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ABSTRACT

Fin dall’insorgenza della pandemia, la perdita di gusto e olfatto sono risultati
sintomi dell’infezione da SARS-CoV-2. Per identificare 1 meccanismi molecolari
alla base di questi sintomi, sono stati infettati con SARS-CoV-2 individui di criceto
siriano, animale modello per riprodurre il decorso della malattia da COVID-19.
Sono stati analizzati campioni di mucosa olfattiva proveniente da pazienti umani e
animali, con lo scopo di individuare la tipologia di cellule infettate da SARS-CoV-
2 ed eventuali variazioni a livello di epitelio olfattivo. I risultati delle analisi
hanno mostrato una disorganizzazione a livello di alcune aree di epitelio olfattivo,
che presentano cellule deciliate o in apoptosi. E stato, inoltre, rilevato un alto
numero di neuroni sensoriali olfattivi in fase di fagocitosi da parte di cellule del
sistema immunitario. Questo risultato suggerisce che la possibile causa
dell’anosmia sia la morte dei neuroni sensoriali olfattivi. Infine, € stato studiato il
possibile meccanismo che SARS-CoV-2 pud impiegare per raggiungere il sistema
nervoso centrale, mostrando come 1’infezione possa avvenire per via retrograda, a
partire dal sistema olfattivo, oltre a presentare una risposta immunitaria a livello
di epitelio olfattivo






1. Introduzione

1.1 Syrian hamster come organismo modello per SARS-CoV-2

Il criceto siriano (Mesocricetus auratus) € un piccolo mammifero utilizzato come
organismo modello per lo studio di infezioni da parte di virus respiratori come
Severe Acute Respiratory Syndrome Coronavirus 1 (SARS-CoV-1), influenzavirus,
adenovirus e per Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-
2). E diventato un modello molto utilizzato per questa patologia, in quanto
ricapitola molte caratteristiche tipiche di pazienti con un decorso moderato della
malattia, come la correlazione tra 1’eta e la gravita del decorso della malattia
(Gruber et al., 2022). 1l criceto ¢ un roditore dalla struttura corpulenta, 1’adulto
puo raggiungere un peso tra i 120 e 1 150 g e possiede un’aspettativa di vita di
circa 1-2 anni, con gli esemplari maschi caratterizzati da un’aspettativa di vita
maggiore e dimensioni inferiori rispetto alle femmine (Hubrecht & Kirkwood,
2010). Quando I’enzima ACE2 umano (4ngiotensin-converting enzyme 2, ACE?2),
che interagisce con il dominio di legame RBD (receptor-binding domain, RBD) di
SARS-CoV-2, ¢& stato scoperto essere il principale recettore cellulare per la
proteina virale Spike (S), analisi strutturali di ACE2 in mammiferi hanno
dimostrato che ACE2 dei criceti presenta un’alta omologia con quello umano
rendendoli suscettibili all’infezione da SARS-CoV-2 (Gruber ef al., 2022). I criceti
infettati presentano disturbi respiratori, letargia, una postura incurvata, pelo
arruffato e perdite di peso, recuperando generalmente dalla malattia in due
settimane. Alcuni tra gli animali infettati presentavano segni di anosmia e/o
ageusia (Mufioz-Fontela et al., 2020) tra i 2 e 1 5 giorni dall’infezione (dpi, days
post-inoculation). 11 criceto, dunque, si rivela essere un buon organismo modello
per lo studio della patogenesi da SARS-CoV-2, in quanto la patologia sviluppata in
seguito all’infezione risulta essere molto simile a quella sviluppata in uomo.

1.2 SARS-CoV-2

SARS-CoV-2, il virus responsabile del COVID-19, ¢ emerso per la prima volta a
Wuhan in Cina, nel dicembre 2019, con 1 primi casi emersi in un mercato ittico
(Ochani et al., 2021). Diversi pazienti con polmonite di eziologia sconosciuta
vengono segnalati in vari ospedali a Wuhan, portando all’identificazione
dell’agente patogeno I’8 gennaio 2020 e alla dichiarazione di pandemia 1’11
marzo 2020 (Ochani et al., 2021). SARS-CoV-2 appartiene al genere virale beta-
CoV, categoria che comprende anche SARS-CoV-1, e Middle Eastern Respiratory
Syndrome CoV (MERS-CoV). I Coronavirus sono suddivisi in 4 gruppi basati sulla
sierologia: alpha, beta, gamma e delta; tra questi, i virus alpha e beta infettano i
mammiferi, 1 gamma le specie aviarie, mentre i delta possono infettare sia i
mammiferi sia le specie aviarie (Ochani et al., 2021). La trasmissione di SARS-
CoV-2 tipicamente avviene tramite goccioline provenienti dalla respirazione, il
periodo di incubazione medio ¢ di 6.4 giorni (Ochani et al., 2021). La
maggioranza dei pazienti tende ad avere un decorso lieve della malattia, ma una
minoranza sviluppa una grave ipossia (carenza di ossigeno a livello tissutale), la
quale richiede ospedalizzazione e ventilazione meccanica (Ochani et al., 2021).
Anche SARS-CoV-2, come SARS-CoV-1, utilizza ACE2 come recettore target,
altamente espresso sulla superficie luminale delle cellule epiteliali alveolari di tipo
IT (Ochani et al., 2021). La fase clinica di SARS-CoV-2 puo essere suddivisa in tre



fasi: “fase di viremia”, in cui il virus entra nel sangue periferico dai polmoni,
“fase acuta della malattia”, in cui gli individui diventano fortemente critici, e “fase
di recupero” (Ochani et al., 2021). Nel dicembre 2019, i sintomi riportati erano
mancanza di respiro, tosse, febbre e diarrea, e una gravita della malattia che varia
da lieve a grave, anche se molti dei pazienti che contraggono il virus rimangono
asintomatici, seppur contagiosi (Ochani et al., 2021). Le persone di eta piu
anziana (dai 65 anni in poi) sono caratterizzate da un piu alto rischio di sviluppare
una forma severa, anche se gli adulti piu giovani possono ugualmente necessitare
di un ricovero in ospedale, seppur con una frequenza piu bassa (Ochani et al.,
2021). Tra 1 vari sintomi riportati dai pazienti affetti da COVID-19, vi ¢ una
perdita improvvisa dell’olfatto (anosmia) e del gusto (ageusia) durante le prime
fasi del decorso della malattia, rilevata in circa il 45% dei pazienti (Koyama ef al.,
2021). Il meccanismo provocato da SARS-CoV-2 alla base della disfunzione
olfattiva non ¢ ancora ben caratterizzato (Koyama ef al., 2021).

1.3 L’epitelio olfattivo e le sue componenti

L’epitelio olfattivo (Olfactory Epithelium, OF) ¢ una struttura pseudo-stratificata
che riveste la parte superiore/dorsale della cavita nasale (Liang, 2020). Oltre ai
neuroni sensoriali olfattivi (Olfactory Sensory Neurons, OSN), ’OE comprende
anche le cellule sustentacolari (Olfactory Sustentacular Cells, OSC), le cellule
basali e le cellule del dotto delle ghiandole di Bowman (Fig. 1) (Liang, 2020). I
OSN sono responsabili della ricezione olfattiva e della trasduzione, le loro
proiezioni assoniche nel bulbo olfattivo permettono il trasferimento dei segnali
olfattivi al sistema nervoso centrale (Liang, 2020), e sono esposte direttamente,
tramite 1’estremita dendritica, al muco nasale e a potenziali agenti dannosi o
microorganismi presenti nell’aria nella cavita nasale (Liang, 2020). In base
all’espressione dei recettori olfattivi accoppiati alla proteina G (GPCR), i OSN
nell’OE si differenziano in vari sottogruppi, ognuno dei quali presenta un solo
tipo di recettori (Liang, 2020). Gli assoni provenienti da uno stesso sottogruppo di
OSN convergono per poi proiettare verso un singolo, o alcuni glomeruli del bulbo
olfattivo (Liang, 2020). Le OSC, si ritengono possedere sia funzioni epiteliali che
gliali, funzionando come supporto fisico, metabolico, secretorio e di assorbimento
per i OSN (Liang, 2020). Queste cellule sono in grado di avvolgere il corpo, i
dendriti e gli assoni dei OSN in maniera parziale o totale in funzione dello stato di
maturazione del neurone, mentre le cellule basali rappresentano il precursore delle
cellule staminali dell’epitelio (Liang, 2020). L’OE svolge funzioni sia epiteliali
che sensoriali, in quanto protegge e separa strutture piu profonde dall’aria che
entra a contatto con la cavita nasale, ed ¢ il sito in cui avvengono la percezione
olfattiva e la trasduzione dei segnali (Liang, 2020).
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Figura 1. Rappresentazione schematica dell’organizzazione dell’epitelio olfattivo (tratto da Liang, 2020).
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2. Materiali e metodi

2.1 Descrizione del disegno sperimentale

Campioni di mucosa olfattiva umana sono stati prelevati da 16 individui (12
pazienti con COVID-19 e 4 controlli sani) all’ENT (Ear, Nose and Throat)
Department del Lariboisiere Hospital a Parigi, in Francia, tra maggio e ottobre
2020. Tutti gli animali, arruolati in questo studio, sono stati inseriti casualmente
nei differenti gruppi sperimentali. Per 1’analisi della mucosa umana, sono stati
raccolti due campioni nasali da ciascun partecipante (un campione per narice, uno
immediatamente congelato e D’altro fissato in formalina), ed ognuno ¢ stato
analizzato tre volte tramite test per la rilevazione di SARS-CoV-2 tramite PCR
(campioni congelati) e immunoistochimica (campioni in formalina). Campioni
nasali di due pazienti e due controlli sono anche stati titolati per SARS-ColV-2 in
colture cellulari. Negli esperimenti animali, almeno quattro maschi sono stati
utilizzati per ogni time point (corrispondenti a 2, 4 e 14 dpi), e la replica ¢ stata
eseguita con lo stesso numero di femmine. I procedimenti di rilevazione del virus
e di titolazione sono stati effettuati seguendo il medesimo protocollo sia per
campioni umani che animali. Campioni di mucosa olfattiva di due controlli e
cinque criceti infetti sono stati analizzati per la rilevazione di SARS-CoV-2 tramite
Microscopio Elettronico a Scansione (SEM), e due controlli e tre criceti infetti
tramite immunofluorescenza. Per la quantificazione al microscopio, il titolo virale
di ciascun animale ¢ stato calcolato come la media di quattro-otto campi
quantificati indipendentemente 1’uno dall’altro.

2.2 Caratteristiche dei soggetti arruolati nello studio

I soggetti che presentavano una perdita delle funzioni olfattive e che si erano
rivolti al Lariboisiere Hospital per una sospetta o confermata infezione da SARS-
CoV-2 sono stati inclusi nello studio. La patologia acuta per questi pazienti ¢
sempre stata sintomatica e dimostrata da analisi cliniche [almeno un test SARS-
CoV-2 RT-PCR risultato positivo o in alternativa un test sierologico SARS-Col-
2], o probabile se rispettava almeno uno dei criteri principali: anosmia/ageusia,
contatto con un caso positivo a PCR, polmonite bilaterale, o tre criteri minori, tra
cui febbre, mal di testa, fatica, mialgie, tosse, dolore e/o sensibilita al petto,
tachicardia inspiegabile, diarrea e geloni. Sono stati reclutati in questo studio
anche pazienti di controllo che si erano recati all’ENT Department, ma che non
presentavano test biologici positivi a COVID-19 o sospetto COVID-19 nelle
precedenti 8 settimane, € nessun sintomo che potesse suggerire un’infezione da
SARS-CoV-2 o qualsiasi altra malattia respiratoria, ¢ dunque nessuna perdita di
funzioni olfattive o gustative. Tutti 1 pazienti sono stati sottoposti ad anamnesi e
visita ORL eseguita da un medico certificato ENT. Sono stati eseguiti i seguenti
test: valutazione delle funzioni olfattive e gustative attraverso un questionario e
I’utilizzo di una Scala Analogica Visiva (VAS) che va da 0 mm a 100, attraverso
cui 1 partecipanti hanno eseguito un’autovalutazione della loro percezione di gusto
e olfatto, e tamponi nasali per la raccolta di cellule neuroepiteliali e della mucosa
olfattiva. La VAS consiste in un metodo non invasivo e preciso per le misurazioni
in ambito sanitario. Il paziente ¢ invitato a tracciare una X all’interno di una linea
in cui Destremita destra indica 1’inabilita totale di odorare e gustare (0 mm),
mentre 1’altra rappresenta una normale percezione di gusto e olfatto (100 mm).
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Successivamente viene determinato il punteggio, misurando la distanza in mm tra
il punto d’inizio e il segno del paziente. Si possono quindi unire le risposte fornite
dai pazienti all’interno di una scala fissa, facilitando cosi il campionamento e di
conseguenza l’interpretazione dei risultati.

