dunnet’s multiple comparison test or the Sidak multiple comparison.
Three-way ANOVA and Tukey's multiple comparison tests were used to analyze the differences
between sham or ovariectomized (OVX) mock or infected mice at different time points. For data
that did not pass the normality test, a confidence interval of 99% was assumed for the Tukey

multiple comparison test. Data are shown as mean values + standard error of the mean.

3. Results

3.1 Intranasal instillation of MHV-A59 induces a transient pulmonary infection and an

inflammatory state.

Intranasal MHV-AS59 infection induces acute pneumonia and severe lung injuries in
C57BL/6 wild-type mice (Yang et al., 2014). However, comprehensive analyses of the chronic
and systemic consequences associated with MHV-A59 infection have not been conducted. Here,
we intranasally inoculated 5-week-old C57BL/6 mice with MHV-AS59 at different viral loads (3
x 103, 3 x 10% or 3 x 10° PFU/30 uL) (Fig. 1A). Infection with MHV-A59 reduced the body
weight of mice in an inoculum-dependent manner (Fig. 1B), whereas only the 3 x 10° PFU
inoculum was lethal to infected mice (Fig. 1C). To investigate the systemic, pulmonary, and
cerebral changes induced by MHV-A59 infection, we opted for a higher, non-lethal inoculum of
3 x 10* PFU to proceed with the experiments. Mice were euthanized at intervals of 2, 5, 8-, 16-,
30-, and 60-days post-infection (dpi), and samples of lung, liver, spleen, and blood were

subsequently collected (Fig. 1A).
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Coronavirus infection can lead to an imbalance in the neutrophil-to-lymphocyte ratio
(NLR), a potential indicator of the severity and mortality of the disease (Henry et al., 2020; Liao
et al., 2020; Ponti et al., 2020). Mice infected with MHV-AS59 exhibited increased NLR in the
blood at 2 and 5-dpi (Fig. 1D). As MHV-A59 and SARS-CoV-2 have been shown to spread to
extrapulmonary sites (Korner et al., 2020; Synowiec et al., 2021), our investigation assessed viral
titers not only in lung samples but also in plasma, liver, and spleen obtained from MHV-A59-
infected mice. The intranasal inoculation of MHV-A59 resulted in a transient lung infection, with
the peak viral titter at 2 dpi. The titter decreased by 5 dpi and remained undetectable after that
(Fig. 1E). Replicating virus was also detected in the liver (Fig. 1E), with mild histopathological
alterations (Figure S1 A-B).

As shown by the H&E-stained slides, intranasal infection with MHV-A59 resulted in
transient mild lung inflammation characterized by perivascular and peribronchiolar leukocyte
infiltrate, desquamation of bronchiolar cells, hyperplasia of the alveolar walls and points of
hemorrhage in some samples (Fig. 1H). In addition, infected mice presented impaired lung
function, with a significant reduction in both vital capacity (Fig. 11) and compliance of the
respiratory system (Fig. 1J) at 5dpi. This stiff behavior of the respiratory system is consistent
with pulmonary restrictive disease (Mortola 2019) and can be associated with fibrosis (Schaller
et al., 2020). As TGF-p is a pivotal regulator of collagen deposition (Meng et al., 2016), we
investigated the concentration of this cytokine in the lungs of MHV-A59-infected mice. Infection
with MHV-AS9 increased the TGF-§ levels in the lung at 8, 16, and 30 dpi (Fig. 1K). Despite
the elevated TGF-B levels, there was no accumulation of collagen in the lungs of the mice

throughout the infection, as evidenced by Masson's trichrome-stained slides (Fig. 1G).
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3.2 MHV-AS9 intranasal infection promotes differential accumulation of pulmonary
chemokines and leukocytes.

Next, we evaluated the molecular and cellular profiles involved in MHV-A59-induced
lung inflammation (Fig. 2). Considering that biological sex has an impact on both immune
response and COVID-19 outcomes (Scully et al., 2020; Takahashi et al., 2020), we stratified the
sexes in our analyses to elucidate potential mechanisms contributing to the disease phenotype.
Both male and female MHV-A59-infected mice showed elevated levels of CCL2, CCL3, and
CCL5 in lung tissue, while only male-infected mice showed elevated levels of CXCL1 (Fig. 2A).
Additionally, we assessed the levels of the pro-inflammatory cytokines TNF, IFN-y, IL-6, and
the anti-inflammatory cytokine 1L-10 in the lung tissue of MHV-A59-infected mice. However,
these levels were not statistically different between non-infected and infected mice (data not
shown). At 5 dpi, both female and male MHV-A59-infected mice displayed increased leukocyte
accumulation in lung tissue (Fig. 2B and S2). While the levels of CXCL-1 were elevated in the
lung tissue of male MHV-A59-infected mice, there was no alteration in neutrophil accumulation
throughout the course of the disease in both female and male mice (Fig. 2C).

Subsequently, at 5 dpi, a distinct subset of anti-inflammatory dendritic cells, marked by
elevated IL-10 levels, aggregated in the lung tissue of MHV-A59-infected mice. Notably, this
particular population was more abundant in male mice compared to their female counterparts
(Fig. 2D-E). MHV-A59 induced a lymphocytic response in lung tissue, particularly notable in
female animals. At 5 dpi, female infected mice showed an increased number of T CD4*
lymphocytes in the lungs (Fig. 2F). At 8 dpi, a pro-inflammatory subset of these cells,
characterized by elevated levels of IFN-y, accumulated in female infected mice but not in males
(Fig. 2G). The T CD4-* lymphocytes were characterized by high levels of the cell proliferation
marker Ki67" (Fig. 2H). Both female and male MHV-A59-infected mice exhibited an

accumulation of T CD8" lymphocytes in lung tissue (Fig. 21). However, only female infected
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mice demonstrated an increase in the IFN-y* secreting CD8" T lymphocyte subset in the lungs
(Fig. 2J). While the overall number of pulmonary NK cells remained consistent between female
and male mice throughout the disease (data not shown), a subpopulation of NK cells with high
IFN-vy levels increased solely in the lung tissue of female infected mice (Fig. 2K) Protective
humoral immunity against SARS-CoV-2 is a crucial determinant in COVID-19, correlating with
clinical outcomes (Carrillo et al., 2021). Thus, we subsequently examined IgM and IgG levels
against MHV-A59 in the plasma of infected mice. Plasma IgM and IgG levels were elevated in
both female and male infected mice. Notably, males exhibited prolonged IgM plasma levels
compared to females, whereas females demonstrated faster IgG production compared to male
infected mice (Fig. 2L-M).

In sum, both female and male infected mice displayed the production of inflammatory
mediators and the accumulation of cells in lung tissue following MHV-A59 infection. However,
males exhibited increased chemokine production, while females demonstrated higher T

lymphocyte activation.

3.3 MHV-A59-infected mice display behavioral and cognitive alterations in a time and sex-
dependent manner.

Following the characterization of lung effects induced by MHV-A59, we explored
potential neuropsychiatric sequelae associated with post-COVID syndrome (Xu et al., 2022). We
analyzed behavioral and cognitive changes in male and female mice infected with MHV-A59
(Fig. 3A). Inthe open field test, no significant difference was found at 5 dpi (peak of lung disease)
regardless of sex. Meanwhile, female MHV-A59 mice exhibited a significant decrease in
spontaneous locomotor activity at 16 dpi. Notably, female mice exhibited complete recovery at
28 dpi, as evidenced by the total distance traveled in the open field. MHV-A59 infection did not

result in locomotor activity impairment in male mice (Fig. 3B-D).
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As olfactory loss is a core symptom of COVID-19 (Harapan and Yoo, 2021), we
investigated olfactory discrimination memory at early and later time points after MHV-A59
infection. Male-infected mice had no disturbance in the olfactory discrimination memory, while
at 6 dpi female-infected mice presented a significant dysfunction compared to mock groups (Fig.
3E). Olfactory discrimination memory dysfunction was completely resolved by 38 dpi (Fig. 3F).
However, from this test alone we cannot state that infected female mice exhibit anosmia.
Neuromuscular dysfunction is also an important symptom related to COVID-19 (Rossi et al.,
2023). At 16 dpi, both female MHV-A59-infected mice displayed a significant decrease in the
forelimb and for all limbs grip force compared with mock controls (Fig. 3G). Grip strength
impairments were not observed for forelimbs and all limbs at 28 dpi regardless of sex (Fig. 3H).
Male MHV-A59-infected mice displayed an anhedonic-like behavior, as indicated by a
significant decrease in the percentage of sucrose preference at 17 dpi (Fig. 3I). A reduction in the
percentage of sucrose preference was also observed in infected female mice (Fig. 31), however it
did not reach statistical significance (p= 0.056). Interestingly, female animals presented a
decrease in the number of buried marbles at 34 dpi, also suggesting an anhedonic-like behavior
(Fig. 3J).

Importantly, only female mice showed significant cognitive dysfunctions at 60 dpi
MHV-A59 infection. There was a significant decrease in the percentage of spontaneous
alternations in the Y maze, indicating an impairment in spatial working memory. No significant
differences were found between MHV-A59 infected male mice and mock controls (Fig. 3K).
Regarding aversive memory, mock and infected mice displayed similar step-down latency in the
training session regardless of sex (Fig. 3L). MHV-A59 female mice showed impairment in short-
term but not long-term aversive memory compared with mocks, as indicated by a decrease in the
step-down latency 1.5 h but not 24 h after the training session. No significant changes in aversive

memory were observed in male mice after MHV-AS9 infection (Fig. 3L-N).
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3.4 MHV-A59 infection induces prominent neurochemical and cellular alterations in the
brain of female mice.

Given the behavioral and cognitive changes identified post MHV-A59 infection,
particularly in female mice, we proceeded to investigate the biochemical and morphological
alterations induced by the infection in the brain (Fig. 4A). MHV-A59 RNA viral copies were
found in the brains of infected animals at from 2- to 8-dpi, in both sexes. However, the replicative
virus was not detected by plaque assay (data not shown). The highest numbers of virus RNA
copies were detected on days 5 and 8 dpi, with females having notably more virus at 5 dpi
compared to males (Fig. 4B).

A potential mechanism associated with brain damage is neuronal excitotoxicity (Verma et al.,
2022). To examine this hypothesis, we assessed intracellular calcium and glutamate levels in
isolated nerve terminals, specifically synaptosomes isolated from the hippocampus (Fig. 4C and
D, respectively) and cortex (Fig S3A-B, respectively) of both female and male mice at 5- and 30-
dpi. Female, but not male mice, exhibited higher levels in intrasynaptosomal calcium
concentrations (Fig. 4C) and an increase in hippocampal glutamate levels (Fig. 4D). As for the
cortex, no changes were found in glutamate and calcium levels in both sexes (Fig S3A-B). These
findings underscore the sex-specific profile in the neurochemical response to MHV-59 infection.
Histopathological analysis of the cerebral cortex revealed discrete changes in both sexes, such as
the presence of leukocytes surrounding some hyperemic vessels (Fig S3C-D).
Immunohistochemical assays showed an increase in the number of IBA-1*
(microglia/macrophages) cells in the brain cortex after MHV-A59 infection in both sexes (Fig.
4E). In males, this increase was detected from the 2" to the 60™-dpi when compared to the mock
group, while females showed an increase from the 5"-dpi onwards (Fig 4E). Noteworthy, at 8-
dpi, females showed higher numbers of IBA1" cells when compared to males (Fig. 4E). IBA-1

labeling was also performed in the hippocampus and there was a similar profile of IBA-1" cells
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in both sexes. Relative to their respective mocks, there was an increase in cells labeled for IBA-
1 from 2- to 60-dpi (Fig. 4F). The number of S100B™ astrocytes increased in the brain cortex of
female mice after the 2"9-dpi onwards when compared to the mock group. In males, this increase
was only observed on the 2"-dpi (Fig. 4G). Significant difference was observed between females
and males at 5 and 16-dpi, with females showing higher numbers than males (Fig. 4G). A similar
pattern was detected in the hippocampus (Fig. 4H). Females showed a significant increase in
S100B* cells from 2- to 16-dpi when compared to their control group, while no increase was
observed in males. When comparing the sexes, females exhibited higher numbers of
hippocampus S100B* cells at 5-, 8-, and 16-dpi than males (Fig. 4H). The figures demonstrate
IBA-1" and S100B" cells in the cerebral cortex and hippocampus at the peak of MHV-A59

infection compared to their respective controls.

3.5 MHV-A59 intranasal infection triggers differential accumulation of brain leukocytes
and inflammatory mediators.

Next, we evaluated the cellular and molecular profiles involved in MHV-A59-induced
CNS inflammation (Fig S4). Both female and male mice infected with MHV-A59 exhibited
increased leukocyte accumulation in the brain at 8-dpi when compared to respective controls
(Fig. 5A). The number of neutrophils increased in the brains of females at 8-dpi, but not in males
(Fig. 5B). Additionally, IBA-1* cells, indicative of microglia, revealed a pattern of active cells
(CD45M™CD11b*F4/80*MHCII) in both sexes also at 8-dpi when compared to the mock groups
(Fig. 5C). The expression of iNOS in this population of activated microglia was upregulated in
females and was significantly higher when compared to the male group (Fig. 5D).

MHV-A59 infection also prompted a lymphocytic response in brain tissue, which was
prominent in infected female mice since they exhibited higher numbers of T CD4* lymphocytes

at 5-dpi than their control group and males at the same time point (Fig. 5E). Additionally, at 5-
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dpi, there was an accumulation of a pro-inflammatory subpopulation of T CD4" lymphocytes in
the brain of infected female mice, expressing CD69, which is a marker of early activation,
Ki67", a marker of cell proliferation, aside from high levels of IFN-y (Fig. 5F-H). All of these
cell markers were significantly increased when compared to males. Regarding the subpopulation
of T CD8" cells, there was an expansion of these cells in the brains of both male and female
infected mice at 8-dpi (Fig. 5 I). Similarly, there was an increase in the number of IFN-y-
producing CD8" T cells and T CD8*CD69" cells, although the number of T CD8" Ki67" cells
only increased in infected females when compared to the control group and male mice (Fig. 5J-
L).