2.3 Tamponi nasali per la raccolta di mucosa olfattiva

Un medico ha prelevato campioni di mucosa olfattiva, da ciascun soggetto,
tramite tamponi nasali nel rispetto delle misure di sicurezza e dopo 1’applicazione
locale di Xylocaina (lidocaina, 5%). Il campionamento ¢ stato eseguito con un
tampone endocervicale da 3,5 mm (Gyneas, Goussainville, France) inserito e
delicatamente ruotato per cinque volte all’interno di entrambe le narici (360°). 1
tamponi (uno per narice) sono stati poi posti in ghiaccio immediatamente dopo il
campionamento e congelati a -80°C, o immersi in una soluzione di formalina
neutralizzata al 10% (anche definita formaldeide 4%) (Sigma-Aldrich).

2.4 Produzione e titolazione del virus SARS-CoV-2

I1 ceppo 2019-nCoV/IDF0372/2020 ¢ stato fornito dalla Professoressa Sylvie Van
der Werf dell’Institut Pasteur a Parigi. Le scorte virali sono state prodotte in
cellule Vero-E6 infettate con un titolo di infezione pari a 1x10* PFU (Plaque-
Forming Unit). 1l virus ¢ stato raccolto 3 giorni dopo ’infezione, purificato e poi
aliquotato prima di essere conservato a 80°C. Stock virali sono stati titolati in
cellule Vero-E6 tramite saggio delle placche utilizzando strati semisolidi (Avicel,
DuPont).

2.5 Modello di SARS-CoV-2 in criceto

Criceti siriani maschi e femmine, di eta compresa tra le 5 e le 6 settimane (peso
medio tra 1 60 e gli 80 g), sono stati acquistati dai laboratori Janvier Labs e
stabulati in ambienti privi di patogeni. I criceti sono stati mantenuti a gruppi di 4
individui in gabbie all’interno di un impianto di biosicurezza di livello 3, con
accesso illimitato ad acqua e cibo. Prima di ogni manipolazione, gli animali sono
stati sottoposti ad un periodo di acclimatazione di 1 settimana. Gli animali sono
stati anestetizzati tramite iniezione intraperitoneale di Ketamina (200 mg/kg;
Imalgene 1000 Merial) e Xilazina (10 mg/kg; Rompun, Bayer), e poi 100 ul di
soluzione fisiologica contenente 6x10* PFU di SARS-CoV-2 sono stati
somministrati per via nasale a ciascun animale (50 pl per narice), mentre i
controlli hanno ricevuto solo la fisiologica. Animali infetti € non sono stati
alloggiati in gabbie separate, e tutti i criceti sono stati monitorati giornalmente,
per il peso corporeo e punteggio clinico, quest’ultimo basato su una scala
cumulativa che va da 0 a 4 che si basa sulla presenza di pelo arruffato, movimenti
rallentati, apatia e stress quando manipolati. In momenti predefiniti post infezione,
gli animali sono stati sottoposti a test comportamentali o sottoposti a eutanasia,
con conseguente raccolta di campioni di turbinati nasali, trachea, polmoni e
cervello (separato in bulbi olfattivi, cervelletto, corteccia e tronco encefalico),
immediatamente congelati a -80°C o fissati in formaldeide dopo perfusione
transcardica con soluzione fisiologica contenente eparina (5x10° U/ml) (Choay,
Sanofi), seguita da formaldeide 4%.



2.6 Test comportamentali

Tutti 1 test comportamentali sono stati eseguiti in gabbie all’interno di un impianto

di biosicurezza di livello 3.

1. Test sulla preferenza del saccarosio:
Il gusto nei criceti € stato misurato tramite un test basato sulla scelta tra due
bottiglie, una contenente semplice acqua, € una contenente saccarosio al 2%.
Una riduzione della preferenza del saccarosio negli individui infetti rispetto a
quelli non infetti ¢ indicativa della presenza di anomalie per quanto riguarda il
gusto. Dopo 6 ore di deprivazione dell’acqua, ¢ stato condotto un test
individuale notturno, che corrisponde al periodo di attivita naturale del criceto.

2. Test di individuazione del cibo sotterrato:
I criceti sono stati utilizzati una volta sola per ogni test. Quattro giorni prima
del test, i criceti hanno ricevuto cereali al cioccolato (Coco Pops, Kellog’s)
che hanno mangiato in 1 ora. Venti ore prima del test, i criceti sono stati messi
a digiuno e poi posti individualmente all’interno di una nuova gabbia (37 cm x
29 cm x 18 cm) con un ambiente sterile per 20 minuti. Sono poi stati posti per
due minuti in un’altra gabbia simile, in cui sono stati nascosti trai 10 e 1 12
pezzi di cereali ad 1,5 cm di profondita, nell’angolo opposto rispetto a quello
in cui sono stati posizionati i criceti. E stata quindi registrata attraverso un
cronometro la latenza per trovare il cibo (definita come il tempo per
localizzare 1 cereali ed iniziare a scavare). Il test ¢ stato effettuato per una
durata di 15 minuti. Appena il cibo ¢ stato scoperto, i criceti sono stati poi
rimossi dalla gabbia. Un minuto dopo, i criceti hanno effettuato lo stesso test,
ma con cereali al cioccolato ben visibili, posizionati al di sopra del suolo.

2.7 Microscopia elettronica a scansione (SEM)

Dopo perfusione transcardica con PBS (Phosphate Buffered Saline, soluzione
tampone) e formaldeide 4%, le teste e i polmoni dei criceti sono state fissate per
intero in formaldeide 4% (Sigma-Aldrich) a 4°C per 1 settimana, per permettere la
neutralizzazione del virus. I polmoni e L’OE sono stati sezionati in modo da
ottenere piccoli campioni di ciascuna porzione, € post-fissati tramite incubazione
in glutaraldeide 2.5% in 0.1 M di cacodilato di sodio per 1 ora a temperatura
ambiente e poi per 12 ore a 4°C. I campioni sono stati lavati in cacodilato di sodio
0.1 M e poi piu volte in acqua, e processati tramite un’alternanza di incubazioni in
tetrossido di osmio 1% e in tiocarboidrazide (tramite metodo OTOTO). Dopo una
deidratazione tramite incubazione in concentrazioni crescenti di etanolo, i
campioni sono stati essiccati, montati su vetrini, € analizzati tramite SEM a Field
Emission, con un Jeol JSM6700F, operante a 3 kV.

2.8 Immunofluorescenza

Tessuti provenienti da animali perfusi con paraformaldeide (PFA) sono stati
fissati in PFA 4% per 1 settimana, e tamponi olfattivi provenienti dai pazienti
sono stati mantenuti in PFA fino ad ulteriore utilizzo. Successivamente, le teste
intere (prive di pelle e mascella inferiore) sono state decalcificate in TBD-2
(Thermo Fisher Scientific) per 3-5 giorni, tagliate a meta lungo il piano sagittale e
risciacquate in PBS. Organi e tamponi sono stati lavati in PBS e disidratati in
saccarosio 30%, per essere integrati in un composto avente temperatura di taglio
ottimale (O.C.T.) (Tissue-Tek), congelati in ghiaccio secco, € sezionati con
criostato in sezioni spesse 20 um per gli organi di criceto e 14 um per i tamponi. |
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campioni sezionati sono stati lavati in PBS, e il recupero dell’epitopo ¢ stato
effettuato tramite incubazione dei campioni in tampone citrato (pH 6.0; Sigma-
Aldrich) per 20 min a 96°C, o durante la notte a 60°C per le sezioni di testa di
criceto, inclini a staccarsi dai vetrini. Le sezioni sono state bloccate in PBS
arricchito con siero di capra 10%, siero fetale di vitello 4%, e Triton X-100 0.4%
per 2 ore a temperatura ambiente, seguito da un’incubazione notturna a 4°C con
anticorpi primari: rat anti-CD11b (1/100; BD Biosciences), rabbit anti-SARS-
CoV NP (1/500; fornito da N. Escriou, Institut Pasteur, Paris), mouse anti-OMP
(1/250; Santa Cruz Biotechnology), chicken anti-Ibal (1/500; Synaptic Systems),
mouse anti-Tujl (1/250; Thermo Fisher Scientific), mouse anti-PGP9.5 (1/500;
Abcam), e rabbit anti-cleaved caspase-3 (1/250; Cell Signaling Technology,
Aspl75). Dopo il risciacquo, le sezioni sono state incubate con gli anticorpi
secondari appropriati (1/500; goat anti-rat Alexa Fluor 546; goat anti-rabbit Alexa
Fluor 488; goat anti-mouse IgG2a Alexa Fluor 546; goat anti-chicken Alexa Fluor
647; Invitrogen) per 2 ore a temperatura ambiente. Tutte le sezioni sono state
sottoposte a controcolorazione con Hoechst (Invitrogen) prima di essere osservate
con un microscopio confocale invertito Zeiss LM 710. La quantificazione delle
cellule ¢ stata fatta utilizzando il software ImageJ in modalita semi-automatica.

2.9 Isolamento dell’RNA totale e analisi di espressione genica in campioni
umani

Campioni di tamponi congelati sono stati incubati in TRIzol (Invitrogen) per 5
minuti, ¢ ’RNA totale ¢ stato estratto utilizzando il Kit Direct-zol RNA
MicroPrep (Zymo Research). La presenza di SARS-CoV-2 nei campioni ¢ stata
valutata tramite one-step QRT-PCR in una piastra da PCR da 96 pozzetti, tramite
I’utilizzo di un termociclatore (7500 Real-Time PCR System, Applied
Biosystems). 5 pl di RNA diluito (1:10) sono stati aggiunti a 20 pl della mix
SuperScript III Platinum One-Step qRT-PCR mix (Invitrogen) seguendo il
protocollo, utilizzando i primer nCoV_IP2, aventi come farget il gene RdRp
(nCoV _IP2-12669 forward: 5'-ATGAGCTTAGTCCTGTTG-3’; nCoV_IP2-
12759 reverse: 5'-CTCCCTTTGTTGTGTTGT-3), La quantificazione del carico
virale in questi campioni ¢ stata eseguita tramite una TagMan one-step qRT-PCR
(Invitrogen), con gli stessi primer nCoV_IP2 e la stessa sonda nCoV_IP2 (5'-
FAM-AGATGTCTTGTGCTGCCGGTA- 3-TAMRA), per una concentrazione
finale 1 pM. La rilevazione dell’RNA virale genomico e sub-genomico ¢ stata
basata sul gene E, attraverso una TagMan one-step qRT-PCR: per rilevare ’'RNA
genomico, sono stati utilizzati sonde e primer E Sarbeco (E Sarbeco F1 5'-
ACAGGTACGTTAATAGTTAATAGC-GT-3'; E Sarbeco R2 5'-
ATATTGCAGCAGTACGCACACA-3; E Sarbeco Probe FAM-5'-
ACACTAGCCATCCTTACTGC-GCTTCG-3-TAMRA). La rilevazione
dell’RNA sub-genomico di SARS-CoV-2 ¢ stata ottenuta tramite sostituzione del
primer E Sarbeco F1 con il primer CoV2sglead (CoV2sglead forward: 5'-
CGATCTCTTG-TAGATCTGTTCTC-3"). Un gene sintetico codificante il target
per la PCR ¢ stato ordinato dall’azienda Thermo Fisher Scientific, amplificato
tramite una polimerasi Phusion High-Fidelty DNA Polymerase (Thermo Fisher
Scientific), e poi trascritto in vitro con il kit RiboMAX T7 (Promega). L’RNA ¢
stato quantificato attraverso il kit Qubit RNA HS Assay (Thermo Fisher
Scientific), normalizzato, e utilizzato come controllo positivo per quantificare il
numero assoluto di copie di RNA. L’RNA totale proveniente dai tamponi umani ¢
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stato anche retrotrascritto utilizzando il kit SuperScript IV VILO Master Mix
(Invitrogen). Per quantificare la trascrizione dei mediatori dell’inflammazione ¢
stata effettuata una qPCR in un volume finale di 10 pl per reazione in piastre da
PCR da 384 pozzetti utilizzando un termociclatore (QuantStudio 6 Flex, Applied
Biosystems). 2.5 ul di cDNA (12.5 ng) sono stati aggiunti a 7.5 pl di una master
mix contenente 5 pul di Power SYBR green mix (Applied Biosystems) e 2.5 ul di
acqua nucleasi-free contenente primer pre-disegnati (no. 249900, Qiagen;
QuantiTect Primer Assays IL-6: QT00083720; CXCL10: QT01003065; CCLS5:
QT00090083; Mx1: QT00090895; ISG20: QT00225372; OMP: QT00237055;
and GAPDH: QT00079247) seguendo il protocollo fornito.

Le variazioni nell’espressione genica sono state calcolate come I'n-fold del
cambio di espressione nei tessuti, confrontati con i tessuti del controllo #1.

2.10 Isolamento dell’RNA totale e analisi di espressione genica in tessuti di
Syrian hamster

I tessuti congelati sono stati omogeneizzati in TRIzol (Invitrogen). E stato poi
raccolto il surnatante, da cui ’RNA totale € stato estratto utilizzando il kit Direct-
zol RNA MicroPrep Kit (Zymo Research; per bulbo olfattivo, trachea e turbinati
nasali) o un kit MiniPrep (Zymo Research; per polmoni, tronco encefalico,
corteccia cerebrale e cervelletto), e retrotrascritto utilizzando la mix SuperScript
IV VILO Master Mix (Invitrogen). E stata effettuata una qPCR in un volume
finale di 10 pl per reazione in una piastra per PCR da 384 pozzetti, utilizzando un
termociclatore (QuantStudio 6 Flex, Applied Biosystems) e 2.5 upl di acqua
nucleasi-free contenente i primer nCoV_IP2 in una concentrazione finale 1 pM.
Le condizioni di amplificazione sono state le stesse utilizzate per la
quantificazione dei marcatori dell’infiammazione precedentemente descritti. La
quantificazione del carico virale nel tessuto dei criceti ¢ stata valutata attraverso
regressione lineare utilizzando una curva standard di otto quantita conosciute di
plasmidi contenenti la sequenza RdPd (che spaziano da 107 a 10° copie). La soglia
di rilevazione ¢ stata stabilita a 200 copie virali/pg di RNA. I geni target del
criceto sono stati selezionati per quantificare 1 trascritti dei marcatori
dell’infiammazione, utilizzando 1 geni  Hprt  (ipoxantina-guanina
fosforibosiltransferasi) e quello della Y-actina come riferimento. Le variazioni
nell’espressione genica sono state calcolate come old change nei tessuti dei criceti
infetti, confrontati con i tessuti degli individui non infetti tramite il metodo 222",

2.11 Titolazione dei tamponi nasali umani e dei cervelli di criceto siriano

Campioni di tamponi congelati dei pazienti #14 e #15 e dei controlli #3 e #4 sono
stati incubati con 1 ml di terreno DMEM, integrato con 1% di
penicillina/streptomicina in provette da 2 ml Lysing Matrix M (MP Biomedicals)
usando il seguente schema: omogeneizzazione a 4.0 m/s per 20 s, incubazione a
4°C per 2 min e una nuova omogeneizzazione a 4.0 m/s per 20 s. Le provette sono
state centrifugate a 10,000xg per 1 min a 4°C. I surnatanti sono stati titolati in
cellule Vero-E6 attraverso il classico saggio di placca utilizzando strati semisolidi.
L’RNA ¢ stato isolato dal surnatante utilizzando TRIzol LS (Invitrogen) e il kit
Direct-zol RNA MicroPrep Kit (Zymo Research), come descritto in precedenza.



2.12 Analisi trascrittomica nel bulbo olfattivo di Syrian hamster

L’RNA totale estratto dal bulbo olfattivo ¢ stato utilizzato per costruire librerie di
cDNA, in accordo con le istruzioni dei produttori (TruSeq Stranded mRNA

sample prep kit, Illumina). Il sequenziatore Illumina NextSeq 500 ¢ stato
utilizzato per sequenziare le librerie.



3. Risultati

3.1 Rilevazione di SARS-CoV-2 nella mucosa olfattiva dei pazienti con COVID-
19 che mostrano perdita di olfatto

Sono stati analizzati sette pazienti che presentavano, come sintomo principale, una
perdita delle funzioni olfattive, gustative, e almeno un sintomo appartenente allo
spettro clinico del COVID-19. 1l tempo intercorso tra la comparsa dei primi
sintomi e 1’inclusione nello studio, va da 0 a 13 giorni. A questi sette pazienti
sono stati aggiunti quattro controlli sani. L’obiettivo primario della ricerca ¢ stato
identificare la presenza di un collegamento tra 1’infezione nella mucosa olfattiva e
la perdita delle funzioni olfattive. Tutti 1 pazienti, ma nessuno dei controlli,
presentavano RNA di SARS-CoV-2 a livello di OE, confermando la diagnosi di
infezione. Per verificare la presenza di un’attiva replicazione del genoma virale, ¢
stata eseguita un’analisi comparativa del numero di copie genomiche e sub-
genomiche (porzioni di RNA ottenute dalla trascrizione del genoma virale,
codificanti proteine virali coinvolte nella replicazione, nell’assemblaggio e nella
diffusione del virus all’interno dell’ospite), tramite RT-qPCR, confermando che il
virus ¢ presente nella mucosa dei pazienti anosmici in attiva replicazione. I
tamponi, analizzati mediante immunofluorescenza, sono risultati contenere una
quantita variabile di cellule appartenenti all’OE. L’utilizzo dei marcatori OMP
(Olfactory Marker Protein), per OSN maturi, ¢ PGP9.5 (Protein Gene Product
9.5), per tutte le tipologie di neuroni, ha dimostrato la validita della procedura di
campionamento (Fig. 2). Inoltre, ¢ stata rilevata la presenza di antigeni di SARS-

CoV-2 (tramite rilevazione della nucleoproteina, NP) e di cellule Ibal®, marcatore
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Figura 2. (A) Immunofluorescenza di cellule di mucosa olfattiva del controllo #1. (B) Cellule di mucosa olfattiva del caso
#2. (C e D) Close-up di immagini di immunofluorescenza di campioni di OE del caso #2. Possiamo vedere OSN maturi
infetti (OMP™) (B e C) a fianco di OSC CK18". (E) Percentuale di cellule infettate (NP¥) tra le seguenti: Hoechst”, OMP~,
CK18", Ibal”, caspasi-3 clivata®. (F) Percentuale di cellule Ibal™ tra le Hoechst™ (sinistra) e percentuale di cellule caspasi-3
clivata® tra le Hoechst™ (destra). SARS-CoV-2 & rilevato da anticorpi contro la nucleoproteina virale (NP). n =4 controlli, n
=7 pazienti con COVID-19 (E ed F). Le linee rosse orizzontali indicano le mediane. Scala 20 ym (A ¢ B) 0 10 um (C e D).

con azioni sia pro-infiammatorie che antinfiammatorie, Ccl5 (C-C Motif
Chemokine Ligand 5), chemochina pro-infiammatoria, Isg20 (Interferon
Stimulated Exonuclease Gene 20), coinvolto nella difesa dall’invasione di virus e
Mx1 (MX Dynamin Like GTPase 1), coinvolto nella risposta cellulare antivirale. E
emerso che Cxcl/l0 risultava elevato nella mucosa olfattiva di gran parte dei
pazienti infetti se comparato con i pazienti di controllo, mentre ¢ emersa una
variabilita interindividuale sia negli individui infetti che nei controlli per 1 geni
restanti. Questo suggerisce che SARS-ColV-2 possegga un tropismo per ’OE e che



I’infezione presente sia associata ad un aumento dell’inflammazione locale.
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Figura 3. (A) Immunofluorescenza di cellule mieloidi (Ibal®) del paziente di controllo #2 confrontato con il caso #3. (B)
Proiezione ortogonale di antigeni Tujl” inclusi in cellule infette Ibal®. (C) Immunofluorescenza di cellule apoptotiche
(caspasi-3 digerita®) del controllo #4 e del caso #11. Le punte di freccia piene indicano cellule infette positive per caspasi-3
digerita, quelle vuote indicano cellule non infette positive per caspasi-3 digerita. (D) Trascritti a livello di mucosa olfattiva
di citochine e chemochine. n = 4 controlli, n = 7 pazienti con COVID-19. Le linee orizzontali indicano la mediana. Scala
20 pum (AeB)o 10 um (Ce D).

Successivamente, si ¢ passato all’individuazione delle tipologie di cellule target di
SARS-CoV-2: sono stati rilevati OSN maturi e immaturi infetti da SARS-CoV-2
(esprimenti NP), cosi come OSC (esprimenti CKI18, Caspase-Cleaved
Cytokeratin 18, presente nel plasma in seguito a morte cellulare; Fig. 2, D ed E) e
cellule mieloidi (Ibal”; Fig. 2E e 3B). Alcuni degli OSN immaturi infetti, stavano
venendo fagocitati dal sistema immunitario. Ulteriori fissazioni contro caspasi-3
digerita sono state poi attuate per verificare se fosse ’infezione ad indurre la
morte cellulare nell’OE. Un forte segnale di caspasi-3 digerita ¢ stato rilevato sia
nelle cellule infette che in quelle non infette di pazienti con COVID-19, mentre
non ¢ stato rilevato nessun segnale dai campioni prelevati dagli individui di
controllo. La marcatura, assieme all’osservazione riguardante gli OSN fatta in
precedenza, ha mostrato come una gran varieta di tipi cellulari a livello di OE
venga infettata da SARS-CoV-2, portando ad un aumento di morte cellulare per
apoptosi. Tra queste, la perdita di OSN maturi potrebbe essere rilevante nel
contesto dell’anosmia.
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3.2 Studio della perdita di gusto e olfatto nei criceti infettati da SARS-CoV-2

Con I’obiettivo di valutare ’impatto dell’infezione di SARS-CoV-2 a livello di
sistema olfattivo e strutture cerebrali, criceti di entrambi i sessi sono stati infettati,
per via intranasale, con SARS-CoV-2 e successivamente tenuti in osservazione a
partire da 2 dpi fino a 14 dpi. A partire da 2 dpi, sono state rilevate tracce di RNA
virale in varie parti del cervello (bulbo olfattivo, corteccia cerebrale, tronco
encefalico e cervelletto; Fig. 4, D ed E) e a livello dei turbinati (Fig. 4 C ed E).
Dalle stesse zone ¢ stato inoltre possibile isolare particelle infettive virali,
dimostrando quindi una replicazione attiva di SARS-CoV-2 a livello di SNC
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(Sistema Nervoso Centrale) dei criceti. Successivamente, sono state verificate le
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Figura 4. Caratteristiche cliniche e molecolari dell’infezione sperimentale con SARS-CoV-2 in criceto siriano. (A ¢
B) Variazione in peso corporeo (A) e punteggio clinico (B) di criceti infetti e di controllo per 14 dpi. (C e D)
Quantificazione RNA di SARS-CoV-2 nelle vie aeree di criceto (C) e in differenti aree del cervello (D) degli animali infetti
e di controllo a 2, 4 ¢ 14 dpi. (E) Titolazione virale infettiva in turbinati nasali, polmoni, bulbo olfattivo, tronco encefalico,
corteccia cerebrale e cervelletto a 4 dpi espresso in PFU/100 mg di tessuto. Le linee orizzontali indicano le mediane. n = da
4 a 8 per time point in (A) e (B); n = 6 per time point in (C) e (D); n =2 per time point in (E).

funzioni olfattive e gustative dei criceti durante il decorso della malattia: a 2 dpi, i
criceti sono stati sottoposti ad un test di preferenza del saccarosio, gli individui di
controllo hanno dimostrato una chiara preferenza nei confronti dell’acqua
addizionata con saccarosio, mentre i criceti infetti non hanno dimostrato nessuna
preferenza (Fig. 5A), confermando cosi la diagnosi di disgeusia o ageusia. Gli
stessi criceti sono poi stati sottoposti ad esperimenti di ricerca del cibo: gli
individui infetti hanno richiesto piu tempo per trovare il cibo nascosto (sotterrato)
rispetto ai criceti sani, o non erano in grado di trovarlo (Fig. 5, B e C).
Ciononostante, tutti 1 criceti sono stati in grado di individuare il cibo quando
visibile (Fig. 5C), dimostrando che il mancato ritrovamento del cibo sotterrato
non era dovuto a deficit locomotori o impedimenti visivi, ma a disturbi olfattivi.
Al termine della malattia, quando peso e punteggio clinico sono tornati alla
normalita (14 dpi; Fig. 4, A e B), tutti 1 criceti sono risultati in grado di portare a
termine gli stessi test fatti in precedenza, dimostrando una guarigione spontanea
dell’anosmia associata all’infezione in questo modello animale.
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Figura 5. L’infezione con SARS-CoV-2 in criceto induce anosmia e ageusia transienti. (A) Variazione del consumo
totale di liquidi durante la notte e preferenza nei confronti dell’acqua contenente saccarosio 2% dei criceti infetti e di
controllo a 2 dpi. (B) Frazione di criceti di controllo o infetti in grado di trovare il cibo nascosto in 15 min. (C) Frazione di
criceti di controllo o infetti in grado di trovare cibo visibile o nascosto nel tempo. I test di ricerca del cibo sono stati
effettuati a 3, 5 e 14 dpi.
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3.3 SARS-CoV-2 promuove danni cellulari nell’OE dei criceti infetti