In line with the leukocyte infiltration, MHV-AS59 induced an increase in CX3CL1 in the
prefrontal cortex (PFC) of females at 2- and 5-dpi when compared to the mock group, while in
males, such increase occurred only at 2-dpi. Furthermore, this increase was significantly more
pronounced in females (Fig. 5M). Females also showed a reduction in BDNF levels at the 8" and
16" -dpi in the PFC, while males showed this reduction only at 2 dpi. At the 30" -dpi, there was
a significant difference between the sexes, with males exhibiting lower levels of BDNF than
females (Fig. 5N). In contrast, male mice infected with MHV-A59 showed an increase in IL-6
levels in the PFC at 30- and 60-dpi, while infected females showed no alterations (Fig. 50).
MHV-A59 infection also led to an increase at 2-dpi and a reduction at 8-dpi in hippocampus
levels of CX3CL1 in female mice. In contrast, CX3CL1 levels in the hippocampus of infected
male mice decreased at 5-dpi when compared to mock and were significantly lower than females
at 2-, 5-, and 30-dpi (Fig. 5P). Hippocampus BDNF levels decreased at 2-, 5-, 8-, and 16-dpi in
infected females and at 2-, 5-, and 8-dpi in infected males, compared to their respective control
groups. Nevertheless, no sex-based differences were observed (Fig. 5Q). Quantifying IL-6 levels
in the hippocampus indicated a peak in infected female mice at 8-dpi, contrasting with the mock

group. Furthermore, a significant increase in IL-6 was observed in infected females compared to
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males at this time point (Fig. 5R). Quantification of the cytokine IFN-y was carried out in the

same way as other mediators. However, it was not detected at the protein level.

3.6 MHV-A59-induced CNS dysfunction is dependent on female hormones.

In line with current findings, females appear to be more clinically affected by post-
COVID syndrome (Phillips and Williams, 2021). To explore this sex hormone-dependent
phenotype, we initially assessed serum levels of estradiol, FSH, and testosterone in female mice
infected with MHV-A59. Intranasal infection with MHV-A59 resulted in changes in estradiol
levels at 2 dpi and 5 dpi, and it was found to be nearly seven times higher in the long-term (60
dpi) compared to the age-matched control group (Fig. 6A). Plasmatic FSH levels were
significantly high at 5 dpi, 16 dpi, 30 dpi and 60 dpi groups in relation to control (P < 0.05) (Fig.
6B). Testosterone plasmatic levels, in turn, were reduced about 30% at 5 dpi, 30 dpi and 60 dpi
compared to the control group (P < 0.05) (Fig 6C). These hormonal changes reflect that the
infection can cause temporary or prolonged hormone production dysregulation.

The next step was to study the disease and its sequelae in a female hormones-deficient
context. Thus, we ovariectomized (OVX) mice and infected them with MHV-A59 to analyze the
role of sex hormones in this infectious process (Fig. 6D). Assessment of viral load in the lungs
of SHAM-infected and OV X-infected animals revealed similar amounts of virus at 2 and 5 dpi
(Fig. 6E). The histopathological lung damage of infected females subjected to OV X was similar
to that of SHAM mice, both at 2- and 5-dpi (Fig. 6F and S6).

Female hormone deficiency in the OVX group protected mice when evaluating the
neuropsychiatric sequelae induced by the infection. While MHV-A59 infection triggered a
significant reduction in grip strength in all limbs at 5-dpi (Fig. 6G), OV X mice had no alterations
in the grip strength of the limbs in the acute phase of infection (Fig. 6G). No significant changes

in neuromuscular function were found 16 days after MHV-A59 infection (Figure 6H).
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Importantly, ovariectomy also prevented the MHV-A59-associated anhedonia-like behavior and
spatial working memory deficit at 34- and 60-dpi, respectively (Fig. 61-J).

Regarding viral load in the brain at 2 e 5 dpi, SHAM and OVX animals did not show
significant differences (Fig. 6K). Accordingly, calcium concentration in the hippocampus of
SHAM-infected animals increased relative to their control group at 30 dpi, while OV X-infected
mice exhibited no significant alterations at the same time point (Fig. 6L). In contrast, glutamate
release increased similarly in the hippocampus of both SHAM and OV X-infected groups (Fig.
6M). Accordingly, OVX prevented the mild histopathological damage induced by MHV-A59 in
brain tissue compared with the SHAM-infected group at the corresponding time point of infection
(Fig. 6N).

Immunohistochemical assays showed an increase in the number of IBA-1" cells in the
cerebral cortex of infected OV X mice at 2 and 5 dpi when compared to the control group (Fig.
60), whereas there were no changes in the number of IBA-1" cells in the hippocampus of these
animals (Fig. 6P). Furthermore, no significant quantitative change was observed in S100* cells
in the cerebral cortex of OVX and infected mice (Fig 6Q), but an increase in the number of

S100B* cells was observed in the hippocampus of these mice at 5 and 60 dpi (Fig 6R).

4. Discussion

As defined by the World Health Organization (WHO), Post-COVID syndrome (PCS) is
a condition that encompasses fatigue, shortness of breath, cognitive dysfunction, and other
symptoms due to previous SARS-CoV-2 infection that cannot be explained by another diagnosis.
Symptoms usually appear 3 months after the onset of COVID-19 and last for at least 2 months
(Soriano et al., 2022). Post-COVID syndrome has been reported to affect between 7.5% and 89%
of COVID-19 patients (Chen et al., 2022; Nasserie et al., 2021; Subramanian et al., 2022). It is

noteworthy that PCS is not limited to severe cases, as 29.6% of patients with mild illness are
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affected by this condition (Cazé et al., 2023). Considering that most COVID-19 patients (about
80%) develop mild disease (Huang et al., 2020), it is of great importance to study this condition
in mild models of coronavirus infection. Here, through a robust characterization of MHV-A59
lung infection and central nervous system dysfunctions, we showed, to the best of our knowledge
for the first time, that intranasal instillation of murine betacoronavirus MHV-A59 induced: (1)
transient infection and mild lung disease in wild-type C57BL/6J mice; () more severe
inflammatory response in the lung of female mice, characterized by a robust T cell response; (111)
behavioral and cognitive changes, mainly in female mice, that persisted for up to 2 months; (IV)
more severe inflammatory response in the brain of female mice (comparing with male
counterparts) characterized by neutrophil infiltrate, microglial activation, and IFN-y response;
(V) female hormone-dependent disease phenotype on brain and behavioral sequelae.

The emergence of SARS-CoV-2 and the risk of new coronavirus outbreaks, which had
been overlooked for decades (Morens et al., 2004), has emphasized the need to develop models
to better understand the pathogen-host interaction and to evaluate potential therapeutic treatments
and vaccines for coronavirus infections. Intranasal instillation of different MHV strains in mice
has been used as an in vivo platform to study coronavirus lung disease (Andrade et al., 2021;
Pimenta et al., 2023; Queiroz-Junior et al. 2023; De Albuquerque et al., 2006; Yang et al., 2014).
In a prior study, Yang et al. characterized MHV-A59 lung infection in C57BL/6 mice as a model
for acute respiratory distress syndrome (Yang et al., 2014). MHV-A59 was able to induce acute
lung inflammation in C57BL/6 mice with leukocyte infiltration and hemorrhage, as well as
increased mRNA expression of pro-inflammatory mediators such as CXCL10, IFN-y, TNF, and
IL-1B (Yang et al., 2014). Here, MHV-A59 infection also induced mild clinical pulmonary signs,
with mild and transient histopathologic lung changes. Mice also exhibited acute lung
dysfunction, as evidenced by decreased lung volume and compliance. This stiff behavior of the

respiratory system is consistent with pulmonary restrictive disease (Mortola 2019), and COVID-
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19 patients also show impairment in lung function, including those with mild respiratory
symptoms (Mo et al., 2020; Altmann et al., 2023). Fibrosis is an important factor associated with
impaired lung function, and COVID-19 patients showed abnormal collagen deposition in lung
tissue (Schaller et al., 2020). Despite the increased levels of TGF-p, a key regulator of collagen
deposition (Meng et al., 2016), in the lungs of MHV-A59-infected mice at post-acute time points,
we did not observe pulmonary fibrosis throughout the course of the disease. Together with the
recovery of lung volume and compliance 30 days post-infection, this suggests that the impaired
lung function observed in MHV-A59-infected mice is primarily related to the acute phase of lung
disease rather than persistent structural changes in lung tissue.

The immune response against MHV-A59 infection had a distinct sex-related phenotype.
Indeed, several pieces of evidence suggest that biological sex is an important factor that impacts
COVID-19 immune response, outcome, and development of PCS symptoms (Scully et al., 2020;
Takahashi et al., 2020). Here, female MHV-A59 infected-mice had a robust lung T cell response,
with higher levels of IFN-y compared to male infected-mice. Conversely, male MHV-A59
infected-mice had prolonged levels of pulmonary chemokines involved in innate immune cell
recruitment, such as CCL3, CCL5 and CXCL1. Accordingly, in COVID-19 patients, males have
a more robust induction of innate immune response, with higher levels of IL-8, IL-18, and CCLJ5,
and accumulation of non-classical monocytes in lung tissue, while female patients have more
abundant activated T cells (Takahashi et al., 2020). This highlights that female and male MHV-
A59 infected mice may differ regarding innate and adaptive immune response in the lung tissue,
as observed in COVID-19 patients.

Mice infected with MHV-A59 completely cleared the virus in the lung tissue, indicating
the host's ability to cope with the infection. In addition, replicating MHV-A59 could not be
detected in the plasma or spleen but in the liver, and viral RNA copies in brain, suggesting limited

viral spread to extrapulmonary sites. In terms of systemic changes, MHV-AS9 infection leads to
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a transient increase in NLR in the blood, which is also seen in COVID-19 patients and is an
indicator of disease severity and mortality (Henry et al., 2020; Liao et al., 2020; Ponti et al.,
2020). Of note, mice fully recovered from the imbalance in NLR mediated by MHV-A59
infection. Therefore, this model was characterized by mild lung disease with mild systemic
alterations and viral dissemination, constituting a suitable platform to study sequelae post-
coronavirus infection. Importantly, infection with MHV-1, another murine betacoronavirus, was
recently shown to recapitulate some aspects of PCS in mice (Masciarella et al., 2023). The long
COVID model proposed so far shows that mice infected with MHV-1 present congested blood
vessels, perivascular cavitation, pericellular halos, vacuolation of neutrophils, pyknotic nuclei,
acute eosinophilic necrosis, necrotic neurons with fragmented nuclei, and vacuolation in the brain
cortex after 12 months of infection. Furthermore, these changes were associated with increased
reactive astrocytes and microglia, hyperphosphorylated TDP-43 and tau, and a decrease in
synaptic protein synaptophysin-1 (Paidas et al., 2022).

In the current model, female mice infected with MHV-A59 showed acute olfactory
discrimination dysfunction. Olfactory loss is a core symptom of acute COVID-19 (Harapan and
Yoo, 2021) as well as PCS (Winter et al., 2023). MHV-A59 infection also triggered motor
impairment in female mice, affecting muscular strength of the forelimbs in both sexes at 16-dpi.
This feature has recently been reported in patients with PCS (Ramirez-Vélez et al., 2023). In
addition, both female and male mice presented anhedonic-like behavior, corroborating previous
studies with PCS patients (Lamontagne et al., 2021; Sayed et al., 2021). Interestingly, only
female mice demonstrated impairment in spatial working memory and short-term aversive
memory in the Y-maze test and in the step-down inhibitory avoidance test, respectively, at 60-
dpi. These cognitive deficits have been more commonly observed in women with long-COVID

compared to men (Bai et al., 2022). Hence, the present model provides, for the first time,
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supporting evidence for the predominance of behavioral and cognitive impairments observed in
PCS, particularly among females.

Previous findings from our research group demonstrated that synaptosomes from MHV-
3 infected mice have increased glutamate release and intracellular calcium levels (Pimenta et al.,
2023). In the current model, MHV-A59-infected female mice also had significant glutamate
release and increased intracellular Ca2* levels in the hippocampus at 30-dpi. This is suggestive
of neuronal excitotoxicity, as viral infections, including HIV, ZIKA and H1N1, have already
been shown to impair glutamatergic transmission, thus impairing neural signaling (Costa et al.,
2017; Dusedau et al., 2021; Gorska and Eugenin, 2020). Importantly, a greater number of
microglia/macrophage (IBA-1) and astrocytes (S100B) were found in the cerebral cortex and
hippocampus of female mice when compared to male mice. The increased number of these cells
is suggestive of enhanced neuroinflammation and possibly neurodegeneration (Kwon and Koh,
2020; Vandenbark et al., 2021). Moreover, microglia of infected female mice but no male mice
showed high expression of inducible nitric oxide synthase (iNOS). Nitric oxide (NO) is essential
in synaptic transmission and brain plasticity, mainly in the cortex and hippocampus. However,
high levels of NO and nitrergic/oxidative stress can lead to synaptic impairment and early
neurodegeneration (Balez and Ooi, 2016).

The more robust neuroinflammation in female mice was further confirmed by detection
of immune cells in the brain. MHV-AbL9-infected female mice presented increased number of
IFN-y*-releasing CD4" T lymphocytes in the brain, with Ki67* (cell proliferation marker) and
CD69 (cell activation marker) expression, aside higher numbers of Ki67* CD8" T cells in relation
to males. T cells are especially important for limiting viral replication, as they can gain access to
brain parenchyma through local recognition of viral antigens by T cell receptors (Steinbach et
al.,, 2016). The interaction between microglia and T cells is also crucial within the CNS

parenchyma, since the effector functions of these lymphocytes depend on this communication



99

(Ai and Klein, 2020). However, when this response is not finely regulated, the results can be
deleterious. A study demonstrated that T cells might be associated with neurocognitive sequelae
in surviving animals during neuropathogenic viral infections, such as ZIKV and West Nile Virus
(WNV). This occurs mainly through the signaling of IFN-y released by specific CD8" T cells
infiltrating the CNS, which induces the activation of microglia (Garber et al., 2019). This
microglial activation is correlated with several neurotoxic effects, such as excessive complement-
mediated synapse elimination, neurodegeneration and decreased adult neurogenesis (Klein et al.,
2019). WT mice infected with MHV V5A13.1 presented CNS inflammation and demyelination

/_

significantly less severe than T CD4™/~ mice (Lane et al., 2000). Regarding other inflammatory

mediators, MHV-A59 infection did not alter IL-6 levels in the PFC of female mice compared to
controls. In males, IL-6 levels increased at 30- and 60-dpi. However, in the hippocampus, females
exhibited increased IL-6 at 8-dpi compared to the mock group and infected males. SARS-CoV-
2-induced IL-6 may influence working memory and cognitive systems (Alnefeesi et al., 2021).
Increased expression of systemic IL-6 induced by SARS-CoV-2 infection can cross the blood-
brain barrier to activate microglia and interfere with memory (Alnefeesi et al., 2021; Vos et al.,
2022). Although IL-6 is mostly characterized by its proinflammatory profile, it has been
demonstrated that it also participates in neurogenesis, in the response of mature neurons and glial
cells in conditions of brain homeostasis (Erta et al., 2012). It is possible that, in the acute
infection, especially in females, IL-6 is exerting its pro-inflammatory role in response to MHV-
A59, while its later increase in males appears to be a compensatory/protective response to the
system to return to homeostasis.