Analisi al SEM dell’OE hanno mostrato un’importante perdita di ciglia in larghe
porzioni della superficie epiteliale. A partire da 2 dpi (Fig. 6) fino a 4 dpi, sono

state rilevate particelle virali in gemmazione da cellule che avevano perso le
B Mock 2dpi € CoV-2,2dpi D CoV-2,4dpi E CoV-2, 14 dpi

3
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Figura 6. (A) testa dissezionata di criceto priva di pelle e mandibola tagliata sagittalmente a meta. La freccia a due punte
indica ’asse anteroposteriore (A-P). (A”) close-up che mostra la stretta vicinanza tra OE, bulbo olfattivo (OB) e corteccia
cerebrale (CTX). Il riquadro tratteggiato indica ’area raccolta per 1’analisi al SEM. (da B ad E) Immagini al SEM che
mostrano cambiamenti a livello di OE in seguito a infezione da SARS-CoV-2. L’OE dei criceti di controllo (B ¢ B’) e di
quelli inoculati con CoV-2 a 2 dpi (C), 4 dpi (D, D’ e D”), e 14 dpi (E e E’). Possiamo osservare perdita di ciglia a 2 e 4 dpi
nei criceti infetti. Vediamo particelle virali (vp) emergenti dalle cellule deciliate (D’ e D”, frecce bianche).

ciglia. A 14 dpi, la mucosa olfattiva ¢ apparsa nuovamente ciliata, indistinguibile
da quella degli individui di controllo. A 4 dpi sono state rilevate tracce di SARS-
CoV-2 e di un’infiltrazione di cellule mieloidi Ibal®, alcune delle quali risultate
positive a SARS-CoV-2, segno di una potenziale infezione secondaria dovuta alla
fagocitosi di cellule infette (Fig. 7D, la freccia, e Fig. 7J). Sono stati rilevati
antigeni di SARS-CoV-2 nel citoplasma di OSN maturi e immaturi (Fig. 7, A, B,
C, D e J) e in quelli delle OSC. Come osservato nei campioni umani, I’infezione
induce la morte cellulare, confermata dalla positivita a caspasi-3 digerita in cellule
neuronali e non (Fig. 7J). Cio ¢ indice del fatto che la morte cellulare non ¢
causata solo da effetti citopatici di SARS-CoV-2, ma probabilmente anche
dall’infiammazione locale e dalla risposta immunitaria all’infezione.

3.4 Disseminazione di SARS-CoV-2 nel cervello e neuroinfiammazione in
criceti infetti
II quesito successivo ¢ se SARS-CoV-2 possa invadere il SNC attraverso la via
retrograda a partire dal sistema olfattivo. SARS-CoV-2 ¢ stato rilevato a livello di
fasci di nervi olfattivi e nella giunzione che collega nervo olfattivo e bulbo
olfattivo, ma anche a livello di assoni di OSN che raggiungono il bulbo olfattivo
(Fig. 7). Cio suggerisce che SARS-CoV-2 possa arrivare al cervello attraverso il
sistema olfattivo per via retrograda, pur non escludendo altre alternative. A
conferma di cio, a livello dei turbinati nasali, ¢ stata rilevata una sovraespressione
dei geni [IL-6, Cxcll0, Ifn-f (Interferone-f), Ifn-i (Interferone-1), e Il-1f
(Interleuchina-1f, citochina pro-inflammatoria), coinvolti nella risposta
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inflammatoria, a 2 dpi, e un leggero aumento di questa a 4 e 14 dpi. In maniera
simile, ma con tempistica ritardata, il bulbo olfattivo presenta una
sovraespressione degli stessi geni (Fig. 7N). Attraverso RNA-seq ¢ stata osservata
una serie di Geni Differenzialmente Espressi (DEG) (Fig. 8), rispettivamente 374
up-regolati e 51 down-regolati a livello di bulbo olfattivo di criceti infetti a 4 dpi
(Fig. 8 A). I DEG sono stati classificati in accordo con il pathway KEGG (Kyoto
Encyclopedia of Genes and Genomes) e i termini GO (Gene Ontology) sulla base
dei loro processi biologici, sulle funzioni molecolari e sui componenti cellulari. |
geni up-regolati erano principalmente coinvolti nella risposta infiammatoria e
nelle risposte a infezione da virus, con componenti dell’immunita innata [come,
ad esempio, la risposta mediata da interferone di tipo I (IFN), attivazione delle
cellule natural killer, Toll-Like Receptors (TLR)], dell’immunita adattativa
[cellule T helper (Tul, Tu2) e cellule T CD4"], funzioni collegate alla
segnalazione da parte di chemochine, e regolazioni di processi quali 1 pathway di
segnalazione dei TLR e quelli di regolazione delle cellule T helper. Per validare il
coinvolgimento di questi pathways di segnalazione provocati dall’up-regolazione
dei DEG, ¢ stata effettuata un’analisi per qRT-PCR di geni caratteristici del bulbo
olfattivo che ha confermato una sovraespressione dei geni Mx2 (MX Dynamin
Like GTPase 2), Irf7 (Interferon Regulatory Factor 7), Ddx58 (DExH-Box
Helicase 58) e Statl (Signal Transducer and Activator of Transcription 1) trai?2 e
i 4 dpi, mentre Ccl5 risultava sovraespressa solo a partire da 4 dpi. Trattandosi di
geni coinvolti nella risposta infiammatoria, la loro wup-regolazione supporta
I’ipotesi che la neuroinvasione di SARS-CoV-2 porti a neuroinfiammazione. Una
sovraespressione di Cxcl10, II-18, Ccl5 e Irf7 fino a 14 dpi, quando gli animali
erano ormai guariti da ageusia/anosmia, indica, inoltre, la persistenza di un
processo infiammatorio infettivo/post-infettivo anche nella fase asintomatica o
post-sintomatica nell’organismo modello.

A Mock, 4 dpi B Gov-2, 4 dpi C  Mock 4dpi D cov2 4dpi

o
¢ @
g zpue

K Ofacoy L Ofactory
nerve buib

NP*tbat lba*  Caspase 3* NP+ L
@ A

.58 8 88

o s o - or

oloe : ; . ol oo
=z P Y s o y o 8 F F

o B & & Er I ¥ & @

M Nasal turbinates N Offactory bulb

-6 Cxcito i3 -1 e -6 Gxel1o in8 i i

3 5 ¥ » #
§oe ‘ & ‘ F) le
FRLT FALE SARP SRS %
Figura 7. Rilevazione di antigeni di SARS-CoV-2 e quantificazione dei livelli di espressione di citochine/chemochine
nel sistema olfattivo di criceto. (da A a D) Epitelio olfattivo di controlli (A e C) e criceti infetti (B e D) a 4 dpi. I riquadri
mostrano OSN maturi infetti OMP* (B) o OSN immaturi infetti Tuj1* (D). La freccia in (D) indica una cellula infetta Ibal®.
(E) Sezione sagittale di turbinati nasali e bulbo olfattivo di criceti infetti a 4 dpi. I riquadri raffigurano staining di SARS-
CoV-2 in assoni di OSN. (F) Assoni sensoriali olfattivi si proiettano nel glomerulo nel bulbo olfattivo di criceti infetti a 4
dpi. I riquadri (F’ e F”’) mostrano cellule infette. (da G a I) Bulbo olfattivo di controlli (G) e criceti infetti (H e I) a 4 dpi.
Cellule infette Ibal™ in (H e I). SARS-CoV-2 ¢ rilevato da anticorpi contro la NP virale. Scala 20 pm (da A a D e H), 100
um (E ed F), e 50 um (G e I). le immagini sono singoli piani Z (da A ad H) o una proiezione a massima intensita su una
profondita di 6 um (I). (J) Numero di cellule NP*, NP* OMP*, NP* Tujl*, NP* Ibal®, Ibal* e caspasi-3 clivata® nella
mucosa olfattiva. (K e L) Numero di cellule NP nel nervo olfattivo (K) e nel bulbo olfattivo (L). (M e N) Trascritti di
citochine e chemochine nei turbinati nasali (M) e nel bulbo olfattivo (N) a 2, 4 e 14 dpi.
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Figura 8. DEG nel bulbo olfattivo di criceti infetti da SARS-CoV-2 (a 4 dpi) ottenuti da RNA-seq. (A) Grafico a
vulcano ottenuto dal confronto tra campioni infetti e controlli sani. I punti grigi rappresentano i geni che non superano una
soglia di False Discovery Rate (FDR) < 0.05. I punti neri rappresentano i geni che superano la soglia di FDR, ma con un
fold change tra -1 e 1. I punti rossi e blu corrispondono a DEG sotto- e sovraespressi con un fold change rispettivamente
inferiore a -1 o superiore a 1. (B) Arricchimento dei pathway KEGG basato sui DEG tra campioni infetti e controllo. Il
diametro dei cerchi € proporzionale al numero di geni che fanno parte del pathway. 1l colore cel cerchio € proporzionale ai
P-value corretti e corrisponde alla scala presentata in (C) e (D). (C) Analisi di GO considerando i processi biologici. Le

barre nere nel lato destro del grafico a dispersione indicano un arricchimento basato su set di geni up-regolati (“+”) e down-
regolati (“-*). Il diametro dei cerchi & proporzionale al numero di geni che fanno parte del processo biologico
rappresentato. I colore del cerchio € proporzionale ai P-value corretti e corrisponde alla scala presentata in (C) e (D). (D)
Livello di espressione dei geni Ccl5, Mx2, IRF7, Ddx58 e Statl nel bulbo olfattivo a 2, 4 e 14 dpi. n = 6 per time point. 1l

P-value ¢ indicato dove significativo. Le linee orizzontali indicano le mediane.
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4. Discussione

La perdita di gusto e olfatto causate dall’infezione di SARS-CoV-2 sono frequenti
nei pazienti COVID-19. Per questo motivo, sono state fatte diverse ipotesi che
potessero spiegare I’insorgenza di anosmia ed ageusia in seguito all’infezione
virale. In questo studio, si ¢ ipotizzato che la causa possa essere correlata al
danneggiamento dell’OE e/o alla morte cellulare dei OSN. Le prime analisi
effettuate hanno confermato la presenza di SARS-CoV-2 in tutti i pazienti che
presentavano anosmia e dimostrato un’attiva replicazione virale a livello dell’OE.
L’infezione causata da SARS-Col-2 ¢ correlata ad un’infiammazione a livello
dell’OE, ipotesi sostenuta dalla rilevazione di cellule adibite alla risposta
immunitaria (Ibal*) e all’individuazione di un’elevata espressione di citochine e
mediatori dell’inflammazione. Si ¢ successivamente analizzato quali tipologie
cellulari fossero soggette a infezione da parte del virus ed ¢ stato osservato che
OSN maturi e immaturi, OSC e cellule mieloidi sono risultate positive a SARS-
CoV-2. E stato rilevato un forte segnale di cellule positive a caspasi-3 digerita nei
campioni di pazienti infettati, mentre non ¢ stato rilevato alcun segnale a livello
dei pazienti di controllo, confermando che ¢ l’infezione da SARS-CoV-2 a
provocare la morte cellulare. Per via delle limitazioni riguardanti le analisi
effettuabili in uomo, che non hanno permesso campionamenti troppo invasivi
della mucosa olfattiva, gli stessi esperimenti sono stati effettuati in criceto,
modello per la patologia causata da SARS-CoV-2. E stato confermato che
I’infezione ¢ presente nell’OE dei criceti e ha come farget le stesse tipologie
cellulari rilevate in uomo, e che I’infezione ¢ accompagnata da un’inflammazione
locale e morte cellulare. Analisi di microscopia a scansione di tessuti dell’OE,
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Figura 9. Schema esplicativo del possibile meccanismo della neuropatogenesi olfattiva di COVID-19. (A) Schema che
illustra le relazioni tra cavita nasale, OE, nervo olfattivo (OV), bulbo olfattivo (OB), ¢ il cervello. (B) secondo lo studio di
Liang e colleghi, a livello di OE, SARS-CoV-2 infetta principalmente OSC dato 1’alto livello di espressione di ACE2 sulla
superficie. L’infezione delle OSC e il loro danneggiamento puo portare a inflammazione, reazioni immunitarie, rilascio di
citochine.