In addition to the inflammatory burden, MHV-A59 triggered an impairment in
neurotrophic factors. MHV-A59 infection decreased BDNF levels in the PFC in females at 8-
and 16-dpi and in males at 8-dpi. In the hippocampus, females exhibited reduction from 2- to 16-

dpi, while males showed this reduction only from 2- to 8-dpi. Such delayed recovery of BDNF
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in infected females may have contributed to the neuropsychiatric symptoms. BDNF is a key
factor in survival, synaptic plasticity, and reorganization of the brain microenvironment (Chen et
al., 2020). BDNF may play an antidepressant role in the PFC (Li et al., 2018) and hippocampus
(Li et al., 2017), besides reducing anxiety-like behavior in rats (Cirulli et al., 2004). The levels
of CX3CL1 showed a general pattern of increase followed by decrease in the PFC and
hippocampus of female and male mice, suggesting a homeostatic response to control the acute
effects of infection. The CX3CL1/CX3CR1 axis is important for neuron-microglia
communication and the predominant function of CX3CL1 in the CNS is believed to reduce the
pro-inflammatory response (Subbarayan et al., 2022). Furthermore, the impairment of this axis
has been associated with the development of neuropsychiatric conditions (Chamera et al., 2020).

Biological sex affects innate and adaptive immune responses to infections and vaccination
(Klein and Flanagan, 2016). Accordingly, biological sex has been implicated as an important
factor influencing the immune response, outcomes, and sequelae of COVID-19 (Scully et al.,
2020; Sylvester et al., 2022; Takahashi et al., 2020). Most epidemiological studies on COVID-
19 have shown a sex-related mortality trend, with males being more vulnerable (Solis et al.,
2022). Male laboratory animals are also more susceptible to SARS-CoV and SARS-CoV-2
infection than females (Channappanavar et al., 2017; Dhakal et al., 2021; Ruiz-Bedoya et al.,
2022). Regarding sequelae, females appear to be more likely to develop post-COVID syndrome
(Bai et al., 2022). Given the phenotype of CNS sequelae in female mice following MHV-A59
infection, we investigated the involvement of estradiol, FSH, and testosterone hormones in this
context.

Our model identified high estradiol levels at the acute phase (2 and 5 dpi) and a peak at
60 dpi. Additionally, we observed increased FSH levels several time points after infection.
Collectively, these data suggest that the infection compromised the estradiol signaling in the

hypothalamus-pituitary-gonadal axis. Evidence shows that the SARS-CoV-2 spike protein binds
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to and modulates estrogen receptors (Solis et al., 2022). Ding and colleagues (2020) found that
estradiol (E2) may protect females during COVID-19 by regulating cytokines linked to infection
severity. While female hormones can offer benefits in the acute phase, they may also sustain the
hyperinflammatory state even after recovery (Bienvenu et al., 2020; Mohamed et al., 2021).
Regarding FSH levels, women have been shown to have increased levels during COVID-19 (Cai
et al., 2022), but studies on the relationship of this hormone with long COVID are scarce.

Our model also demonstrated a decrease in testosterone in female mice at 5, 30 and 60
dpi. A recent study showed that low testosterone levels in both sexes are associated with the
immunological profile observed in women with long-term COVID-19, which includes a strong
T-cell-mediated response (Silva et al., 2024). A previous study by this same research group
demonstrated that high levels of antibodies against herpesviruses (EBV, CMV and HSV-2) are
predominantly observed in females with PCS (Klein et al., 2023). It was subsequently observed
that greater reactivity to these viruses is associated with low testosterone levels (Silva et al.,
2024). Low testosterone levels in women may contribute to their higher susceptibility to
autoimmune diseases (Bupp and Jorgensen, 2018). Since androgen receptors are expressed in
immune cells, testosterone levels are believed to directly influence individual immune profiles
(Bupp and Jorgensen, 2018).

Based on these findings, we set out to understand the sequelae in the context of hormonal
deficiency triggered by ovariectomy, showing that ovariectomized female mice presented lung
lesions similar to those of infected SHAM mice, but excitotoxicity, behavioral and cognitive
impairments were significantly prevented. Regarding the profile of IBA-1+ and S100B+ cells,
there was no complete reversion of these cell types in infected OV X mice, but we observed that
the return to homeostasis is faster. This slight recovery positively impacts the behavioral

phenotype.
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Estrogen is known to be an important modulator of the immune system, so there is a
question whether ovariectomy would impair the ability of mice to fight infection; however,
despite small amounts, this hormone can be synthesized in secondary tissues such as brain,
kidneys, bones, skin, and adipose tissue (Harding & Heaton 2022). Thus, we suggest that infected
ovariectomized female mice did not present greater difficulty dealing with the virus than the
infected SHAM group. In line with these results, an experimental study demonstrated that
estradiol treatment did not minimize pulmonary complications in male hamsters infected with
SARS-CoV-2 (Dhakal et al., 2021). Therefore, hormonal changes, not only estrogen, are
associated with sequelae, as there is already evidence that dysfunctions of the hypothalamic-
pituitary-gonadal axis are more prevalent in patients with long-term COVID-19 (Angum et al.,
2020).

In conclusion, this is the first time that an experimental study recapitulates several aspects
of the human post-COVID syndrome, clearly showing the sex differences regarding cognitive
and behavioral outcomes. MHV-A59 induced mild acute lung inflammation and triggered
chronic neuropsychiatric and musculoskeletal disorders, which were dependent on female
hormones. This model offers a distinct platform to study the pathogenesis of PCS within a BSL2
structure. Its significance lies in addressing the challenge of studying behavioral and cognitive
impairment in BSL3 laboratories mandated for SARS-CoV-2. Additionally, it facilitates the
exploration of the therapeutic efficacy of antiviral, anti-inflammatory, or neuroprotective
strategies, enhancing the overall management of COVID-19. Importantly, although transgenic
mice expressing human ACE2 (hACE2) have been used to investigate SARS-CoV-2
pathophysiological processes, many of these transgenic models have failed to recapitulate the
full spectrum of COVID-19, particularly extrapulmonary manifestations and its persistent
symptoms (Knight et al., 2021). In this context, developing new and diverse models is pivotal to

advance the field (Fan et al., 2022; Mufioz-Fontela et al., 2022). Although our findings are
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remarkably novel, we understand that our study bears limitations. Further mechanistic studies
are needed to answer how dysfunctions in the hypothalamic-pituitary-gonadal axis can be
modulated to prevent CNS sequelae induced by coronavirus infection. Another limitation relies
on the assessment of reinfection and its impact on the cognitive and behavioral aspects, as this is

an event of great importance in the current COVID-19 scenario.



Table 1. Antibodies, reagents, cells, viral strain, mice and softwares.
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eFluor™ 780

REAGEANT or RESOURCE SOURCE IDENTIFIER
Antibodies and reagentes
Human/Mouse BDNF R&D system DY248
CD11b Monoclonal  Antibody, Super

ThermoFisher 63-0112-82
Bright™ 600
CD11lc Monoclonal Antibody, Super

ThermoFisher 64-0114-82
Bright™ 645
CD3 Monoclonal Antibody, Super Bright™

ThermoFisher 63-0032-82
600
CD4 Monoclonal Antibody, PE-Cyanine7 |ThermoFisher 25-0041-82
CD45 Monoclonal  Antibody, Pacific

ThermoFisher MCD4505
Orange™
CD45.2 Mouse Antibody, PerCP-Cy™55  |Biolegend 109828
CD69 Monoclonal Antibody, Alexa Fluor™

ThermoFisher 56-0691-82
700
CD8a Monoclonal Antibody, eFluor™ 450 |ThermoFisher 48-0081-82
Estradiol (E2) Monobind Inc 4925-300
F4/80 Monoclonal Antibody , APC ThermoFisher 17-4801-82
Goat Anti-Mouse IgG Fc-HRP Southern Biotech AB 2737432
Goat Anti-Mouse IgM-HRP Southern Biotech AB_2794240
IBAL Polyclonal Antibody Invitrogen PA5-21274
IFN gamma Monoclonal Antibody, APC-

ThermoFisher 47-7311-82




INOS Monoclonal Antibody, PE-eFluor™
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ThermoFisher 61-5920-82
610
Ki-67 Monoclonal Antibody, FITC ThermoFisher 11-5698-82
L-10 Monoclonal Antibody, Alexa Fluor™

ThermoFisher 56-7101-82
700
LIVE/DEAD™ Fixable Aqua Dead Cell

ThermoFisher L34957
Stain Kit
Ly-6G/Ly-6C (Gr-1) Biotin anti-mouse

Biolegend 108403
Antibody
MHC Class Il (I-A/I-E) Monoclonal

ThermoFisher 47-5321-82
Antibody, APC-eFluor™ 780
Mouse CCL2/JE/MCP-1 R&D system DY479
Mouse CCL3/MIP-1 alpha R&D system DY450
Mouse CCL5/RANTES R&D system DY478
Mouse CX3CL1/Fractalkine R&D system DY472
Mouse CXCL1/KC R&D system DY453
Mouse IFN-gamma R&D system DY485
Mouse IL-1 beta/IL-1F2 R&D system DY401
Mouse IL-10 R&D system DY417
Mouse IL-6 R&D system DY406
Mouse TGF-beta 1 R&D system DY1679
Mouse TNF R&D system DY410
NK1.1 Monoclonal Antibody, PerCP-

ThermoFisher 45-5941-82

Cyanine5.5
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S100 beta antibody Abcam ab41548
Streptavidin, Pacific Orange™ conjugate | ThermoFisher S32365
Cells

L929 ATCC CeL-1
Viral strain

Murine hepatitis Virus-A59 (MHV-A59) |ATCC VR-764 ™

Mice

C57BL/6 (Wild-type)

Central Animal House of

the UFMG

C57BL/6Junib

Softwares

GraphPad Prism v9 software

GraphPad

https://www.graphpa

d.com/

https://www.flowjo.c

FlowJo V10.4.11 Becton, Dickinson (BD)
om/
National Institutes of
ImageJ 1.54¢ https://imagej.net/ij
Health
https://www.adinstru
LabChart v7 AdInstruments

ments.com/



https://www.graphpad.com/
https://www.graphpad.com/
https://imagej.net/ij
https://www.adinstruments.com/
https://www.adinstruments.com/
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Figure 1. Intranasal instillation of MHV-A59 in mice results in transitory lung injury and
function impairment. (A) Experimental design. (B) Body weight percentage changes upon
infection with 3x10%, 3x10* or 3x10° PFU/30 pL of MHV-A59 versus mock controls.
Significance was determined by Two-way ANOVA and Dunnet’s multiple comparison test *p <
0.05 (n = 8-10). (C) Survival curve of MHV-A59-infected mice versus mock controls.
Significance was determined by Simple Kaplan-Meier survival analysis *p < 0.05 (n = 6-10). (D)
Blood neutrophil for lymphocyte ratio (NLR). Significance was determined by Two-way
ANOVA and Dunnet's multiple comparison test *p < 0.01 (n = 6). Viral load determined in lung,
liver, and spleen extracts (E), and plasma (F) of MHV-A59-infected mice by plaque assay. The
results are presented as logio PFU per gram of tissue or milliliter of plasma. Significance was
determined by Student's t-test *p < 0.05 (n = 6). (G) Hematoxylin and eosin (H&E) and Masson's
trichrome staining of lung sections of mock controls and 5 and 30-dpi MHV-A59-infected mice.
(H) Histopathological assessment in relation to overall lung inflammatory score. Significance
was determined by Two-way ANOVA and Dunnet's multiple comparison test *p < 0.01 (h = 5-
6). (I) Analysis of total lung volume (vital capacity) and (J) pulmonary compliance of mock
controls and 5 and 30-dpi MHV-A59 infected mice. Significance was determined by Two-way
ANOVA and Dunnet's multiple comparison test *p < 0.05 (n = 9-28). (K) Lung tissue levels of
TGF-. Significance was determined by Two-way ANOVA and Dunnet's multiple comparison

test *p < 0.05 (n = 4-6). L.O.D. (limit of detection).
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Figure 2. Intranasal infection with MHV-A59 promotes differential accumulation of
pulmonary chemokines and leukocytes. (A) Z Score representation of pulmonary levels of
CXCL1, CCL2, CCL3, CCL5 measured by ELISA assay. Significance was determined by Two-
way ANOVA and Dunnet's multiple comparison test *p < 0.01 (n = 4-6). Number of pulmonary
leukocytes (B), neutrophils (C), dendritic cells (D), IL-10" dendritic cells (E), CD4" T
lymphocytes (F), Ki67* CD4" T lymphocytes (G), IFN-y* CD4" T lymphocytes (H), CD8" T
lymphocytes (1), IFN-y" CD8" T lymphocytes (J), and IFN-y" NK cells (K), assessed by flow
cytometry. Significance was determined by Two-way ANOVA and Dunnet's multiple
comparison test to analyze the differences between mock controls and infected mice of respective
sex at different time points. Significance was determined by Two-way ANOVA and the Sidék
multiple comparison test to analyze the differences between the sexes at the respective infection
time points. *p < 0.05 to data that passed Shapiro-Wilk test and *p < 0.01 to data that did not
pass Shapiro-Wilk test (n = 5-6). Plasma levels of IgM (L) and IgG (M). Significance was
determined by Two-way ANOVA and Dunnet's multiple comparison test to analyze the
differences between mock controls and infected mice of respective sex at different time points.
Significance was determined by Two-way ANOVA and the Sidak multiple comparison test to
analyze the differences between the sexes at the respective infection time points *p < 0.05 (n =

6-8).
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Figure 4. MHV-A59 infection induces more prominent neurochemical and cellular
alterations in females. (A) Experimental design. (B) MHV-A59 brain viral load measured by
PCR. Significance was determined by Two-way ANOVA and Dunnet's multiple comparison test
to analyze the differences between infected mice of each sex at different time points or by Two-
way ANOVA and the Sidak multiple comparison test to analyze the differences between the

sexes at the respective infection time points *p < 0.01 (n = 5-7). (C) Hippocampal
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intrasynaptosomal calcium concentration (n = 5-7) and (D) glutamate release (n = 6-8).
Significance was determined by Student's t-test to data that passed Shapiro-Wilk test and Mann-
Whitney test to data that did not pass Shapiro-Wilk test *p < 0.05. (E) IBA-1" cells in the cerebral
cortex (n = 6-8) and (F) hippocampus (n = 4-8). (G) S100B™ cells in the cerebral cortex (n =5-8)
and (H) hippocampus (n = 5-8). Significance was determined by Two-way ANOVA and
Dunnet's multiple comparison test to analyze the differences between mock controls and infected
mice of respective sex at different time points or by Two-way ANOVA and the Siddk multiple
comparison test to analyze the differences between the sexes at the respective infection time
points. *p < 0.05 to data that passed Shapiro-Wilk test and *p < 0.01 to data that did not pass

Shapiro-Wilk test.
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Figure 5. MHV-A59 infection triggers differential accumulation of leukocytes and
inflammatory mediators in the brain. (A) Number of brain leukocytes, (B) neutrophils, (C)
activated microglia, (D) iNOS MFI in activated microglia, (E) CD4" T lymphocytes, (F) INF-y*
CD4" T lymphocytes, (G) Ki67" CD4" T lymphocytes, (H) CD69" CD4" T lymphocytes, (1)
CD8" T lymphocytes, (J) IFNy" CD8" T lymphocytes, (K) Ki67* CD8" T lymphocytes, and (L)

CD69* CD8" T lymphocytes, assessed by flow cytometry. Significance was determined by Two-
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way ANOVA and Dunnet's multiple comparison test to analyze the differences between mock
controls and infected mice of respective sex at different time points and by Two-way ANOVA
and the Siddk multiple comparison test to analyze the differences between the sexes at the
respective infection time points. *p < 0.05 to data that passed Shapiro-Wilk test and *p < 0.01 to
data that did not pass Shapiro-Wilk test (n = 5-6). Prefrontal cortex levels of (M) CX3CL1, (N)
BDNF, and (O) IL-6, and hippocampal levels of (P) CX3CL1, (Q) BDNF, and (R) IL-6,
measured by ELISA assay. Significance was determined by Two-way ANOVA and Dunnet's
multiple comparison test to analyze the differences between mock controls and infected mice of
respective sex at different time points and by Two-way ANOVA and the Sidak multiple
comparison test to analyze the differences between the sexes at the respective infection time
points. *p < 0.05 to data that passed Shapiro-Wilk test and *p < 0.01 to data that did not pass

Shapiro-Wilk test (n = 5-6).
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Figure 6. Ovariectomy (OVX) reduces histopathological brain damage, prevents
behavioral alterations, and minimizes neurochemical imbalance in the hippocampus
induced by MHV-A59 infection. (A) Plasma estradiol levels in mock and MHV-A59-infected
female mice. Significance was determined by Student's t-test *p < 0.05. (n = 5-12). (B) Plasma
FSH levels in mock and MHV-A59-infected female mice. Significance was determined by
Student's t-test to data that passed Shapiro-Wilk test and Mann—Whitney test to data that did not
pass Shapiro-Wilk test *p < 0.05. (n = 5-7). (C) Plasma testosterone levels in mock and MHV-
Ab59-infected female mice. Significance was determined by Student's t-test *p < 0.05. (n = 6-7).
(D) Experimental design. (E) MHV-A59 lung viral load measured by PCR. Significance was
determined by Two-way ANOVA and Dunnet's multiple comparison test *p < 0.01 (n = 5-6) (F)
Overall lung inflammatory score. Significance was determined by Three-way ANOVA and
Tukey's multiple comparison test to analyze the differences between sham or OVX, mock or
infected mice, at different time points *p < 0.01 (n = 4-7). Force in newtons (N) in 2 or 4 paws
grip force test (G) 5- and (H) 16-days post-infection (n = 6-8). (I) Marble burying test 34 days
post-infection (n = 6-7). (J) Spontaneous alternation in Y-maze test 60 days post-infection (n =
5-6). Significance was determined by Student's t-test to data that passed Shapiro-Wilk test and
Mann-Whitney test to data that did not pass Shapiro-Wilk test *p < 0.05. (K) MHV-A59 brain
viral load measured by PCR. Significance was determined by Two-way ANOVA and Dunnet's
multiple comparison test *p < 0.01 (n= 5-6) (L) Hippocampal intrasynaptosomal calcium
concentration (n = 5) and (M) glutamate release (n = 5-7). Significance was determined by
Student's t-test to data that passed Shapiro-Wilk test and Mann—Whitney test to data that did not
pass Shapiro-Wilk test *p < 0.05. (N) Overall brain histopathological score (n = 4-5).
Significance was determined by Three-way ANOVA and Tukey's multiple comparison test to
analyze the differences between sham or OV X, mock or infected mice, at different time points

*p < 0.01.
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Supplementary Materials

[ 5 dpi MHV-A59

PIIN

Jussqy

Mock 2 5 8 16 30 60
MHV-A59 dpi

Supplementary figure 1. Intranasal instillation of MHV-A59 in mice results in transitory
and mild liver injury. (A) Histopathological assessment in relation to overall liver inflammatory
score. Significance was determined by Two-way ANOVA and Dunnet's multiple comparison test
*p <0.01 (n = 5-6). (B) Representative images of H&E-stained liver sections of mock controls

and 5-dpi MHV-A59-infected mice.
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Supplementary Figure 2. Flow cytometry gates for leukocytes (CD45high), dendritic cells
(CD45highCD11b*CD11c*), T CD4" Ilymphocytes (CD45highCD3*CD4*), T CD8"
lymphocytes (CD45highCD3*CD8"), NK cells (CD45highCD3'NK™), and markers (IFN-y*,

Ki67, 1L-10).
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Supplementary Figure 3. (A) Hippocampal intrasynaptosomal calcium concentration (n = 5-7)
and (B) glutamate release. Significance was determined by Student's t-test to data that passed
Shapiro-Wilk test and Mann-Whitney test to data that did not pass Shapiro-Wilk test *p < 0.05
(n = 6-8). (C) Brain histopathological score. Significance was determined by Two-way ANOVA
and Dunnet's multiple comparison test to analyze the differences between mock controls and
infected mice of respective sex at different time points. Significance was determined by Two-
way ANOVA and the Sidak multiple comparison test to analyze the differences between the
sexes at the respective infection time points. *p < 0.01 (n = 3-8). (D) Representative images of

H&E-stained brain sections of mock controls and 8-dpi MHV-A59-infected mice.
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Supplementary Figure 4. Flow cytometry gates for leukocytes (CD45high), activated microglia
(CD45intCD11b*F4/80*"MHCII*), T CD4* lymphocytes (CD45highCD3*CD4*), T CD8*

lymphocytes (CD45highCD3*CD8"), and markers (IFN-y*, CD69, Ki67).
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Supplementary Figure 5. (A) Representative images of H&E-stained lung sections of sham and
OVX mock controls and 5-dpi MHV-A59-infected mice. (B) Representative images of H&E-

stained brain sections of sham and OV X mock controls and 5-dpi MHV-A59-infected mice.
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Supplementary Table 1. Gender and proportion of animals that developed PCS after

MHV-A5B9 infection.

Test Day post infection | Gender | Mice % that developed PCS
Open Field Test 16 female 86.6%
2 Paws Grip-force 16 female 81.25%
4 Paws Grip-force Test 16 female 80%
Sucrose Preference Test 17 male 80%
Marble Burying Test 34 female 100%
Y-Labyrinth maze test 60 female 100%
Step-down inhibitory
avoidance (short-term 60 female 100%
aversive memory)

For the behavioral tests where statistical significance was found between mock and infected
animals, the median score of the mock group was used as a threshold to determine whether PCS

developed.
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3.3 Resultados nédo publicados

A COVID-19 deixou sequelas duradouras em milhdes de pessoas em todo o mundo. A
COVID longa, caracterizada por uma ampla gama de sintomas, incluindo fadiga cronica,
dificuldades cognitivas e problemas respiratorios, tem um impacto significativo na qualidade de
vida dos pacientes. Em particular, os sintomas neuroldgicos, como a "névoa cerebral” e a perda
de memoria, tém sido relatados por muitos pacientes, destacando a necessidade de mais pesquisas
relacionadas ao desenvolvimento de tratamentos eficazes (Al-Aly & Topol, 2024). Em um estudo
recente, nosso grupo de pesquisa demonstrou que o tratamento com Angio (1-7), um anti-
inflamatdrio e pré-resolutivo, durante a fase aguda de infecgdes por betacoronavirus, como
MHV-3 e SARS-CoV-2, resultou em uma reducéo significativa da inflamacdo, da carga viral e
do dano pulmonar, aumentando a taxa de sobrevivéncia dos animais infectados (Lima et al.,
2024). Diante desses resultados, investigamos se esse tratamento na fase aguda poderia evitar ou
minimizar as sequelas neuropsiquiatricas induzidas pela infeccdo por betacoronavirus. Para
tanto, foi utilizado o modelo de COVID longa induzido pelo MHV-A59.

3.3.1 Material e Métodos

O peptideo Angio (1-7) (Bachem Inc.) foi diluido em (solucdo salina 0,9% + 0,02%
DMSO) e administrado por via i.p na dose de 30 pug/camundongo. A dose de Ang (1-7) foi
baseada no estudo anterior do nosso grupo (Lima et al., 2024). O regime de tratamento comegou
24h apos a infeccdo e continuou 36, 48, 60,72,84,96h depois. O grupo veiculo recebeu solugdo
salina 0,9% + 0,02% DMSO. Como controle positivo para o experimento, tratamos um grupo de
animais com o antiviral Remdesivir (RDV) Veklury® (25 mg/kg, ip., 2x/dia - GILEAD Sciences,
Séo Paulo, Brasil), iniciando o tratamento 24h antes da inoculacdo do virus até 96h depois. Os

experimentos foram realizados com camundongos C57BL/6 WT de 5 semanas de idade.
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Figura 5: Desenho experimental dos tratamentos administrados na fase aguda da infecc¢éo por
MHV-A59. Camundongos fémeas C57BL/6 WT, com 5 semanas de idade, foram infectados por
via intranasal com MHV-A59. (1) O tratamento com Angio (1-7) se iniciou 24h apos infeccédo e
0 com RDV (Il) comecou 24h antes da infec¢do, ambos por via i.p e até o 4° dpi. Os testes

comportamentais foram realizados no 5°,6°, 16°, 28°, 34° e 60° dpi.
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3.3.2 Resultados

O tratamento com Angio (1-7) foi capaz de prevenir sequelas neuropsiquiatricas induzidas

pela infeccdo por MHV-A59

A falta de compreensdo completa do mecanismo da COVID longa impede o
desenvolvimento de tratamentos especificos. Assim, a prética clinica atual concentra-se em
abordagens de suporte, como reabilitacdo e exercicios, além de terapias sintomaticas, como
antidepressivos e anticoagulantes, para aliviar os sintomas dessa condi¢do (G Li et al., 2023).
Nesse sentido, tratamos os camundongos infectados com o peptideo Angio (1-7) ainda na fase
aguda da doenca e observamos se, posteriormente, as sequelas neuropsiquiatricas seriam evitadas
ou minimizadas. Como controle positivo, utilizamos um antiviral, 0o RDV (Veklury®), por ser
um medicamento amplamente utilizado na clinica para o tratamento da COVID-19 (Gottlieb et
al., 2022). Além disso, o0 RDV foi utilizado na fase aguda da infec¢do por betacoronavirus em
experimentos do nosso grupo e se mostrou eficaz em reduzir os titulos virais vidveis e copias de
RNA viral, além de reduzir a lesdo pulmonar induzida pelo MHV-A59 (dados ndo mostrados).
Os camundongos C57BL/6 fémeas foram primeiramente tratados e depois infectados com MHV-
A59, no caso do RDV, que foi administrado 24 h antes da infeccdo (via i.p, a cada 12 h) até o 4°
dpi. Para Angio (1-7), os animais foram infectados e tratados 24 h apds a inoculacéo viral (via
i.p, a cada 12 h) até o 4° dpi. Alguns testes comportamentais importantes foram selecionados
para validar o efeito dos tratamentos neste contexto de sequelas ao longo dos 60 dias de
infeccdo. Demonstramos através do teste do campo aberto, que os animais tratados com veiculo
apresentaram comprometimento na locomocao quando comparado ao grupo mock, enquanto os
animais tratados com Angio (1-7) e com RDV se locomoveram de maneira semelhante ao grupo
mock (Fig. 6A). Esse teste também foi realizado nos dias 16 e 28 pés infeccdo e nenhum grupo
apresentou dificuldade na locomocéo (Fig 6B e 6C, respectivamente). O teste de discriminacdo
olfatoria revelou que o tratamento com Angio (1-7) e RDV evitou que os animais infectados
apresentassem comprometimento no olfato no 6° dpi, enquanto os animais do grupo infectado e
tratado com veiculo apresentam comprometimento da memdria olfatéria (Fig. 6D). O teste de
forga de preenséo foi realizado 16 dpi para avaliar a forga em duas (patas dianteiras) e nas quatro
patas dos animais. Foi demonstrado que os animais infectados tratados com Angio (1-7) assim
como aqueles infectados e tratados com RDV apresentaram forca similar ao grupo mock,
enquanto os animais infectados do grupo veiculo tiveram seu nivel de forca comprometido em

todos os membros (Fig 6E). Além disso, foi realizado o teste de Marble Burying no 34° dpi para
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avaliar o perfil de anedonia ou compulsividade dos animais. Os camundongos infectados e
tratados com veiculo e com RDV apresentaram comportamento do tipo anedbnico, pois
enterraram menos bolinhas de gude, enquanto o tratamento com Angio (1-7) evitou a anedonia
induzida pela infeccdo (Fig 6F). Por fim, 60 dpi, o teste do labirinto em Y foi realizado para
avaliar a memoria espacial dos animais e, consequentemente, o aprendizado. O teste demonstrou
que os animais infectados tratados com veiculo e RDV apresentaram prejuizo na memdria
espacial, enquanto o tratamento com Angio (1-7) foi capaz de prevenir o comprometimento

cognitivo.
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Figura 6: O tratamento com Angio (1-7) foi capaz de prevenir sequelas neuropsiquiatricas
induzidas pela infeccdo por MHV-AS59. (A) Distancia total percorrida no teste de campo aberto
em 5, (B) 16 e (C) 28 dpi (n = 10). (D) Tempo de discriminacdo olfatéria no 6° dpi (n = 10-20).
(E) Forca em newtons (N) no teste de forca de preenséo de 2 ou 4 patas, 16 dpi (n = 10). (F) Teste
Marble Burying, 34 dpi (n = 10). (G) Alternancia espontanea no teste do labirinto em Y 60 dpi
(n=9-10). A significancia foi determinada pelo teste t de Student para dados que passaram no
teste de Shapiro-Wilk e pelo teste de Mann-Whitney para dados que ndo passaram no teste de
Shapiro-Wilk *p < 0,05.
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4, DISCUSSAO

A COVID-19, com sua ampla gama de manifestacfes clinicas, tem sido também
caracterizada por alteracdes neuropsiquiatricas. O acometimento do SNC ja havia sido
documentado na epidemia de SARS-CoV (Desforges et al, 2014). A maior parte das condigdes
que acometem o SNC apresentam mecanismos fisiopatoldégicos complexos e a falta de uma
compreensdo mais profunda desses processos dificulta a identificacdo de alvos terapéuticos
(Nagappan et al, 2020). Além da doenca aguda causada pelo SARS-CoV-2, com o decorrer da
pandemia comecou a surgir sintomas persistentes apds a infeccdo, conhecida como COVID
longa. Estima-se que mais de 65 milhdes de pessoas em todo o mundo lidam com as
consequéncias de longo prazo dessa doenca, que se manifesta em diversos sistemas do
organismo, incluindo o SNC. (Davis et al., 2023). Essa condi¢do, que pode durar meses ou até
anos, emergiu como um grave problema de salde publica mundial (Davis et al., 2023; Silva &
Iwasaki, 2024), impulsionada pela escassez de conhecimento sobre seus mecanismos e pela
auséncia de tratamentos eficazes. Modelos que avaliam altera¢bes celulares, morfoldgicas e
comportamentais no contexto de infeccdo por betacoronavirus no SNC sdo limitados. Nesse
sentido, o objetivo desse trabalho foi compreender melhor as alteracdes agudas e cronicas no
SNC induzidas pela infeccdo por coronavirus.