hanno rilevato un’importante perdita di ciglia in larghe aree dell’epitelio, le quali
sono risultate altamente disorganizzate e presentavano particelle virali in
gemmazione. E, inoltre, stata rilevata la presenza di alcuni OSN infetti in
apoptosi. E stato verificato che ’infezione ¢ in grado di raggiungere il cervello,
grazie al rilevamento di RNA virale a livello di bulbo olfattivo. Una volta
terminato il decorso della malattia, quando 1 criceti risultavano possedere tutte le
funzionalita olfattive e gustative, ¢ stato osservato che I’OE ¢ nuovamente ciliato
e ordinato. L’insieme dei dati ottenuti sembra confermare 1’ipotesi iniziale che
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suggeriva che l’insorgenza dell’anosmia fosse dovuta a un danneggiamento a
livello di OE e/o dalla morte dei OSN. Non essendo ancora del tutto chiaro il
meccanismo di infezione causato da SARS-CoV-2, sono stati effettuati molti studi
che cercavano di spiegare le dinamiche alla base dell’anosmia causata da COVID-
19. Alcuni di questi hanno sostenuto I’ipotesi che vedeva come causa principale il
danneggiamento dell’OE. Uno studio pubblicato da Bryche e colleghi, ad
esempio, basato sull’inoculazione di SARS-CoV-2 in criceto siriano ha dimostrato
una forte disorganizzazione a livello di OE, caratterizzata dalla presenza di
aggregati cellulari e 1’esposizione degli assoni di OSN all’ambiente esterno
(Bryche, 2020). Ulteriori studi hanno poi portato a mostrare come I’infezione a
livello dell’OE avvenga tramite OSC, le quali sembrano presentare la piu alta
espressione di ACE2 (Liang, 2021). Non ¢ ancora del tutto chiaro se i OSN
possano essere infettati direttamente da SARS-CoV-2, nonostante molti degli studi
portino a pensare che I’infezione avvenga principalmente a livello di cellule non
neuronali (Liang, 2021). Essendo le OSC cellule adibite al sostentamento
strutturale e metabolico dei OSN, e quindi cellule essenziali a livello di OE,
I’infezione a livello di queste cellule si ripercuote poi anche a livello di tutto I’OE
(Fig. 9), portando quindi a: perdita di ciglia a livello di OSN, infiltrazione di
cellule del sistema immunitario e morte cellulare. Questi studi esprimono, quindi,
pareri discordanti per quanto riguarda ’infezione di OSN da parte di SARS-CoV-
2. Nonostante lo studio esaminato riporti la possibilita di infezione di OSN da
parte di SARS-CoV-2, specifica anche che non ¢ tutt’ora chiaro se I’infezione sia
diretta o se possa trattarsi di un’infezione secondaria dovuta alla diffusione del
virus di cellula in cellula. Altri studi invece riportano come sia quasi o totalmente
assente la presenza di OSN infetti (Liang, 2021). Tutti questi studi concordano sul
fatto che 1’anosmia ¢ probabilmente causata da danni a livello di OE, seppur con
meccanismi diversi. E plausibile, quindi, pensare che i danni a livello olfattivo
possano essere dovuti al danneggiamento dell’OE, attraverso la perdita di ciglia, e
il danneggiamento o la morte dei OSN, i1 quali sono i responsabili della percezione
dell’olfatto. Appare chiaro, inoltre, come le OSC svolgano un ruolo nell’infezione
da SARS-CoV-2, permettendo 1’ingresso del virus a livello di OE e portando a
un’infiammazione. Comprendere appieno il meccanismo che sta alla base
dell’anosmia, quindi, puo fornire un ulteriore passo avanti per quanto riguarda il
trattamento di pazienti che presentano deficit olfattivi e gustativi che possono
persistere anche in seguito a guarigione dalla malattia, permettendo quindi il
recupero delle totali abilita olfattive. Analizzando gli esperimenti e le procedure
effettuate per questo studio, ho identificato alcuni aspetti critici del lavoro. Il
numero di pazienti analizzati, ad esempio, ¢ limitato e non bilanciato con il
numero di individui sani reclutati. I prelievi fatti a livello di OE, sono una parte
essenziale dello studio. Tuttavia, il corretto prelievo ¢ stato validato solamente
mediante la rilevazione di marcatori specifici per OSN, e nessun altro marcatore
che avesse come target altre tipologie cellulari presenti a livello di OE. L’aggiunta
di ulteriori marker, quindi, avrebbe portato ad una maggior sicurezza nel metodo
di prelievo delle biopsie, poiché I'utilizzo di marcatori specifici solo per le cellule
neuronali potrebbe non portare alla luce problemi riguardanti 1’esecuzione del
campionamento, come ad esempio un campionamento parziale dell’OE, e/o il
campionamento di una porzione errata di tessuto rispetto a quella di nostro
interesse.
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CORONAVIRUS

COVID-19-related anosmia is associated with viral
persistence and inflammation in human olfactory
epithelium and brain infection in hamsters

Guilherme Dias de Melo”, Francoise Lazarini”, Sylvain Levallois3’4*, Charlotte Hauteforts*,
Vincent Michel*®”, Florence Larrous’, Benjamin Verillaud®, Caroline Aparicios,

Sebastien Wagnerz, Gilles Gheusi*®, Lauriane Kergoat’, Etienne Kornobis'®'!, Flora Donati'*"3,
Thomas Cokelaer'®'", Rémi Hervochon'®, Yoann Madec'’, Emmanuel Roze'S,

Dominique Salmon'’, Hervé Bourhy”, Marc Lecuit3’4'18*, Pierre-Marie Lledo®**

Whereas recent investigations have revealed viral, inflammatory, and vascular factors involved in severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) lung pathogenesis, the pathophysiology of neurological disorders
in coronavirus disease 2019 (COVID-19) remains poorly understood. Olfactory and taste dysfunction are common
in COVID-19, especially in mildly symptomatic patients. Here, we conducted a virologic, molecular, and cellular
study of the olfactory neuroepithelium of seven patients with COVID-19 presenting with acute loss of smell. We
report evidence that the olfactory neuroepithelium is a major site of SARS-CoV2 infection with multiple cell types,
including olfactory sensory neurons, support cells, and immune cells, becoming infected. SARS-CoV-2 replication
in the olfactory neuroepithelium was associated with local inflammation. Furthermore, we showed that SARS-CoV-2
induced acute anosmia and ageusia in golden Syrian hamsters, lasting as long as the virus remained in the olfactory
epithelium and the olfactory bulb. Last, olfactory mucosa sampling from patients showing long-term persistence
of COVID-19-associated anosmia revealed the presence of virus transcripts and of SARS-CoV-2-infected cells,
together with protracted inflammation. SARS-CoV-2 persistence and associated inflammation in the olfactory
neuroepithelium may account for prolonged or relapsing symptoms of COVID-19, such as loss of smell, which
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should be considered for optimal medical management of this disease.

INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), commonly in-
duces airway and pulmonary symptoms and, in severe cases, leads
to respiratory distress and death (I). Although COVID-19 is pri-
marily a respiratory disease, many patients exhibit extrarespiratory
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symptoms of various severity. Among these, a sudden loss of ol-
factory function in SARS-CoV-2-infected individuals was reported
worldwide at the onset of the pandemic. Loss of smell (anosmia)
and/or of taste (ageusia) are considered now as cardinal symptoms
of COVID-19 (2-4). Likewise, a wide range of central and peripheral
neurological manifestations have been observed in severe patients.
Although neuropilin-1 was found to facilitate SARS-CoV-2 entry in
neural cells (5), and thus a neurotropism of SARS-CoV-2 could be
suspected, a direct role of the virus in the neurological manifesta-
tions remains highly debated (2, 6).

The bona fide virus entry receptor is the angiotensin-converting
enzyme 2 (ACE2), which is expressed along the entire human respi-
ratory system, thereby accounting for SARS-CoV-2 respiratory
tropism (7, 8). In the upper airways, and more precisely in the
superior-posterior portion of the nasal cavities, resides the olfactory
mucosa. This region is where the respiratory tract is in direct con-
tact with the central nervous system (CNS), via olfactory sensory
neurons (OSNs), of which cilia emerge within the nasal cavity and
their axons project into the olfactory bulb (9). Because loss of smell
is a hallmark of COVID-19 and several respiratory viruses (influenza,
endemic human CoVs, and SARS-CoV-1) invade the CNS through
the olfactory mucosa via a retrograde route (10), we hypothesized
that SARS-CoV-2 might be neurotropic and capable of invading the
CNS through OSNs.

SARS-CoV-2 can infect neurons in human brain organoids (11),
and recent reports have confirmed the presence of SARS-CoV-2 in
olfactory mucosa OSNs that express neuropilin-1 (5) and deeper
within the CNS at autopsy (12, 13). Yet, the portal of entry of SARS-
CoV-2 in the CNS remains elusive, as well as the exact mechanism
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leading to the olfactory dysfunction in patients with COVID-19.
Various hypotheses have been proposed such as conductive loss
due to obstruction of the olfactory cleft (14), alteration of OSN
neurogenesis (15), and secondary CNS damage related to edema in
the olfactory bulb (16, 17). Detailed study of the olfactory system
and olfaction in living patients with COVID-19 is thus needed to
investigate the SARS-CoV-2 neuroinvasiveness in the olfactory
neuroepithelium.

Complementary to this approach, animal models recapitulating
the biological and clinical characteristics of SARS-CoV-2-related
anosmia and ageusia would constitute useful tools to address deep-
er mechanisms. In this regard, wild-type mice are poorly suscepti-
ble to SARS-CoV-2 infection because the mouse ACE2 ortholog is
not acting as a receptor for this virus (18). Moreover, the various
transgenic mouse lines expressing the human version of the virus
entry receptor (hACE2) under the control of different promoters
display disproportionate high CNS infection leading to fatal en-
cephalitis (19-22), which rarely occurs in patients with COVID-19.
This mismatch likely reflects the artefactual ectopic and high ex-
pression of hACE2 caused by the different transgene promoters. In
contrast, the golden Syrian hamster (Mesocricetus auratus) express-
es an endogenous ACE2 protein able to interact with SARS-CoV-2
(18) and constitutes a naturally permissive model of SARS-CoV-2
infection (23-25). Previous reports have shown infection in ham-
ster olfactory mucosa, but whether olfactory neurons can be infected
or only non-neuronal, epithelial sustentacular cells remains contro-
versial (26, 27). Moreover, the link between infection, inflamma-
tion, and tissue disruption of the olfactory neuroepithelium and
corresponding brain regions is unclear. Likewise, how damage of
the neuroepithelium correlates with anosmia, and the potential
SARS-CoV-2 neuroinvasion from the olfactory system to its down-
stream brain structures, remains highly debated.

Here, we report the interactions of SARS-CoV-2 with the olfac-
tory system and its pathophysiological mechanisms. We first inves-
tigated SARS-CoV-2 infection of the olfactory mucosa in patients
with COVID-19 and recent loss of smell. Because olfactory mucosa
biopsy is an invasive procedure, which cannot be used for research
purpose in patients with COVID-19, we performed nasal mucosa
brush sampling, a noninvasive technique previously used in pa-
tients to study neurodegenerative and infectious diseases (28-30).
We next attempted to model SARS-CoV-2-associated anosmia/
ageusia in golden Syrian hamsters to further investigate the pathogenesis
of neuroepithelium and CNS infection. Last, we investigated the
olfactory mucosa of post-COVID-19 patients presenting long-lasting
olfactory dysfunction.