De maneira geral, as alteracbes no modelo de infeccdo aguda, incluem: (i) o
betacoronavirus MHV-3, inoculado por via intranasal, é capaz de infectar e se replicar no SNC,
provocando alteracdes histopatoldgicas leves em camundongos C57BL/6 selvagens; (ii) a
infeccdo pelo MHV-3 leva ao aumento da liberacdo de glutamato, elevacdo dos niveis de célcio
intracelular e maior producdo de mediadores pro-inflamatorios no cortex; (iii) a infeccdo pelo
MHYV-3 reduz a sintese de mediadores neuroprotetores, como BDNF e CX3CL1, no cortex; (iv)
os camundongos infectados pelo MHV-3 exibiram comportamentos do tipo ansioso, anedonia e
comprometimento motor, com maior impacto observado em fémeas. J& no modelo de COVID
longa, demonstramos que (i) 0 betacoronavirus MHV-A59 provoca uma doenca pulmonar leve
e transitéria em camundongos C57BL/6 selvagens; (ii) camundongos fémeas exibem uma
resposta inflamatdria intensa nos pulmdes, marcada por uma resposta robusta de células T; (iii)
alteragfes comportamentais, aem fémeas, persistentes por até dois meses apos a infecgéo; (iv)
fémeas apresentam uma resposta inflamatdria mais acentuada no cérebro, em comparacéo aos
machos, caracterizada por infiltrado de neutréfilos, ativacdo de micrdglia e resposta de IFN-y;
(v) o fendtipo da doenca e as sequelas estdo associados a influéncia dos hormonios sexuais; (vi)

o0 tratamento agudo com RDV e Angio (1-7) evitou comprometimento motor (5 dpi), olfatério (6
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dpi) e de forga (16 dpi); (vii) o tratamento agudo com Angio (1-7) evitou anedonia (34 dpi) e
comprometimento de memoria espacial (60 dpi), induzidos pela infec¢do por MHV-AS9.

O modelo de infeccdo intranasal utilizando um betacoronavirus murino (MHV-3)
demonstrou que, apesar de seu hepatotropismo, pode ser Gtil como plataforma para recapitular
0s aspectos neuroldgicos e psiquiatricos observados em pacientes com COVID-19 grave. Todas
as anélises foram realizadas até o 5° dpi e isso pode ser justificado pelo fato de que no 3° dpi
identificamos o pico pulmonar e no 6° dpi 0s animais ja comecam a sucumbir (Andrade et al.,
2021). Inicialmente, demonstramos que o0 MHV-3 apresenta tropismo pelo tecido cerebral e
capacidade de replicacdo no SNC a partir do 5° dpi. Além disso, a anélise histopatoldgica do
cerebro revelou lesdo leve com presenca de vasos sanguineos dilatados nas meninges, assim
como discreto infiltrado inflamatdrio e poucos vasos hiperémicos no cortex cerebral. Esses
achados estdo alinhados com a literatura, que aponta a detec¢do de SARS-CoV-2 no cérebro pos-
mortem em 53% dos pacientes com COVID-19, utilizando gRT-PCR (Quantitative Reverse
Transcription Polymerase Chain Reaction) ou imunocoloragédo, sendo as lesdes neuropatoldgicas
geralmente leves (Matschke et al, 2020). Em outros estudos, o material genético de SAR-CoV-2
ndo foi encontrado ou foi identificado em niveis baixos no tecido cerebral (Solomon et al, 2020;
Wichmann et al., 2020). Um outro trabalho demonstrou que a quantidade de RNA viral no cortex
frontal de pacientes pos-mortem € minima e s6 péde ser detectada por meio de um método muito
sensivel, a PCR digital, mostrando que 88% das amostras analisadas apresentava o material
genético de SARS-CoV-2, ao passo que a qRT- PCR foi capaz de detectar somente em 11% das
amostras (Gagliardi et al, 2021).

Alem disso, realizamos a andlise quantitativa de neurdnios (NeuN),
microglias/macrofagos (IBA-1), astrécitos (S100B) e avaliamos apoptose (caspase-3 clivada).
Nenhum desses marcadores se mostrou alterado no cortex cerebral dos animais infectados no 5°
dpi quando comparados ao grupo controle. No entanto, isso ndo significa que as células, como
microglia e astrécito ndo estejam alteradas, pois sdo necessarios experimentos mais especificos
para analisar o perfil de ativacdo dessas células, como citometria de fluxo com marcadores
especificos. De fato, ja foi comprovado que em tecidos cerebrais coletados de individuos que
morreram de COVID-19, a micrdglia expressou abundantemente o marcador lisossomal CD68,
que indica aumento na sua atividade fagocitica, especialmente em areas do bulbo olfatério e
cerebelo (Matschke et al, 2020). Da mesma forma, ndo podemos afirmar que ndo ha morte celular
neuronal nesse processo infeccioso, visto que as células podem morrer por outras vias que nao a
apoptose, ou ainda por ser tratar de uma infecgéo grave, os camundongos podem sucumbir antes

da ocorréncia de eventos como neurodegeneracdo e morte celular. Boroujeni e colaboradores
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(2021) mostraram que a resposta inflamatéria na COVID-19 provocou morte neuronal no cértex
cerebral (pos-mortem) de pacientes graves. Nossa quantificagdo de NeuN mostrou um nimero
semelhante de neurénios positivos para o marcador quando comparamos 0s grupos infectados e
controle. Porém, a andlise da ultraestrutura do cortex cerebral de animais infectados pelo MHV-
3 revelou a presenga de neurénios escurecidos, conhecidos como Dark Neurons (DNs), que
indicam degeneracdo em curso. Nessas amostras também foi observado a presenca de complexos
de Golgi e reticulos endoplasmaticos dilatados e mitocondrias com cristas rompidas. A
quantificacdo de NeuN ndo mostrou alteracoes e isso pode ser justificado pelo fato de que cerca
de 90-99% dos DNs se recuperam apds um tempo, enquanto uma pequena quantidade de
neurbnios, de fato, morre (Csordas, et al., 2003). Estudos de microscopia eletrénica
demonstraram que esses DNs tem uma baixa atividade funcional, apesar de apresentarem intensa
sintese proteica devido a maior expressdo de alguns genes. No entanto, a origem e 0 mecanismo
do surgimento desses neurdnios escuros permanecem indefinidos (Csordas, et al., 2003; Zimatkin
& Bon’, 2018). Ademais, ndo se sabe se 0s neurdnios voltam a exercer suas funcdes de maneira
adequada.

Além de alteragcbes estruturais, investigamos a liberacdo de glutamato e o influxo de
calcio nesse contexto de infeccdo. O sistema glutamatérgico, € o principal sistema de
neurotransmissédo excitatoria do SNC nos mamiferos, sendo importante para o desenvolvimento
do cérebro, para a plasticidade sindptica e em processos fisiologicos de aprendizado e memdria
(Stevens, 2008). Entretanto, a alta liberacdo de glutamato na fenda sinapticas, com o consequente
aumento do influxo de célcio, podem levar a morte neuronal e neurodegeneracdo via
excitotoxicidade (Wang & Qin, 2010). O excesso de glutamato e calcio contribui para o
desenvolvimento e progressao de varias condi¢des do SNC, como trauma, isquemia e doengas
neurodegenerativas (Lau & Tymianski, 2010). Nossos dados mostram que no 5° dpi os
camundongos infectados com MHV-3 exibiram maior liberacdo de glutamato e influxo de calcio
no cortex quando comparados com o grupo ndo infectado. Em modelo de infeccdo pelo ZIKV,
ja foi demonstrado que h& morte neuronal e que ao tratarem os animais infectados com um
inibidor ndo competitivo do receptor de glutamato N-metil-D-aspartato (NMDA), memantina, a
morte neuronal e a microgliose induzidas pela infecgéo foram inibidas tanto in vitro como in vivo
(Costa et al., 2017). Resultados semelhantes foram descritos em um modelo de neuroinfeccdo
pelo parasita Plasmodium falciparum, causador da malaria, em que o aumento da liberacéo de
glutamato no cértex de animais com maléria cerebral estava associado a alteracdes neuroldgicas
e comportamentais (Miranda et al, 2010), prevenidas com o inibidor do receptor NMDA, MK801
(Miranda et al., 2017).
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Partindo do pressuposto que um dos maiores agravantes da COVID-19 é a tempestade de
citocinas (Coperchini et al., 2020), mensuramos mediadores inflamatdrios no cortex pré-frontal,
hipocampo e estriado. Encontramos que a infec¢do pelo MHV-3 induziu aumento da citocina IL-
6 no cortex pré-frontal, hipocampo e estriado, ao passo que IFN-y teve uma maior concentragao
somente no cortex dos animais infectados ao comparéd-los com os controles. De maneira
importante, estudos epidemiolégicos e genéticos reforcam o papel dos mediadores inflamatorios
nos sintomas neuropsiquiatricos observados em pacientes com COVID-19 aguda ou no pos-
COVID-19, pois mostram que muitos marcadores de inflamagcdo em concentracfes séricas
elevadas, como a IL-6, estdo diretamente associados a depressdo nesses individuos (Milaneschi
et al, 2021).

Um modelo de neuroinfeccdo utilizando o virus HSV-1 mostrou um aumento de IL-6 no
hipocampo associado a apoptose neuronal e dano hipocampal (Toscano et al., 2020). O aumento
da inflamacdo no estriado esta relacionado com reducédo da conectividade funcional dessa regido
com o cortex pré-frontal, o que resulta em sintomas como anedonia e lentiddo psicomotora
(Felger et al., 2016). Esses resultados corroboram com o perfil de IL-6 do hipocampo e do
estriado dos animais infectados com coronavirus observados no atual trabalho. Em relacéo ao
IFN-y, outro marcador inflamatdrio importante, quando utilizado no tratamento de pacientes com
hepatite C, foi capaz de induzir episodio depressivo em ¥4 desses pacientes (Udina, et al., 2012).
Nossos resultados sugeriram comprometimento locomotor nos animais apds a infecgdo pelo
MHV-3. Dados semelhantes foram encontrados em animais infectados por via intracranial pelo
virus do Dengue-3 (DENV-3), em que o curso da doenca foi caracterizado por alteracdo motora
associada ao aumento de mediadores inflamatérios no SNC (Amaral et al., 2011).

A neuroinflamacéo pode levar a alteracbes na estrutura e/ou na funcéo dos circuitos do
SNC relacionados a ansiedade, tornando o cérebro vulneravel a esse transtorno (Won & Kim,
2020). Pacientes pds-COVD-19 tém apresentado varios distlrbios como depressdo, ansiedade,
sintomas obsessivos-compulsivos, que podem ser consequéncia da neuroinflamacéo decorrente
da doenca (Mazza et al, 2020). Ao realizar o teste de labirinto em cruz elevado, os animais
infectados com MHV-3 apresentaram comportamento do tipo ansioso. Validando nossos
achados, um estudo anterior de encefalite causada por DENV-3 demonstrou que os camundongos
infectados apresentaram comportamento do tipo ansioso, bem como um aumento da expressao
de RNAm de citocinas pré-inflamatorias no hipocampo associado a perda neuronal (de Miranda
et al.,2012). Em modelo de maléria cerebral, os camundongos infectados com Plasmodium
berghei também apresentaram comportamento do tipo ansioso associado ao aumento dos niveis

de citocinas pré-inflamatorias e alteragOes histopatoldgicas, como meningite focal, com presenca
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principalmente de linfdcitos e macrofagos, sequestro de leucocitos na microvasculatura (tampéo
vascular) no cortex, tronco cerebral e hipocampo (de Miranda et al., 2011).

Além de mediadores envolvidos na inflamagcdo do SNC, existem os mediadores que
atuam em respostas neuromoduladoras/neuroprotetoras. CX3CL1 é uma quimiocina que no SNC
é produzida por neurdnios e através do receptor CX3CR1, presente na microglia, ocorre a
sinalizacdo neuroglial. A sinalizagdo CX3CL1/CX3CR1 parece ser imprescindivel para a
homeostase cerebral (Subbarayan et al., 2022). Acredita-se que no cérebro adulto, a CX3CL1 ou
também conhecida como fractalquina (FQN), mantenha a micréglia em estado homeostatico
(Sheridan & Murphy, 2013). O BDNF, uma neurotrofina, € um regulador da neuroplasticidade
e funcdes cerebrais como memodria e cognicdo (Dechant & Neumann, 2002), sendo o cortex
cerebral uma das principais fontes de secrecdo central do BDNF(Anders et al., 2020). A
propdsito, o BDNF é um protetor critico da hipoxia e danos neurais induzidos pela inflamacao
(Lima Giacobbo et al., 2019). Pouco se sabe sobre CX3CL1 e BDNF no contexto da COVID-19
e os resultados ainda séo controversos. Os estudos existentes de BDNF no curso da infecgéo pelo
SARS-CoV-2 dosaram concentracdes séricas desta neurotrofina. Enquanto alguns observaram
niveis mais baixos de BDNF em pacientes hospitalizados com COVID-19 (Asgarzadeh et al.,
2022; Azoulay et al. 2020 ), outros encontraram niveis maiores de BDNF em pacientes com
COVID-19 em comparagdo com controles saudaveis (Ong et al., 2021 ; Chan et al., 2021).

Nossos resultados mostraram reducdo na concentracdo de CX3CL1 e BDNF no cértex
cerebral de animais infectados com MHV-3 quando comparados aos animais controle, o que
sugere uma perda da homeostase nesse ambiente. Niveis baixos de BDNF, principalmente
corticais e hipocampais, tém sido associados a depressdo (Kojima et al, 2019), o que vai ao
encontro dos nossos dados comportamentais de anedonia. O BDNF é essencial em processos
anti-inflamatorios e anti-apoptéticos em modelos experimentais de meningite por S. pneumoniae
(Braun et al., 2017), ao passo que sua reducdo foi correlacionada a apoptose neuronal em modelos
pré-clinicos de HIV (Michael et al., 2020). Em sintese, nossos resultados indicam que o modelo
baseado no MHV-3 é eficiente em reproduzir as graves consequéncias agudas no SNC
observadas em pacientes com COVID-19. Contudo, a alta letalidade induzida por esse
betacoronavirus limita a possibilidade de investigar potenciais sequelas comportamentais e
cognitivas associadas a infec¢éo

Nesse sentido, iniciamos a caracterizacdo de um modelo para estudo de sequelas
pulmonares e neuropsiquiatricas decorrentes da infec¢do por coronavirus. Foi escolhida uma
cepa menos virulenta e com maior tropismo pulmonar, o MHV-A59 que permitisse a

sobrevivéncia dos animais e estudo da COVID longa. O indculo foi determinado por meio de


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9243868/#CR11
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9243868/#CR3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9243868/#CR25
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9243868/#CR6

157

uma curva de sobrevivéncia e pela variagdo do peso corporal dos animais em resposta a infecgéo.
De acordo com a definicdo da OMS, PASC sdo caracterizadas por sintomas como fadiga,
dificuldade respiratoria, comprometimento cognitivo e outras manifestacdes que persistem apos
a infeccdo pelo SARS-CoV-2, sem explicacdo atribuida a outros diagndsticos. E importante
destacar que a PASC ndo se restringe a casos graves da doenga, uma vez que 29,6% dos pacientes
que apresentaram quadros leves também sdo afetados por essa condicdo (Cazé et al., 2023). Dado
que cerca de 80% dos casos de COVID-19 sdo classificados como leves (Huang et al., 2020),
torna-se essencial investigar essa sindrome em modelos experimentais que reflitam infeccdes de
baixa gravidade.

Neste trabalho, por meio de uma andlise detalhada da infecgdo pulmonar pelo
betacoronavirus murino MHV-AS9 e suas consequéncias no SNC, apresentamos pela primeira
vez 0s seguintes achados: infeccdo transitoria e doenca pulmonar leve em camundongos
C57BL/6J de tipo selvagem; (11) resposta inflamatdria mais grave no pulmao de camundongos
fémeas, caracterizada por uma resposta robusta de células T; (I11) alteracbes comportamentais e
cognitivas, principalmente em camundongos fémeas, que persistiram por até 2 meses; (IV)
resposta inflamatoria mais grave no cérebro de camundongos fémeas (em compara¢do com 0s
machos), caracterizada por infiltrado de neutrdfilos, ativacdo microglial e resposta de IFN-y; (V)
fenotipo da doenca dependente de hormdnios sexuais.

O surgimento do SARS-CoV-2 e o risco de novos surtos de coronavirus, anteriormente
subestimados (Morens et al., 2004), destacaram a necessidade de desenvolver modelos para
investigar a interacdo patdgeno-hospedeiro e avaliar tratamentos e vacinas para infeccdes por
coronavirus. A instilacdo intranasal de cepas de MHV em camundongos tem sido amplamente
utilizada como modelo in vivo para estudar doencas pulmonares associadas aos coronavirus
(Andrade et al., 2021; Pimenta et al., 2023; Queiroz-Junior et al., 2023). Estudo anterior
demonstrou que a infeccdo por MHV-A59 em camundongos C57BL/6 provoca inflamacgéo
pulmonar aguda com infiltracdo leucocitaria, hemorragia e aumento de mediadores pro-
inflamatdrios, como CXCL10, IFN-y, TNF e IL-1pB (Yang et al., 2014).

Neste trabalho, observamos que o MHV-A59 induz sinais clinicos pulmonares leves e
alteracOes histopatologicas transitorias, acompanhadas de disfun¢do pulmonar aguda, como
reducdo do volume pulmonar e da complacéncia, caracteristicas de doencgas restritivas (Mortola,
2019). Em pacientes com COVID-19, disfungdes pulmonares similares também sdo relatadas
mesmo em casos leves (Mo et al., 2020; Altmann et al., 2023). Embora os niveis de TGF-, um
regulador-chave da deposicdo de colageno (Meng et al., 2016), tenham aumentado nos

camundongos infectados, ndo foi detectada fibrose pulmonar ao longo da doenca. A recuperacéo
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do volume pulmonar e da complacéncia em 30 dias sugere que a disfun¢éo observada esté restrita
a fase aguda, sem alteracGes estruturais permanentes no tecido pulmonar.

A resposta imunoldgica a infeccdo por MHV-AS9 apresentou diferencas marcantes
relacionadas ao sexo. Evidéncias sugerem que o sexo bioldgico desempenha um papel
significativo na modulagdo da resposta imune, no desfecho clinico e no desenvolvimento de
sintomas da PASC (Scully et al., 2020; Takahashi et al., 2020). Em nosso estudo, camundongos
fémeas infectados com MHV-A59 exibiram uma forte resposta de células T no pulmao,
acompanhada de niveis elevados de IFN-y em comparagéo aos camundongos machos infectados.
Em contrapartida, camundongos machos apresentaram niveis altos de quimiocinas nos pulmaes,
como CCL3, CCL5 e CXCL1, associadas ao recrutamento de células imunes inatas. De forma
semelhante, em pacientes com COVID-19, homens geralmente apresentam uma resposta imune
inata mais intensa, caracterizada por niveis elevados de 1L-8, IL-18 e CCL5, além do acumulo
de mondcitos no pulmao, ao passo que as mulheres apresentam uma ativagao mais proeminente
de células T (Takahashi et al., 2020). Esses achados sugerem que camundongos machos e fémeas
infectados com MHV-AS9 refletem diferencas nas respostas imunoldgicas inata e adaptativa no
tecido pulmonar, espelhando padrdes observados em pacientes com COVID-19.

Camundongos infectados com MHV-A59 demonstraram capacidade de eliminar o virus
do tecido pulmonar, indicando uma resposta eficaz no controle da infec¢do. A replicagdo viral
ndo foi detectada no plasma e no bago, mas foi observada no figado e copias de RNA viral foram
identificadas no cérebro, sugerindo uma disseminacdo viral limitada. No contexto sistémico, a
infeccdo por MHV-A59 provocou um aumento transitorio na razdo neutréfilo/linfécito (NLR)
no sangue, padrdo também observado em pacientes com COVID-19, onde é considerado um
marcador de gravidade e mortalidade da doenca (Henry et al., 2020; Liao et al., 2020; Ponti et
al., 2020). Notavelmente, os camundongos infectados se recuperaram completamente do
desequilibrio na NLR causado pela infeccéo.

Esse modelo experimental foi caracterizado por doenca pulmonar leve, acompanhada de
alterages sistémicas discretas e disseminag&o viral limitada, tornando-se uma ferramenta valiosa
para investigar as sequelas pos-infeccdo por coronavirus. Em apoio a isso, estudos recentes
demonstraram que o0 MHV-1, outro betacoronavirus murino, reproduz alguns aspectos da PASC
em camundongos (Masciarella et al., 2023). Modelos baseados no MHV-1 mostraram alteragdes
como congestdo vascular, cavitacdo perivascular, halos pericelulares, vacuolizacdo de
neutréfilos, necrose aguda com presenca de eosinéfilos, neurénios necrdticos com fragmentacgao

nuclear e vacuolizagdo no cortex cerebral apos 12 meses de infeccdo (Paidas et al., 2022).
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Como prova de conceito das alteragdes induzidas pelo MHV-A59 no SNC, realizamos
testes comportamentais. Observamos que camundongos fémeas infectados com o MHV-A59
apresentaram disfuncdo na capacidade de discriminar odores no inicio da infeccdo, indicando
comprometimento do olfato. Esse sintoma € amplamente encontrado tanto na COVID-19 aguda
(Harapan e Yoo, 2021) quanto em pacientes com sintomas p6s-COVID (Winter et al., 2023).
Além disso, a infeccdo por MHV-A59 levou a prejuizos motores, incluindo reducdo da forca
muscular das patas dianteiras em camundongos de ambos 0s sexos aos 16 dpi. De forma
semelhante, comprometimentos motores tém sido relatados em pacientes com COVID longa
(Ramirez-Vélez et al., 2023). Outro achado relevante foi a presenca de comportamento do tipo
aneddnico em camundongos de ambos 0s sexos, 0 que esta de acordo com observacfes em
estudos de pacientes com PASC (Lamontagne et al., 2021; Sayed et al., 2021). No entanto, apenas
as fémeas apresentaram déficits de memdria, como prejuizo na memoria de trabalho espacial
avaliado pelo teste do labirinto em Y, e na memdria aversiva de curto prazo, observado no teste
de esquiva inibitoria, aos 60 dpi. Esses déficits cognitivos foram mais frequentemente relatados
em mulheres com COVID longa em comparacdo aos homens (Bai et al., 2022), assim como
observado no nosso modelo.

Pesquisas anteriores conduzidas por nosso grupo demonstraram que sinaptossomas de
camundongos infectados com MHV-3 apresentaram aumento na liberacdo de glutamato e nos
niveis intracelulares de calcio (Pimenta et al., 2023). No modelo de MHV-A59, camundongos
fémeas infectados também exibiram liberacdo significativa de glutamato e elevacdo dos niveis
intracelulares de Ca?* no hipocampo aos 30 dias ap6s a infeccdo. Esses resultados indicam a
ocorréncia de um desequilibrio neuroquimico, uma vez que infecgdes virais, como as causadas
por HIV, ZIKA e HIN1, ja foram associadas a prejuizos na transmissdo glutamatérgica,
comprometendo a sinalizacdo neural (Costa et al., 2017; Disedau et al., 2021; Gorska e Eugenin,
2020). Adicionalmente, foi observado um aumento significativo no numero de
microglia/macrofagos (marcados por IBA-1) e de astrécitos (marcados por S100B) no cértex
cerebral e no hipocampo de camundongos fémeas em varios tempos de infeccdo em comparagéo
aos machos. Esse aumento celular sugere um estado ampliado de neuroinflamagéo, associado
potencialmente & neurodegeneracdo (Kwon e Koh, 2020; Vandenbark et al., 2021). Outro dado
relevante é que, nas fémeas infectadas, mas ndo nos machos, a microglia apresentou alta
expressdo da enzima oxido nitrico sintase induzivel (iNOS). O oOxido nitrico (NO) desempenha
um papel fundamental na transmissao sinaptica e na plasticidade cerebral, especialmente no

cortex e no hipocampo. Entretanto, niveis elevados de NO e o consequente estresse oxidativo
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podem acarretar prejuizos sinapticos e contribuir para a neurodegeneragéo precoce (Balez e Ooi,
2016).

A presenca de uma neuroinflamacdo mais intensa em camundongos fémeas foi reforcada
pela identificacdo de células imunes no cérebro. As fémeas infectadas com MHV-A59
apresentaram um aumento significativo no numero de linfocitos T CD4 produtores de IFN-y,
com expressdo dos marcadores Ki67 (indicativo de proliferacdo celular) e CD69 (associado a
ativacdo celular). Além disso, essas fémeas exibiram um nimero maior de células T CD8" Ki67*
em comparacdo aos machos. As células T desempenham um papel essencial no controle da
replicacdo viral, acessando o parénquima cerebral ao reconhecer antigenos virais locais por meio
de seus receptores especificos (Steinbach et al., 2016).

A interacdo entre micréglia e células T no parénquima SNC é particularmente relevante,
pois as funcdes efetoras das células T dependem dessa comunicacéo (Ai e Klein, 2020). Contudo,
uma resposta imune desregulada pode ter consequéncias prejudiciais. Estudos indicam que
células T podem contribuir para sequelas neurocognitivas apds infeccdes virais, como as
causadas pelo ZIKV e pelo virus do Nilo Ocidental. Esse efeito ocorre devido a sinalizacdo do
IFN-v, liberado por células T CD8" especificas que se infiltram no SNC, promovendo a ativacdo
da micrdglia (Garber et al., 2019). Tal ativacdo esta associada a efeitos neurotdxicos, incluindo
a eliminagéo excessiva de sinapses mediada por complemento e neurodegeneracao (Klein et al.,
2019).

Em relacdo a outros mediadores inflamatorios, a infeccdo por MHV-A59 teve diferentes
impactos nos niveis de IL-6 conforme o sexo e a regido cerebral. No cortex pre-frontal (PFC), os
niveis de IL-6 em camundongos fémeas infectadas permaneceram semelhantes aos controles,
enquanto nos machos houve um aumento em 30 e 60 dpi. No entanto, no hipocampo, as fémeas
mostraram elevacdes significativas de IL-6 em 8 dpi em comparacdo ao grupo controle e aos
machos infectados. Essa citocina, conhecida por sua acdo pré-inflamatoria, também estéa
associada ao comprometimento da memoria de trabalho e de fungbes cognitivas em infeccGes
como a causada pelo SARS-CoV-2 (Alnefeesi et al., 2021). O aumento sistémico da IL-6
induzido por infeccbes pode atravessar a BHE, ativar microglia e interferir em processos
cognitivos (Alnefeesi et al., 2021; Vos et al., 2022). Apesar de ser predominantemente pro-
inflamatoria, a IL-6 também desempenha funcGes neuroprotetoras em condi¢Ges de homeostase
cerebral, incluindo a neurogénese e a resposta de neurdnios maduros e células gliais (Erta et al.,
2012). E possivel que na fase aguda da infecgio por MHV-A59, especialmente em fémeas, a IL-

6 exerca um papel predominantemente pro-inflamatorio, enquanto o aumento tardio dessa
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citocina em camundongos machos infectados sugira uma resposta compensatoria e protetora para
restaurar a homeostase cerebral.