RESULTS

SARS-CoV-2 detection in the olfactory mucosa of patients
with COVID-19 exhibiting loss of smell

We enrolled seven patients who were referred to the ear, nose, and
throat (ENT) department for olfactory function loss and COVID-19
suspicion in the context of the COVID-19 first wave in Paris,
France, alongside with four healthy controls. The main clinical fea-
tures of patients and controls are listed in tables S1 and S2. The time
from first COVID-19-related symptoms to inclusion in the study
ranged from 0 to 13 days. None of the patients required hospitaliza-
tion. Their prominent symptom was recent loss of olfactory func-
tion (sudden for six patients but progressive for case #1) and was
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accompanied with taste changes (except case #3) and at least one
symptom belonging to the clinical spectrum of COVID-19, such as
diarrhea, cough, dyspnea, conjunctivitis, fever, fatigue, headache,
muscle pain, laryngitis, or a sore throat (fig. S1A). Olfactory func-
tion loss was the first symptom related to COVID-19 in cases #5
and #14, whereas it was preceded by or concomitant to other symp-
toms in the remaining patients. Smell loss was deemed severe for
cases #1, #2, #4, #5, #14, and #15 and moderate for case #3. Taste
loss was deemed severe for cases #1, #2, #4, #5, and #14 and mild for
case #15. The characteristics of the taste and smell abnormalities are
listed in table S3. Other otolaryngologic symptoms were rhinorrhea
for four patients, not concomitant with smell loss; nasal irritation
for two patients; and hyperacusis for case #1. Nasal obstruction was
not reported in any of the patients. Taste changes were character-
ized in the six patients with dysgeusia and included reduced acuity
for sweet taste, bad taste in the mouth, reduced or increased acuity
for bitterness, or reduced acuity for salt or sour. Three patients
(#2, #4, and #15) were unable to discriminate between different
food flavors such as meat and fish.

To investigate whether infection in the olfactory mucosa was
associated with olfactory functional loss, all patients underwent
olfactory mucosa brush cytological sampling. Four patients had
detectable SARS-CoV-2 RNA, using the conventional nasopharyngeal
samples at inclusion (tables S1 and S2). All patients, but none of the
controls, had detectable SARS-CoV-2 RNA in cytological samples
from the olfactory mucosa using the reverse transcription quantita-
tive polymerase chain reaction (RT-qPCR) SYBR green technique,
unambiguously confirming the diagnosis of SARS-CoV-2 infection
(tables S1 and S2). To further investigate whether the presence of
viral RNA in the olfactory mucosa reflected active replication of
SARS-CoV-2 genome, we performed a comparative analysis
of genomic and subgenomic copy numbers by RT-qPCR. Patients #2,
#14, and #15 exhibited a strong viral genomic RNA load in the
olfactory mucosa (2.25 x 10%, 8.09 x 107, and 7.17 x 10° RNA
copies/pl, respectively), and subgenomic RNA was detected in patient
#14 (5.66 x 10° copies/ul), whereas other cases were detected as pos-
itive (above the limit of detection with RT-qPCR SYBR green) but
not quantifiable (below the limit of quantification, less than 200 RNA
copies/pl using the RT-qPCR TagMan technique) (tables S1 and S2).
Given the high viral genomic RNA load in the olfactory mucosa of
the patients #14 and #15, we determined the SARS-CoV-2 titer in
their olfactory mucosa. Infectious SARS-CoV-2 were isolated from
the olfactory mucosa of patients #14 [1.19 x 10° plaque-forming
units (PFU)/ml] and #15 (5.38 x 10> PFU/ml) but not in sex- and
age-matched controls, indicating that infectious virus is indeed
present in the olfactory mucosa of anosmic patients (table S2).

We further investigated the viral presence in the olfactory muco-
sa by immunofluorescence labeling of the cytological samples.
Variable cell density between olfactory mucosa samples from the
COVID-19 and control individuals was found, but all samples con-
tained mature OSNs. Cells positive for Olfactory Marker Protein (OMP)
and Protein Gene Product 9.5 (PGP9.5) were consistently present,
and OMP transcripts recovered from all the samples, validating the
quality of the swabbing procedure (Fig. 1, A and B; fig. S1B; and
tables S1 and S2). Immunostaining revealed the presence of SARS-
CoV-2 antigens [nucleoprotein (NP)] in four patients (RT-qPCR")
out of seven but never in controls (tables S1 and S2 and Fig. 1). We
observed numerous Ibal* (immune myeloid) cells in the olfactory
mucosa of all patients whereas few to no Ibal® cells in controls
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Fig. 1. Analysis of olfactory mucosa from patients with COVID-19 with acute
olfactory function loss, at early stage of infection. (A) Immunofluorescence of
cells retrieved from the olfactory mucosa of the control participant #1. (B) Cells
retrieved from the olfactory mucosa of case #2. (C and D) Close-up immunofluores-
cence images of olfactory epithelium samples from case #2. Infected mature olfac-
tory neurons (OMP™") are observed (B and C), alongside sustentacular CK18™ cells
(D). (E) Percent of infected (NP") cells among the following: Hoechst™ cells, OMP*
cells, CK18" cells, Iba1™ cells, and cleaved caspase-3" cells. (F) Percent of Iba1* cells
among Hoechst™ cells (left) and percent of cleaved caspase-3* cells among Hoechst™
cells (right). SARS-CoV-2 is detected by antibodies raised against the viral nucleo-
protein (NP). n=4 controls, n =7 patients with COVID-19 (E and F). Horizontal red
lines indicate the medians. Mann-Whitney test (E and F); the P value is indicated
when significant. Scale bars, 20 um (A and B) or 10 um (C and D).

(Figs. 1E and 2A and tables S1 and S2). These data suggest that
SARS-CoV-2 infection is associated with inflammation of the ol-
factory mucosa in patients with olfactory impairment; we thus
measured the profile of local cytokine and inflammatory media-
tors. Expression of gene transcript of Cxcl10 was elevated in the
olfactory mucosa in most patients with detectable SARS-CoV-2 an-
tigens as compared to control patients, and in contrast, an interin-
dividual variability, both in SARS-CoV-2-infected and control
individuals, was observed in II-6, Ccl5, Isg20, and MxI gene tran-
script expression (Fig. 2D and tables S1 and S2).

Together, this first set of data indicates that SARS-CoV-2 exhib-
its an unambiguous tropism for the olfactory neuroepithelium, and
this infection is associated with increased local inflammation. We
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Fig. 2. Immune response in olfactory mucosa of patients with COVID-19 with
acute olfactory function loss. (A) Immunofluorescence of myeloid cells (Iba1™)
retrieved from the olfactory mucosa of the control participant #2 versus case #3.
(B) Orthogonal projection of Tuj1" antigens included in infected Iba1* cell. (C) Immu-
nofluorescence of apoptotic cells (cleaved caspase-3*) of control #4 and case #11.
Solid arrowheads, infected cells positive for cleaved caspase-3. Empty arrowhead,
noninfected cell positive for cleaved caspase-3. (D) Cytokines and chemokines
transcripts in the olfactory mucosa. n =4 controls, n=7 patients with COVID-19.
Horizontal red lines indicate the medians. Mann-Whitney test (D). The P value is
indicated when significant. Scale bars, 20 or 10 um (B, inset).

next investigated the identity of the cell types targeted by SARS-
CoV-2. We detected SARS-CoV-2-infected mature sensory neu-
rons (OMP"; Fig. 1, B, C, and E, and tables S1 and S2); other
SARS-CoV-2-infected cells were sustentacular cells (expressing
CK18; Fig. 1, D and E, and fig. S1C) and myeloid cells (expressing
Ibal; Figs. 1E and 2B and tables S1 and S2). We also detected the
presence of immature sensory neurons (Tuj1") in the olfactory
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mucosa of all patients, some of them being infected by SARS-
CoV-2. Some Ibal- and SARS-CoV-2-positive cells were engulfing
portions of Tujl cells in the olfactory mucosa of COVID case #2,
suggesting that infected immature sensory neurons were in the pro-
cess of being phagocytosed by innate immune cells (Fig. 2B). We
next investigated whether infection induces cell death in the olfac-
tory neuroepithelium, by cleaved caspase-3 staining. A strong cleaved
caspase-3 signal was detected in both infected and noninfected cells
in patients with COVID-19, whereas no signal was detected in sam-
ples from control individuals (Fig. 1, E and F; Fig. 2C; and tables
S1 and S2). Together, these results show that a variety of cell types
are infected in the olfactory neuroepithelium of patients with
COVID-19, leading to increased cell death through apoptosis. Among
them, the loss of mature OSNs might be critically relevant in the con-
text of the anosmia. To further assess the impact of neuroepithelium
infection by SARS-CoV-2, we infected Syrian golden hamsters to
experimentally reproduce anosmia and ageusia and investigated the
potential SARS-CoV-2 infection of the olfactory system and its
upstream brain structures.

Modeling loss of taste and smell functions using SARS-CoV-2
nasal instillation in golden hamsters

Syrian golden hamsters (both sexes) were intranasally inoculated
with 6 x 10* PFU of SARS-CoV-2 and followed up between 24 hours
and 14 days post-inoculation (dpi). Clinical, sensorial, and behav-
ioral functions were assessed at different time points (fig. S2A).
SARS-CoV-2 inoculation resulted in a decrease in body weight and
a degradation in the clinical score as early as 2 dpi, with a peak be-
tween 4 and 6 dpi, and sickness resolution by 14 dpi (Fig. 3, A and B).
High viral loads were detected throughout the airways of infected
hamsters at 2 and 4 dpi and remained detectable even at 14 dpi
(Fig. 3C), consistent with the well-established respiratory tropism
of SARS-CoV-2. In line with our observations in human samples,
the nasal turbinates of infected hamsters exhibited high viral loads
as soon as 2 dpi. Viral RNA was also detected from 2 dpi and
onward in various parts of the brain, including the olfactory bulb,
cerebral cortex, brain stem (diencephalon, midbrain, pons, and
medulla oblongata), and cerebellum (Fig. 3D). In addition, we were
able to isolate infectious viral particles from the nasal turbinates, the
lung, and different brain areas (olfactory bulb, cerebral cortex,
brain stem, and cerebellum), indicative of the replication and pro-
duction of SARS-CoV-2 in the CNS of hamsters (Fig. 3E). Having
shown the concomitant infection of nasal turbinates and the CNS,
we further investigated their impact on sensory and behavioral
responses.

We assessed both the gustatory and olfactory functions of SARS-
CoV-2-inoculated hamsters. At 2 dpi, we subjected hamsters to a
sucrose preference test. As expected, mock-infected animals displayed
a clear preference toward sucrose-complemented water compared
to control water, whereas infected hamsters had no preference
toward the sucrose-complemented water (Fig. 4A), indicative of a
SARS-CoV-2-associated dysgeusia/ageusia. Moreover, infected
animals exhibited signs of hyposmia/anosmia during food finding
experiments, because they needed more time to find hidden (bur-
ied) food than uninfected hamsters, and a substantial proportion of
them (50% at 3 dpi and 37.5% at 5 dpi) failed to find the food at the
end of the test (Fig. 4, B and C). Nevertheless, all infected hamsters
succeeded to find visible food (Fig. 4C), revealing that no sickness
behavior, visual impairment, or locomotor deficit accounted for the
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delay in finding the hidden food. In addition, no locomotor deficit
was observed during either the open-field (fig. S2B) or painted foot-
print tests (fig. S2C), further excluding a motor deficit bias during
the food finding test. At 14 dpi, when weight and clinical score had
resumed to normal (Fig. 3, A and B), all hamsters successfully found
the hidden food (Fig. 4C), indicating that infection-associated anos-
mia recovered spontaneously in this animal model.

SARS-CoV-2 promotes cellular damages in the olfactory
epithelium of infected hamsters

We then investigated the impact of SARS-CoV-2 infection on
hamster olfactory mucosa, which exhibited high viral loads (Fig. 3C).
The uppermost part of nasal turbinates is overlaid by the olfactory
neuroepithelium (Fig. 5A), a neuroepithelium composed of sensory
neurons and supports sustentacular cells with both cell populations
being ciliated. Imaging by scanning electron microscopy of the
olfactory neuroepithelium showed an important loss of ciliation as
early as 2 dpi (Fig. 5, B and C, and fig. S3) on large portions of the
epithelial surface, indicating cilia loss in both OSNs and sustentac-
ular cells. At 4 dpi, viral particles were seen budding from deciliated
cells (Fig. 5D). At 14 dpi, the olfactory mucosa appeared ciliated
anew, indistinguishable from that of mock-infected animals (Fig. 5E
and fig. S3), consistent with the recovery of olfaction seen in infected
hamsters (Fig. 4C).