Além dos impactos inflamatdrios, a infeccdo por MHV-A59 também interferiu no nivel
de mediadores neuromoduladores. Em camundongos fémeas infectadas, os niveis de BDNF
foram reduzidos no PFC aos 8 e 16 dias dpi, enquanto nos machos, essa reducdo foi observada
apenas aos 8 dpi. No hipocampo, as fémeas apresentaram uma queda nos niveis de BDNF entre
2 e 16 dpi, enquanto nos machos essa reducdo ocorreu apenas de 2 a 8 dpi. A recuperacdo mais
lenta dos niveis de BDNF nas fémeas pode estar relacionada ao surgimento de sintomas
neuropsiquiadtricos. O BDNF desempenha um papel essencial na sobrevivéncia celular,
plasticidade sinaptica e reorganizacdo do microambiente cerebral (Chen et al., 2020). Sua acéao
no PFC tem sido associada a efeitos antidepressivos (Li et al., 2018), enquanto no hipocampo
esta relacionada tanto a reducéo de sintomas depressivos (Li et al., 2017) quanto a modulacéo de
comportamentos ansiosos em modelos de ratos (Cirulli et al., 2004). Ja os niveis de CX3CL1 nos
camundongos infectados seguiram um padréo geral de aumento inicial seguido por reducéo, tanto
no PFC quanto no hipocampo, em fémeas e machos. Esse comportamento sugere uma tentativa
homeostatica de controlar os efeitos agudos da infeccdo. O eixo CX3CL1/CX3CR1 ¢
fundamental para a comunicagdo entre neurdnios e microglia e tem como fungdo principal
atenuar respostas pro-inflamatérias no SNC (Subbarayan et al., 2022). Alteracdes nesse eixo tém
sido associadas ao desenvolvimento de transtornos neuropsiquiatricos (Chamera et al., 2020).

O sexo fisioldgico exerce influéncia nas respostas imunes frente a infeccdes e a vacinagédo
(Klein e Flanagan, 2016). Estudos epidemioldgicos sobre a COVID-19 indicam uma tendéncia
de mortalidade associada ao sexo, com 0s homens apresentando maior vulnerabilidade (Solis et
al., 2022). Da mesma forma, animais de laboratorio do sexo masculino demonstram maior
suscetibilidade a infeccdo por SARS-CoV e SARS-CoV-2 em comparacdo com 0s do sexo
feminino (Channappanavar et al., 2017; Dhakal et al., 2021; Ruiz-Bedoya et al., 2022). No que
diz respeito as sequelas, as mulheres parecem apresentar maior predisposi¢cdo ao
desenvolvimento da PASC (Bai et al., 2022). Considerando o fenotipo das sequelas no SNC em
camundongos fémeas ap6s a infeccdo por MHV-AS9, foi analisado o papel dos horménios
estradiol, FSH e testosterona nesse contexto.

Nosso modelo revelou niveis elevados de estradiol durante a fase aguda da infeccédo (2 e
5 dpi), com um pico observado em 60 dpi. Paralelamente, detectamos um aumento nos niveis de
FSH em varios momentos ao longo do curso da infecgdo. Esses achados sugerem que a infeccao
alterou a sinalizagéo do estradiol no eixo hipotalamo-hip6fise-gonadal. Evidéncias apontam que

a proteina spike do SARS-CoV-2 interage e modula os receptores de estrogénio (Solis et al.,
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2022). O estudo de Ding e colaboradores (2020) mostrou que o estradiol (E2) pode proteger as
mulheres durante a COVID-19, regulando citocinas associadas a gravidade da doenca. No
entanto, enquanto os hormdnios femininos parecem oferecer beneficios na fase aguda, eles
também podem perpetuar um estado hiper inflamatério mesmo apds a recuperacao (Bienvenu et
al., 2020; Mohamed et al., 2021). Quanto ao FSH, pesquisas mostram niveis aumentados desse
hormdnio em mulheres durante a COVID-19 (Cai et al., 2022), embora a relacdo entre o FSH,
COVID-19 e a COVID longa ainda caregcam de estudos mais aprofundados. Em outros contextos,
sabe-se que o FSH influencia neurénios e aumenta a expressdo de proteinas associadas a
processos degenerativos (Xiong et al., 2022). Um estudo demonstrou que a utilizacdo de um
anticorpo FSHJ} para tratar a doenca de Alzheimer em camundongos induziu uma reducdo nos
niveis de AP, sugerindo um potencial efeito neuroprotetor da inibicdo do FSH (Xiong et al.,
2023).

Em relacdo a testosterona, foi observada uma reducdo em camundongos fémeas nos dias
5, 30 e 60 dpi. Um estudo recente, identificou respostas imunologicas especificas em mulheres
com COVID longa, incluindo maior ativacdo de linfécitos, evidenciada pela producdo de
citocinas como IFN-y, IL-2, IL-4 e IL-6, além de um aumento na exaustdo de células T e uma
reducdo nas células T CD4" e CD8" naive em repouso (Silva et al., 2024; Yin et al., 2024). Essas
caracteristicas parecem estar associadas a alteracdes hormonais especificas, como a reducdo de
testosterona em individuos com COVID longa, em comparacao aos sem a condicao Silva et al.,
2024)., como demonstrado em nosso modelo murino (Em mulheres, a reducdo da testosterona
também pode contribuir para uma maior predisposicao a doencas autoimunes (Bupp e Jorgensen,
2018).

Com base nesses achados, buscamos compreender as sequelas no contexto da deficiéncia
hormonal induzida pela ovariectomia. Observamos que camundongos fémeas ovariectomizadas
(OVX) apresentaram lesdes pulmonares semelhantes as observadas em camundongos SHAM
infectadas. No entanto, a excitotoxicidade, bem como os comprometimentos comportamentais e
cognitivos, foram significativamente prevenidos. Em relacdo ao perfil das células IBA-1* e
S100B*, ndo houve reversdo completa desses tipos celulares nas fémeas OVX infectadas.
Contudo, notamos que o retorno a homeostase em fémeas OV X ocorreu de forma mais acelerada,
resultando em uma leve recuperacao que impactou positivamente o fendtipo comportamental.

O estrogénio exerce um papel fundamental como modulador do sistema imunologico, suscitando
a hipdtese de que a ovariectomia possa comprometer a capacidade dos camundongos de enfrentar
infeccBes. No entanto, mesmo em pequenas quantidades, esse horménio pode ser produzido por

outros tecidos, como o cérebro, rins, 0ssos, pele e tecido adiposo (Harding e Heaton, 2022). Com
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base nisso, sugerimos que as fémeas ovariectomizadas infectadas ndo demonstraram maior
dificuldade em combater o virus em comparagdo com o grupo SHAM infectado. Esses achados
estdo alinhados com evidéncias experimentais, como o estudo de Dhakal et al. (2021), que
mostrou que o tratamento com estradiol ndo reduziu complicacBes pulmonares em hamsters
machos infectados com SARS-CoV-2. Isso sugere que outros horménios, além do estrogénio,
podem estar associados as sequelas. Ademais, j& ha indicios de que disfungdes no eixo
hipotalamo-hipo6fise-gonadal sdo mais frequentes em pacientes com COVID longa (Angum et
al.,2020).

A terapia da COVID-19 apresentou avancos significativos, com a aprovagao de diversas
moléculas antivirais (nirmatrelvir-ritonavir, remdesivir e molnupiravir) juntamente com uma
gama de anticorpos monoclonais (G. Li et al., 2023). Ademais, individuos hospitalizados com
quadros graves podem ainda ser tratados com agentes imunomoduladores, principalmente, o
glicocorticoide dexametasona (Li et al., 2023).

Outros virus também possuem o potencial de gerar sequelas a longo prazo, especialmente
no ambito neuropsiquiatrico, como o virus Zika (ZIKV), o virus da encefalite japonesa e o virus
do Nilo Ocidental. (Llorente et al., 2024). Nesse contexto, destaca-se o sofosbuvir, um antiviral
utilizado clinicamente no tratamento do virus da hepatite C, que € uma substancia aprovada pela
FDA com eficacia comprovada contra o ZIKV, conforme demonstrado em um estudo realizado
com camundongos infectados, no qual o tratamento com esse medicamento preveniu déficits de
mem©aria nesses animais (Ferreira et al., 2017).

Em 2023 foi publicado um artigo mostrando que o uso do molnupiravir foi relacionado a
uma diminuicdo no risco de desenvolver PASC em individuos ndo vacinados, naqueles que
receberam uma ou duas doses da vacina, ou uma dose de reforgo, bem como em casos de infecgéo
primaria por SARS-CoV-2 e reinfec¢do. Além disso, essa reducdo de risco foi observada em
diversos subgrupos, considerando fatores como idade, raca, género, tabagismo, presenca de
cancer, doencas cardiovasculares, renais, pulmonares cronicas, diabetes e disfuncéo
imunoldgica. Quando comparado a auséncia de tratamento, o uso de molnupiravir também esteve
associado a redugdo do risco em oito de 13 sequelas pré-estabelecidas, incluindo disritmia,
embolia pulmonar, trombose venosa profunda, fadiga e mal-estar, doenca hepética, leséo renal
aguda, dor muscular e comprometimento neurocognitivo (Xie et al., 2023). No entanto, a maioria
dos estudos sobre tratamentos para a COVID longa ainda séo limitados e estdo em fases iniciais,
por isso 0 manejo dessas condigOes tem se concentrado, sobretudo, em terapias voltadas para a

reducdo dos sintomas (G Li et al., 2023).
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Recentemente, foi demonstrado que o peptideo Ang (1-7) modula a resposta inflamatdria
durante a infeccdo pelos betacoronavirus MHV-3 e SARS-CoV-2, restaurando a linfopenia,
reduzindo a carga viral e 0s danos pulmonares, com consequente aumento nas taxas de sobrevida
dos animais (Lima et al., 2024). Também foi reportado recentemente que a administracdo
lipossomal intranasal de Angio (1-7) reduz a inflamacdo e a carga viral nos pulmdes de
camundongos transgénicos K18-hACE2 durante a infeccdo por SARS-CoV-2 (Mendes et al.,
2024). Com base nesses estudos, utilizamos o modelo de COVID longa para investigar se 0s
efeitos do tratamento com Angio (1-7) e com o antiviral RDV (controle positivo) poderiam
prevenir ou minimizar as sequelas neuropsiquiatricas.

O RDV, aprovado pela Agéncia Europeia de Medicamentos (EMA), é atualmente o
antiviral recomendado para pacientes hospitalizados com COVID-19. Estudos tém demonstrado
que o tratamento precoce com RDV reduz significativamente o risco de hospitalizacdo ou 6bito
quando comparado ao placebo (Brown et al., 2023). No entanto, investigacdes focadas nos
sintomas associados a PASC sugerem que o uso de RDV durante a hospitalizacdo ndo oferece
beneficios clinicamente relevantes na prevencdo dessas sequelas (Nevalainen et al., 2022;
Patrick-Brown et al., 2024). Esses achados estdo em consonancia com os resultados obtidos no
presente estudo.

Durante a fase aguda da infeccdo, ambos os tratamentos demonstraram eficacia em evitar
déficits motores (5 dpi) e olfatérios (6 dpi), destacando seu impacto na preservacao das funcdes
neuroldgicas em comparagdo ao grupo que recebeu o veiculo. Aos 16 dpi, os resultados
continuaram favoraveis, com os animais tratados mantendo a for¢a muscular, diferentemente do
grupo veiculo que apresentou comprometimentos. No entanto, em estagios mais avancados da
infecgdo somente a Angio (1-7) foi capaz de prevenir comportamentos associados & anedonia aos
34 dpi e preservar a memdaria espacial aos 60 dpi. De fato, ja foi demonstrado que a Angio (1-7)
possui efeito anti-inflamatdrio direto na microglia (Liu et al., 2015), o que pode contribuir para
uma menor neuroinflamacéo e reverséo das sequelas. Dessa forma, enquanto o RDV e a Angio
(1-7) demonstram eficacia na fase aguda da infecgéo, nossos dados destacam que o Angio (1-7)
apresenta um efeito protetor prolongado. Este tratamento emerge como uma abordagem
terapéutica promissora para mitigar as sequelas neuropsiquiatricas associadas ao coronavirus.

Estudos recentes tém avancado na compreensdo da COVID longa, e este trabalho
experimental representa um marco ao recapitular diversos aspectos dessa condicdo em um
modelo animal. A infeccdo por MHV-A59, ao induzir uma leve inflamagdo pulmonar aguda,
desencadeou alteragdes neuropsiquiatricas e musculoesqueléticas crbnicas associadas a

influéncia de hormonios sexuais. Esses achados reforcam a importancia de modelos que, dentro
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de uma estrutura NB-2, sejam capazes de estudar a patogénese da PASC de maneira abrangente,
especialmente diante das restricGes associadas aos laboratérios NB-3, exigidos para pesquisas
com SARS-CoV-2.

A relevancia desse modelo ndo reside apenas na sua aplicabilidade ao estudo de
comprometimentos comportamentais e cognitivos, mas também na possibilidade de testar
estratégias terapéuticas antivirais, anti-inflamatorias e neuroprotetoras. Cabe ressaltar que
modelos transgénicos de camundongos expressando hECA-2, amplamente utilizados para
investigar os efeitos fisiopatoldgicos induzidos pelo SARS-CoV-2, apresentam limitacOes
significativas, particularmente no que diz respeito as manifestaces extrapulmonares e sintomas
persistentes da doenca. Assim, a necessidade de desenvolver modelos mais diversos e
representativos torna-se imperativa para ampliar a compreensao dos mecanismos subjacentes a
PASC. Ainda que este estudo traga contribui¢cdes inovadoras, € importante reconhecer suas
limitacGes. Investigagdes adicionais sdo necessarias para compreender como as disfungdes no
eixo hipotalamo-hipofise-gonadal podem ser moduladas com vistas a prevencdo de sequelas
neuroldgicas induzidas por coronavirus. Além disso, a avaliacdo dos efeitos da reinfec¢do nos
desfechos cognitivos e comportamentais se apresenta como uma lacuna a ser preenchida, dada
sua relevancia no contexto atual. Esses desafios sublinham a importancia de esforgos continuos

para aprofundar o entendimento e 0 manejo das consequéncias da COVID-19.
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Figura 7: AlteracGes pulmonares agudas e neuropsiquiatricas agudas e cronicas associadas a

infeccdo por

coronavirus.

O modelo de MHV-3 evidenciou neuroinflamagdo com

comprometimento locomotor, olfatério e de forca, além de comportamento do tipo ansioso e

anedonia. O modelo de MHV-A59 revelou lesdo pulmonar transitéria e auto resolutiva,

acompanhada de sequelas neuropsiquiatricas cronicas,

predominantes em fémeas. A

ovariectomia reverteu essas sequelas neuropsiquiatricas sem alterar o fen6tipo pulmonar. O

tratamento com Angio (1-7), um anti-inflamatorio e pré-resolutivo, na fase aguda da infeccéo

preveniu as alteracbes comportamentais.
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ABSTRACT ARTICLE HISTORY
Long-term sequelae of coronavirus disease (COVID)-19 are frequent and of major concern. Severe Received 24 April 2023
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection affects the host gut microbiota, Revised 19 July 2023

which is linked to disease severity in patients with COVID-19. Here, we report that the gut  Accepted 14 August 2023
microbiota of post-COVID subjects had a remarkable predominance of Enterobacteriaceae strains KEYWORDS
with an antibiotic-resistant phenotype compared to healthy controls. Additionally, short-chain COVID-19; SARS-CoV-2;

fatty acid (SCFA) levels were reduced in feces. Fecal transplantation from post-COVID subjects to post-COVID; microbiota;
germ-free mice led to lung inflammation and worse outcomes during pulmonary infection by inflammation;
multidrug-resistant Klebsiella pneumoniae. transplanted mice also exhibited poor cognitive perfor- antimicrobial-resistance

mance. Overall, we show prolonged impacts of SARS-CoV-2 infection on the gut microbiota that
persist after subjects have cleared the virus. Together, these data demonstrate that the gut
microbiota can directly contribute to post-COVID sequelae, suggesting that it may be a potential
therapeutic target.
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ABSTRACT

COVID-19 affects primarily the lung. However, several other systemic alterations, including muscle weakness, fatigue and myalgia have been reported and may
contribute to the disease outcome. We hypothesize that changes in the neuromuscular system may contribute to the latter symptoms observed in COVID-19 patients.
Here, we showed that C57BL/6J mice inoculated intranasally with the murine betacoronavirus hepatitis coronavirus 3 (MHV-3), a model for studying COVID-19 in
BSL-2 conditions that emulates severe COVID-19, developed robust motor alterations in muscle strength and locomotor activity. The latter changes were accom-
panied by degeneration and loss of motoneurons that were associated with the presence of virus-like particles inside the motoneuron. At the neuromuscular junction
level, there were signs of atrophy and fragmentation in synaptic elements of MHV-3-infected mice. Furthermore, there was muscle atrophy and fiber type switch with
alteration in myokines levels in muscles of MHV-3-infected mice. Collectively, our results show that acute infection with a betacoronavirus leads to robust motor

impairment accompanied by neuromuscular system alteration.

1. Introduction

In December 2019, a novel coronavirus named severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) was identified in Wuhan,
China. By the middle of 2020, coronavirus disease 2019 (COVID-19,
named by WHO on Feb 11, 2020), became a global pandemic, affecting
individuals all around the world. The virus is a member of the corona-
virus family that caused the 2002-2004 SARS and 2012 MERS out-
breaks, and primarily spreads through respiratory droplets produced by
the infected people. Noteworthy, it can be transmitted even if the
infected person has no symptoms. The clinical manifestations of COVID-
19 can range from no symptoms to severe ailment. Fever, cough,
headache, myalgia, and difficulty of breathing are among the typical
symptoms. Severe symptoms, on the other hand, lead to acute respira-
tory distress syndrome (ARDS), with systemic inflammatory response,
and lung-organ failure, which frequently culminates in the patient’s
death. Additionally, it is important to note that the severity of COVID-19
disease, although varies widely from person to person, seems to be
higher in older adults, people with underlying health conditions, or

* Corresponding author.
E-mail address: cguati@icb.ufmg.br (C. Guatimosim).

https://doi.org/10.1016/j.neuint.2023.105567

individuals with compromised immune systems (Del Valle et al., 2020;
Lu et al., 2020).

Because of all symptoms described above in humans, animal models
for COVID-19 are key to study the disease, providing valuable insights
into mechanisms of viral-induced disease (Andrade et al., 2021; Sia
et al., 2020; Winkler et al., 2020; Gurumurthy et al., 2020; Rockx et al.,
2020). The SARS-CoV-2 virus adsorbs cells via the spike (S) glycopro-
tein, which has a high affinity (>10 fold more than previous
SARS-CoV-1) for ACE2 (angiotensin-converting enzyme 2), localized at
the surface of host cells (Bourgonje et al., 2020). Since ACE2 is expressed
in several tissues i.e., nasal tissue, lungs, kidneys, liver, blood vessels,
gut, brain, immune system, and skeletal muscles; COVID-19 infects not
only lung cells but many other cell types and organs throughout the
body (Bourgonje et al., 2020; Motta-Santos et al., 2016). Thus, a detailed
understanding of the pathophysiological consequences of COVID-19 on
various cells and organs remains elusive.

The use of the murine coronavirus has been suggested as a strategy to
mimic the key aspects of human coronavirus infection in a biosafety
level 2 environment (Albuquerque et al., 2006; Yang et al., 2014;
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Abstract: The E3 ubiquitin ligase Smurf1 catalyzes the ubiquitination and proteasomal degradation of
several protein substrates related to inflammatory responses and antiviral signaling. This study inves-
tigated the role of Smurf1 in modulating inflammation induced by Betacoronavirus infection. Bone
marrow-derived macrophages (BMDM:s) from C57BL /6 (wild-type) or Smurfl-deficient (Smurfl1=/~)
mice were infected with MHV-A59 to evaluate the inflammatory response in vitro. Smurfl was
found to be required to downregulate the macrophage production of pro-inflammatory mediators,
including TNF, and CXCL1; to control viral release from infected cells; and to increase cell viability.
To assess the impact of Smurf 1 in vivo, we evaluated the infection of mice with MHV-A59 through
the intranasal route. Smurfl /= mice infected with a lethal inoculum of MHV-A59 succumbed earlier
to infection. Intranasal inoculation with a 10-fold lower dose of MHV-A59 resulted in hematological
parameter alterations in Smurﬂ*/ ~ mice suggestive of exacerbated systemic inflammation. In the
lung parenchyma, Smurfl expression was essential to promote viral clearance, downregulating IFN-(3
mRNA and controlling the inflammatory profile of macrophages and neutrophils. Conversely, Smurfl
did not affect IFN-p mRNA regulation in the liver, but it was required to increase TNF and iNOS
expression in neutrophils and decrease TNF expression in macrophages. In addition, Smurfl ~~ mice
exhibited augmented liver injuries, accompanied by high serum levels of alanine aminotransferase
(ALT). These findings suggest that Smurfl plays a critical role in regulating the inflammatory response
in macrophages and attenuating systemic inflammation during Betacoronavirus infection.

Keywords: Smurfl; Betacoronavirus; MHV-A59; inflammation; macrophages

1. Introduction

Betacoronavirus is a genus that belongs to the Coronaviridae family of viruses, and it
includes enveloped viruses with single-stranded, positive-sense RNA. This genus comprises a
vast number of members that cause zoonotic and human illnesses, ranging from the common
cold to the highly severe acute respiratory coronavirus disease 2019 (COVID-19), responsible
for the recent pandemic that led to nearly 7 million deaths [1]. Given the wide geographic
distribution of Betacoronaviruses, the recurrence of zoonotic outbreaks, and the potential for
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ANEXQOS

ANEXO A

CERTIFICADO

UNIVERSIDADE FEDERAL DE MINAS GERAIS

CEUA

COMISSAO DE ETICA NO USO DE ANIMAIS

195

Certificamos que o projeto intitulado "Implementacdo de um modelo de Sindrome Respiratéria Aguda Grave (SARS)
induzido por coronavirus para testes de potenciais terapias.", protocolo do CEUA: 190/2020 sob a responsabilidade
de Vivian Vasconcelos Costa que envolve a produgéo, manutengdo e/ou utilizagdo de animais pertencentes ao filo
Chordata, subfilo Vertebrata (exceto o homem) para fins de pesquisa cientifica (ou ensino) - encontra-se de acordo
com os preceitos da Lei n° 11.794, de 8 de outubro de 2008, do Decreto n° 6.899 de 15 de julho de 2009, e com as
normas editadas pelo Conselho Nacional de Controle da Experimentagdo Animal (CONCEA), e foi aprovado pela
COMISSAO DE ETICA NO USO DE ANIMAIS (CEUA) DA UNIVERSIDADE FEDERAL DE MINAS GERAIS, em

reunido de 05/10/2020.

Vigéncia da Autorizagcdo

05/10/2020 a 04/10/2025

Finalidade

Pesquisa

*Espéciellinhagem

Camundongo isogénico / C57BL/6

N° de animais

1"

Peso/ldade 16g / 6(semanas)
Sexo indiferente
Origem Bioterio Central da UFMG

*Espécie/linhagem

Camundongo isogénico / C57BL/6

N° de animais

11

Peso/ldade 16g / 6(semanas)
Sexo indiferente
Origem Bioterio Central da UFMG

*Espécie/linhagem

Camundongo isogénico / C57BL/6

N° de animais

1"

Peso/ldade 16g / 6(semanas)
Sexo indiferente
Origem ioterio Central da UFMG

*Espécie/linhagem

Camundongo isogénico / Balb/c

N° de animais

1"

Peso/ldade 16g / 6(semanas)
Sexo indiferente
Origem Bioterio Central

*Espécie/linhagem

Camundongo isogénico / Balb/c

N° de animais

11

Pesol/ldade 16g / 6(semanas)
Sexo indiferente
Origem ioterio Central da UFMG

*Espéciellinhagem

Camundongo isogénico / Balb/c

N° de animais

1"




ANEXO B

CERTIFICADO

UNIVERSIDADE FEDERAL DE MINAS GERAIS

CEUA

COMISSAQ DE ETICA NO USO DE ANIMAIS

196

Certificamos que o projeto intitulado "Caracteriza¢do das sequelas induzidas pela infec¢do pulmonar com coronavirus
murino em um modelo de COVID longa", protocolo do CEUA: 140/2023 sob a responsabilidade de Vivian
Vasconcelos Costa que envolve a produgdo, manutencdo e/ou utilizagdo de animais pertencentes ao filo Chordata,
subfilo Vertebrata (exceto o homem) para fins de pesquisa cientifica (ou ensino) - encontra-se de acordo com os
preceitos da Lei n°® 11.794, de 8 de outubro de 2008, do Decreto n° 6.899 de 15 de julho de 2009, e com as normas
editadas pelo Conselho Nacional de Controle da Experimentagéo Animal (CONCEA), e foi aprovado pela COMISSAO
DE ETICA NO USO DE ANIMAIS (CEUA) DA UNIVERSIDADE FEDERAL DE MINAS GERAIS, em reunido de

14/08/2023.

Vigéncia da Autorizagéo

14/08/2023 a 13/08/2028

Finalidade

Pesquisa

*Espécie/linhagem

Camundongo isogénico / C57BI6

N° de animais

64

Peso/ldade 20g / 6(semanas)
Sexo masculino
Origem Biotério Central UFMG

*Espécie/linhagem

Camundongo isogénico / C57BI6

N° de animais

64

Peso/ldade 20g / 6(semanas)
Sexo feminino
Origem Biotério Central UFMG

*Espécie/linhagem

Camundongo isogénico / C57BI6

N° de animais

64

Peso/ldade 20g / 6(semanas)
Sexo masculino
Origem Biotério Central UFMG

*Espécie/linhagem

Camundongo isogénico / C57BI6

N° de animais

64

Peso/ldade 20g / 6(semanas)
Sexo feminino
Origem Biotério Central UFMG

*Espécie/linhagem

Camundongo isogénico / C57BI6

N° de animais

80

Peso/ldade 20g / 6(semanas)
Sexo masculino
Origem Biotério Central UFMG

*Espécie/linhagem

Camundongo isogénico / C57BI6

N° de animais

80




ANEXO C

CERTIFICADO

Certificamos que o projeto intitulado "Avaliagdo de potenciais alvos terapéuticos em um modelo experimental de
COVID longa induzida por MHV-A59 em camundongos.", protocolo do CEUA: 131/2024 sob a responsabilidade de
Vivian Vasconcelos Costa que envolve a produgdo, manutengdo e/ou utilizagdo de animais pertencentes ao filo
Chordata, subfilo Vertebrata (exceto o homem) para fins de pesquisa cientifica (ou ensino) - encontra-se de acordo
com os preceitos da Lei n® 11.794, de 8 de outubro de 2008, do Decreto n° 6.899 de 15 de julho de 2009, e com as
normas editadas pelo Conselho Nacicnal de Controle da Experimentagdo Animal (CONCEA), e foi aprovado pela
COMISSAO DE ETICA NO USO DE ANIMAIS (CEUA) DA UNIVERSIDADE FEDERAL DE MINAS GERAIS, em

reunido de 01/07/2024.

UNIVERSIDADE FEDERAL DE MINAS GERAIS

CEUA

COMISSAO DE ETICA NO USO DE ANIMAIS

197

Vigéncia da Autorizagéo

01/07/2024 a 30/06/2029

Finalidade

Pesquisa

*Espécie/linhagem

Camundongo isogénico / C57BL/6

N° de animais

9

Peso/ldade 159 / 5(semanas)
Sexo feminino
Origem Biotério Central da UFMG

*Espécie/linhagem

Camundongo isogénico / C57BL/6

N° de animais

9

Peso/ldade 15g / 5(semanas)
Sexo feminino
Origem Biotério Central da UFMG

*Espécie/linhagem

Camundongo isogénico / C57BL/6

N° de animais

9

Peso/ldade 159 / 5(semanas)
Sexo feminino
Origem Biotério Central da UFMG

*Espécie/linhagem

Camundongo isogénico / C57BL/6

N° de animais

9

Peso/ldade 15g / 5(semanas)
Sexo feminino
Origem Biotério Central da UFMG

*Espécief/linhagem

Camundongo isogénico / C57BL/6

N° de animais

9

Peso/ldade 15g / 5(semanas)
Sexo feminino
Origem Biotério Central da UFMG

*Espécie/linhagem

Camundongo isogénico / C57BL/6

N° de animais

9