In line with the detection of viral particles by electron microscopy
at 4 dpi, SARS-CoV-2 was detected in the hamsters’ olfactory
mucosa at this time point, alongside an infiltration of myeloid Ibal*
cells (Fig. 6, A to E and J). In the olfactory mucosa, SARS-CoV-2
antigens were found in the cytoplasm of mature (OMP"; Fig. 6,
A, B, and J) and immature (Tuj1"; Fig. 6, C, D, and J) sensory neu-
rons and in sustentacular cells (CK18"; fig. $4, A and B). Some Ibal”
immune cells seen infiltrating the neuroepithelium were positive
for SARS-CoV-2, consistent with a potential secondary infection
resulting from the phagocytosis of infected cells (Fig. 6D, arrow,
and Fig. 6]). The areas of neuroepithelium containing infected cells
were disorganized (see Fig. 6, B and D, and fig. S4B), whereas adja-
cent areas without SARS-CoV-2 remained morphologically intact
(fig. S4C). Cilia of OMP" neurons located at the apical part of olfactory
epithelium were lost in the disorganized infected neuroepithelium
(Fig. 4B). As observed in human samples (see Fig. 2C), infection
induced cell death, with many neuronal and non-neuronal cells
being positive for cleaved caspase-3 in the olfactory mucosa of
infected hamsters at 4 dpi (Fig. 6] and fig. S4D). We observed the
expression of cleaved caspase-3 in infected and uninfected cells
(fig. S4D), indicating that cell death is not only caused by cytopathic
effects of SARS-CoV-2 but also probably caused by the local inflam-
mation and immune responses to infection.

SARS-CoV-2 dissemination to the brain

and neuroinflammation in infected hamsters

Having shown that SARS-CoV-2 infects OSNs and that SARS-
CoV-2-infected hamsters exhibit signs of anosmia and ageusia, we
wondered whether SARS-CoV-2 invades the CNS via a retrograde
route from the olfactory system. SARS-CoV-2 was detected in olfac-
tory nerve bundles close to the neuroepithelium, as demonstrated by
the colocalization of SARS-CoV-2 NP antigen and OMP" sensory
neuron axons reaching the olfactory bulb (Fig. 6, E, K, and L), con-
sistent with a retrograde infection of axons. Furthermore, SARS-CoV-2
NP was detected at the junction of the olfactory nerve and olfactory
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Fig. 3. Clinical and molecular characteristics of experimental infection with SARS-CoV-2 in golden hamsters.
(A and B) Variation in body weight (A) and clinical score (B) of mock- and SARS-CoV-2-infected hamsters for 14 days
post-inoculation (dpi). (C and D) Quantification of SARS-CoV-2 RNA in hamster airways (C) and in different brain areas
(D) of mock and infected animals at 2, 4, and 14 dpi. (E) Infectious viral titer in the nasal turbinates, lung, olfactory bulb,
brain stem, cerebral cortex, and cerebellum at 4 dpi expressed as plaque-forming units (PFU)/100 mg of tissue. Horizontal
lines indicate medians. n =4 to 8 per time point in (A) and (B); n=6 per time point in (C) and (D); n =2 per time point
in (E). Mann-Whitney test comparing infected animals to mock (A). *P < 0.05; **P < 0.01. nd, no detection.

bulb, seemingly infecting cells of neuronal/glial morphology (Fig. 6F).
In the olfactory bulb, SARS-CoV-2 NP was detected in Ibal™ cells
(Fig. 6H) and in uncharacterized cells (Fig. 6, I and L) in the glo-
merular layer of the olfactory bulb. The viral NP was not detected in
other areas of the brain. The high viral RNA loads in the nasal
turbinates and in the olfactory bulb, together with the observation
of viral antigens along the entire route from the olfactory sensory
organ to the bulb, suggest that SARS-CoV-2 enters the brain through
the olfactory system, although this finding does not rule out other
ports of CNS entry in patients with COVID-19.

In the nasal turbinates, we detected an intense proinflammatory
environment, with an up-regulation of II-6, Cxcl10, Ifn-, Ifn-A, and
II-1B at 2 dpi and a slight decrease at 4 and 14 dpi (Fig. 6M).
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signaling pathways], adaptive immunity
components [T helper cell 1 (Tyl), Ty2,
and CD4" T cells], and functions related
to chemokine signaling. Other biological
processes related to nervous system func-
tions were synapse pruning, up-regulation
of the neuroinflammatory response, and
both astrocyte and microglial activation.
To validate the involvement of these
signaling pathways, we analyzed the ex-
pression of selected targets in the olfactory bulb by RT-qPCR
(Fig. 7D). The genes Mx2, Irf7, Ddx58, and Statl were found up-
regulated early in the infection (2 and 4 dpi), whereas Ccl5 was up-
regulated only at 4 dpi. The overexpression of Ccl5 and Irf7 persisted
even at 14 dpi. Together, SARS-CoV-2-associated inflammation in
the bulb confirmed by unbiased RNA-seq analysis, along with the
increased viral load detected in the brain parenchyma, supports the
assumption that SARS-CoV-2 neuroinvasion drives the neuro-
inflammation. Cxcl10, II-1B, Ccl5, and Irf7 overexpression persisted
up to 14 dpi, when animals had recovered from ageusia/anosmia.
These data indicate that an infectious or postinfectious inflamma-
tory process persists even in the asymptomatic or in a delayed post-
symptomatic phase in our animal model.
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Fig. 4. Experimental infection with SARS-CoV-2 in golden hamster induces transient anosmia and ageusia. (A) Variation in total consumption of liquid overnight
and preference toward 2% sucrose-containing water of control and SARS-CoV-2-infected hamsters at 2 dpi. (B) Fraction of control or infected hamsters successfully
finding hidden food in 15 min. (C) Fraction of control or infected hamsters successfully finding hidden or visible food over time. Food-finding assays were performed at 3,
5,and 14 dpi. Mann-Whitney test (A), Fisher’s exact test (B), and log-rank (Matel-Cox) test (C). P value is indicated in bold when significant. Bars indicate medians. n =6 per
group in (A); n=10 mock and n=10 CoV-2 at 3 dpi, n=16 mock and n=8 CoV-2 at 5 dpi, n =16 per group at 14 dpi in (B) and (C).

SARS-CoV-2 persistence in human olfactory mucosa

with long-lasting/relapsing loss of smell

In some patients, neurological impairments and/or sensory dys-
functions persist several months later from the onset of COVID-19
symptoms, and it has been proposed that this may be linked to per-
sistent viral infection and/or inflammation (31, 32). We recruited
four patients with prolonged/recurrent olfactory function loss after
COVID-19. The main characteristics of these patients are listed in
table S4. They were recruited between 15 and 29 July 2020, at a time
when viral circulation in Paris was very low (<10 cases per 100,000
inhabitants/week), implying that SARS-CoV-2 reinfection of these
patients was very unlikely. In these cases, the time from first
COVID-19-related symptoms to inclusion ranged from 110 to
196 days. As a control, we sought to include patients with con-
firmed COVID-19 but without loss of smell. However, given the
relative invasiveness of the olfactory epithelium brushing, the sam-
pling of SARS-CoV-2-infected patients with neither loss of smell
nor ENT care was not possible, except for a single individual
(47-year-old man, recruited in July 2020) presenting long-lasting
COVID-19 symptoms (such as dysgeusia, vertigo, paresthesia and
tremor, and tingling of the face, nose, arms, and legs, persisting
for >141 days) but without any history of anosmia (table S4).
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The four patients with long-lasting/relapsing loss of smell had
been diagnosed with COVID-19 between January and March 2020
on the basis of their initial clinical assessment, including sudden
anosmia at disease onset, accompanied with taste changes (except
case #8) and at least one clinical sign related to COVID-19, such as
not only fever, fatigue, diarrhea, cough, dyspnea, headache, muscle
pain, laryngitis, and sore throat but also paresthesia and vertigo in
some patients (Fig. 8A). Smell loss was complete at disease onset for
these patients. Other otolaryngologic symptoms were rhinorrhea
for two patients, not concomitant with smell loss and nasal irrita-
tion for three patients. Nasal obstruction was reported in patient
#10. All had persistent smell loss, persistent taste dysfunction
(except case #8), and/or other neurological deficits after COVID-19
at inclusion (Fig. 8A) and were seen at the ENT department for this
reason. Neurological signs were stereotypical crises of wriggling
nose, left intercostal and nonspecific arm pain (case #8), paresthesia
(case #9), and vertigo (case #10). The characteristics of taste and
smell abnormalities at inclusion are described in table S5. Two
patients complained of bad taste (table S2). Reduced or increased
acuity for bitter and reduced acuity for salt or sour were reported by
the two patients with dysgeusia. None of the patients required
hospitalization.
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Fig. 5. SARS-CoV-2 induces loss of ciliation in the olfactory epithelium. (A) Dissected hamster head, skin, and lower jaw were removed, sagitally cut in half. Double-
headed arrow denotes the anteroposterior (A-P) axis. Close-up in (A) shows the close relationship between the olfactory epithelium (OE), the olfactory bulb (OB), and the
cerebral cortex (CTX). Discontinuous square indicates the area collected for scanning electron microscopy. (B to E) Scanning electron microscope imaging showing
changes in olfactory epithelium after SARS-CoV-2 infection. The olfactory epithelium of mock-infected (B and B') and CoV-2-inoculated hamsters at 2 dpi (C), 4 dpi (D, D',
and D"), and 14 dpi (E and E). A loss of cilia is observed at 2 and 4 dpi for infected hamsters. Viral particles (vp) are seen emerging from deciliated cells (D" and D", white

arrows). Scale bars, 1 um (B to E) and 100 nm (D' and D").

These four patients, when consulting with long-lasting/relapsing
loss of smell, had no detectable SARS-CoV-2 RNA in nasopharyn-
geal samples by means of routine diagnosis RT-qPCR. However, all
of them had detectable SARS-CoV-2 RNA in cytological samples
from the olfactory mucosa, using the RT-qPCR SYBR technique
(table S4). Furthermore, three of them (#8, #9, and #10) had a high
viral genomic RNA load in the olfactory mucosa (1.68 x 10° to 4.35 x 10°
RNA copies/ul; TagMan technique), but no subgenomic RNA was
detected (table S4), in favor of a lack of active SARS-CoV-2 replica-
tion in the analyzed samples. We further evaluated olfactory muco-
sa infection by immunofluorescence labeling. We found variable
cellularity between olfactory mucosa samples within patients, but
all samples contained OSNs, positive for Tujl, indicating the effi-
cient sampling of the neuroepithelium. Immunostaining revealed
the presence of SARS-CoV-2 antigens (N protein) in three of four
patients (table S4 and Fig. 8, B and D). We observed abundant Ibal*
immune cells in the olfactory mucosa of all four patients (table S4 and
Fig. 8, B, D, and E), and apoptotic cells (cleaved caspase-3 positive)
were observed in the samples of all these patients (Fig. 8, D and E,
and table S4). Quantification of IL-6 gene expression revealed an
up-regulation of this proinflammatory cytokine in the olfactory
mucosa of the three patients with high viral load, but not in case #6,
which nevertheless presented SARS-CoV-2 antigens in the neuro-
epithelium (table S4). IL-6 expression in patients with persistent
signs of COVID-19 was similar to those of patients with acute
COVID-19 (tables S1 and S2 and Fig. 8C). No changes were ob-
served in Ccl5, Cxcl10, Isg20, and Mx1 transcripts (table S4).

de Melo et al., Sci. Transl. Med. 13, eabf8396 (2021) 2 June 2021

Patient #7, exhibiting long-lasting COVID-19 symptoms but
normal sense of smell, had no detectable SARS-CoV-2 RNA in
nasopharyngeal samples at inclusion. However, this patient had
detectable SARS-CoV-2 RNA in the nasal cytobrush sample using
the RT-qPCR SYBR technique and a quantifiable viral genomic
RNA load (1.88 x 10° RNA copies/ul; TagMan technique), but nei-
ther subgenomic RNA nor SARS-CoV-2 antigen (NP protein) was
detected in the olfactory mucosa by immunostaining (Fig. 8D and
table S4). Having found that a prolonged carriage of SARS-CoV-2 in
the olfactory mucosa is not necessarily associated with loss of smell,
we investigated immune responses in the olfactory neuroepithelium
of this patient. Although IL-6 expression was high in this patient’s
sample, very few myeloid cells (Ibal®) were observed, and no cell
death was detected in harvested cells (Fig. 8E and table S4).

Together, these data indicate that the olfactory neuroepithelium
from patients with persistent loss of smell remains infected, with
continual SARS-CoV-2 RNA in all of them and persevering inflam-
mation. Because sustained infection was also found in a patient with
long-lasting COVID-19 symptoms and normal sense of smell, but
with seemingly less severe inflammation of the olfactory mucosa,
we hypothesize that persistence of COVID-19-associated loss of
smell is linked to the inflammation caused by persistent infection.

DISCUSSION
By combining investigations of COVID-19-associated olfactory
function loss in patients and experimentally infected hamsters, both
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Fig.6.SARS-CoV-2 antigen detec-
tion and cytokine/chemokine
transcript quantification in
the olfactory system of ham-
sters. (A to D) Olfactory epi-
thelium of mock-infected (A and
C) and SARS-CoV-2-infected
(B and D) hamsters at 4 dpi. In-
sets show infected OMP* mature
OSNs (B) or infected Tuj1* im-
mature OSNs (D). The arrow in
(D) indicates an infected Iba1*
cell. (E) Sagittal section showing
nasal turbinates and olfactory
bulb of SARS-CoV-2-infected
hamster at 4 dpi. Inset depicts
SARS-CoV-2 staining in OSN
axons. (F) Olfactory sensory
axons projecting into glomeruli
in the olfactory bulb of SARS-
CoV-2-inoculated hamsters at
4 dpi. Insets (F" and F") show
infected cells. (G to ) Olfactory
bulb of mock-infected (G) or
SARS-CoV-2-infected (H and )
hamsters at 4 dpi.lba1* infected
cells are shown in (H), and sev-
eral infected cells are observed
n (1). SARS-CoV-2 is detected
by antibodies raised against the
viral NP. Scale bars, 20 um (A to
D and H), 100 um (Eand F), and
50 um (G and ). Images are sin-
glezplanes (A to H) or maximum
intensity projection over a 6-um
depth (). (J) Number of NP*
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naturally permissive to SARS-CoV-2 infection, we demonstrate
that multiple cell types of the olfactory neuroepithelium are infected
during the acute phase, at the time when loss of smell manifests.
Protracted viral infection and inflammation in the olfactory neuro-
epithelium may account for prolonged hyposmia/anosmia. Olfactory

de Melo et al., Sci. Transl. Med. 13, eabf8396 (2021) 2 June 2021

mucosa cytological sampling collected from acute or chronic
patients with COVID-19 with olfactory function loss revealed
the presence of the SARS-CoV-2 in 100% of patients (n = 11),
whereas the virus was undetected by RT-qPCR performed at inclu-
sion on conventional nasopharyngeal swabs. Therefore, diagnosing
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Fig. 7. DEGs in the olfactory
bulb of golden hamsters in-
fected by SARS-CoV-2 (at
4 dpi) derived by RNA-seq.
(A).Volcano plot of the comparisons
between infected and noninfected
samples. Y axis represents the
Benjamini-Hochberg-corrected
P value on a logarithmic scale
(—logs0). Gray dots represent
genes not passing a threshold of
false discovery rate (FDR) < 0.05.
Black dots represent genes pass-
ing the FDR threshold but hav-
ing fold changes between -1
and 1.Red and blue dots corre-
spond to significant down- and
up-regulated genes with a fold
change inferior to —1 or superior
to 1, respectively. (B). KEGG path-
ways enrichment based on the
differentially regulated genes
between infected and nonin-
fected samples. Only the 20
highest combined scores are
plotted. Circle sizes are pro-
portional to the gene set size.
Circle color is proportional to
the corrected P values and cor-
responds to the scale presented
in (C) and (D). ISG15, interferon-
stimulated gene 15; NOD,
nucleotide-binding oligomeri-
zation domain; NF-xB, nuclear fac-
tor xB; TNF, tumor necrosis factor;
RIG-1, retinoic acid-inducible
gene-1.(C) GO enrichment analy-
sis considering biological process
only. Selected GO terms are
based on the up- and down-
regulated genes between in-
fected and noninfected samples.
The black bars on the right-
hand side of the scatterplot
indicate enrichment based on
down-regulated (“-") and up-
regulated (“+") gene sets. Only
the 50 highest fold enrichments
are plotted for the up-regulated
gene set. Circle sizes are pro-
portional to the gene set size,
which shows the total size of
the gene set associated with
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SARS-CoV-2 infection in olfactory mucosa sampled by use of nasal
cytobrushes is a more sensitive approach, at least in patients with
olfactory function loss, than conventional nasopharyngeal samples.
This presence of SARS-CoV-2 RNA and proteins may influence
care management of patients with COVID-19 because it may play a

de Melo et al., Sci. Transl. Med. 13, eabf8396 (2021)

2 June 2021

role in virus transmission from patients who are thought to be viral
free on the basis of conventional testing, particularly in individuals
with mild or no symptoms.

We therefore confirm that SARS-CoV-2 has a tropism for the
olfactory mucosa (33), and we demonstrate that it can persist locally,
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A Clinical profile of post-COVID-19 cases
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is no absolute correlation between long-
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Fig. 8. SARS-CoV-2 is present in the olfactory mucosa from patients with persistent loss of smell post-
COVID-19. (A) Clinical profile of the four patients with prolonged loss of smell post-COVID-19. The general symp-
toms at the acute phase and at the follow-up (inclusion in CovidSmell study) are shown. (B) Immunofluorescence of
infected cells in the olfactory mucosa of case #10 presenting with persistent olfactory dysfunction at 196 days after
COVID-19 onset. The left arrow indicates an infected cell with viral NP staining. The right arrow indicates a Tuj1-NP
colabeling in another cell. (C) Graph depicting the correlation between the IL-6 mRNA expression and the viral load
in the nine patients with acute COVID-19 (“acute,” n =5) or persistent olfactory dysfunction post-COVID-19 (“persistent,”
n=4). (D and E) Fraction of infected cells among the following: Hoechst* cells, OMP* cells, Iba1" cells, and cleaved
caspase-3" cells (D), and fraction of Iba1 cells among Hoechst" cells (E, left) and fraction of cleaved caspase-3* cells
among Hoechst" cells (E, right) in the olfactory mucosa of patients with persistent loss of smell post-COVID-19 (n =4)
and the patient #7 (post-COVID-19, persistent signs without loss of smell). Viral load values were assessed by TagMan
qPCR; when not quantifiable (nq) (<200 copies/ul), they were arbitrarily given the 50 value for Spearman test (C).
Variations in the cytokine gene expression were calculated as the n-fold change in expression in the swabs compared
with the swab value of control #1 that was arbitrarily put on zero value. Horizontal red lines indicate the medians

(D and E). Mann-Whitney test (D and E) and Spearman test (C). Scale bar, 10 um.

not only a few weeks after general symptoms resolution (34-36) but
also several months in OSNs. Hence, we found that SARS-CoV-2
persists in the olfactory mucosa of patients with prolonged olfactory
function loss, up to 6 months after initial diagnosis. Sampling of the
olfactory mucosa revealed viral RNA and viral antigens, indicating
that long-lasting olfactory function loss in these patients correlates

de Melo et al., Sci. Transl. Med. 13, eabf8396 (2021) 2 June 2021
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study. In addition, in the single patient
with COVID-19 but without loss of smell,
no cell death or immune cells were ob-
served in the olfactory mucosa, but IL-6
was elevated. Therefore, it will be im-
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our observations made on human ol-
factory mucosa and to identify the most
important determinants of anosmia.
To further study anosmia and the
inflammatory process in the olfactory
system in the context of COVID-19, we
used the golden hamster as an animal
model for COVID-19. We show that
intranasal SARS-CoV-2 inoculation in
hamsters leads to infection of OSNs and
induces anosmia, accurately recapitulat-
ing what is observed in patients, both
clinically and histopathologically. Infec-
tion of OSNs in SARS-CoV-2-inoculated
hamsters has been reported in experi-
ments using similar viral inoculum (26),
but not when the inoculum was lower
(27), suggesting a dose-dependent susceptibility of OSNs to infec-
tion (5, 27, 39, 40). Olfactory neurons express neuropilin-1, a mem-
brane protein involved in SARS-CoV-2 cell entry (5), which may
account for olfactory neuron infection. However, they almost do
not express SARS-CoV-2 primary receptor ACE2 (41), as opposed
to sustentacular cells. Infection of OSNs may happen after infection
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of adjacent sustentacular cells and horizontally spread of the virus
to a neighboring cell. Furthermore, the infiltration of immune cells
and the disruption of tissue architecture may contribute to the dis-
semination of the virus across cells in the olfactory epithelium.

As observed in the tracheal epithelium (42), infection of the neu-
roepithelium is associated with cilia loss of the OSNs. Once cilia are
restored in the late phase of infection (14 dpi in hamsters), olfaction
resumes. Given that odorant receptors accumulate on sensory cilia
in the olfactory epithelium, loss of smell in COVID-19 may be ex-
plained by the viral-induced cell death of olfactory neurons, or/and
also by the disruption of their ciliary structure, preventing the de-
tection of odorant molecules. Although not mutually exclusive, the
latter hypothesis would explain why during COVID-19, the onset of
anosmia is very sudden, before any other respiratory symptoms.
Overall, anosmia likely reflects an infection-associated sensorineu-
ral dysfunction, which might involve a substantial inflammatory
process, neuronal infection, deciliation, and cell death, rather than
a simple nostril obstruction or tissue edema. The molecular mecha-
nisms underlying neuronal dysfunction remain to be deciphered,
but we recently reported that ivermectin strongly reduces loss of
smell and is associated to a decrease in inflammation in the nasal
turbinates of infected hamsters, without decreasing viral load (43).
Therefore, immune responses induced by olfactory neuron infec-
tion might play a role in the onset and persistence of anosmia and
could explain why some infected individuals with SARS-CoV-2 in
their nasal cavity never develop anosmia.

We also found that this inflammatory process that takes place in
the nasal cavity spreads to the olfactory bulb. This inflammatory
transcriptional signature, as shown by RNA-seq and confirmed by
qPCR for II-6, type I IEN (Ifn-B), and Cxcl10, is consistent with the
recent neuropathological description of deceased patients with
COVID-19, where microgliosis was seen in the olfactory bulb (12).
The fact that similar neuropathological alterations are observed in
patients with COVID-19 and infected hamsters implies that these
lesions are likely caused by SARS-CoV-2 infection, rather than a
consequence of intensive care provided to patients with COVID-19,
as previously hypothesized (44).

Although several viruses are known to invade and disseminate
into the brain, whether SARS-CoV-2 does so is highly debated. For
instance, viral RNA has been detected in the cerebrospinal fluid and
other brain tissues collected from patients who died from COVID-19
(12), but the neuropathological relevance of these observations
remains unclear (6, 13, 45). The potential SARS-CoV-2 portals of
entry to the CNS are (i) retrograde neuroinvasion (via OSNs,
glossopharyngeal nerve, and/or vagal nerve), (ii) via the blood-
brain barrier endothelium (13, 46), and (iii) via peripheral immune
cells infiltration (such as T cells or peripheral macrophages). Al-
though this does not rule out other routes, our study indicates that
SARS-CoV-2 indeed does invade the CNS via the retrograde olfac-
tory pathway. In addition to the olfactory bulb, viable SARS-CoV-2
was also detected in more remote brain areas of infected hamsters,
such as the cerebral cortex and the brain stem, yet without clear
visualization of viral antigens. Similarly, viral RNA or protein was
observed in the brain stem of patients with COVID-19 (12, 39), the
location of central cardiorespiratory nuclei. Infection of these areas
might contribute to the pathogenesis of the respiratory distress
reported in patients with COVID-19, and this study therefore con-
stitutes an important step toward elucidating COVID-19-associated
putative neurological dysfunctions. Whether neuronal structures

de Melo et al., Sci. Transl. Med. 13, eabf8396 (2021) 2 June 2021

are directly targeted by SARS-CoV-2, as opposed to damaged by
systemic immune responses, is of particular clinical relevance
because these two scenarios would require different therapeutic
strategies.

Limitations of our study includes the small sample size of the
human cohort, especially for patients with COVID-19 without loss
of smell. Extending these investigations to a larger group of pa-
tients, with varying degree of loss of smell, would allow to precise
these first findings. Moreover, this study would benefit from addi-
tional approaches to determine the potential dysfunction of brain
structures such as the olfactory bulb, by using metabolic positron
emission tomography scan imaging as well as in-depth neurosensory
and neurocognitive assessment. Last, the discovered persistence of
SARS-CoV-2 in the olfactory mucosa of patients with long-lasting
COVID-19 symptoms requires future validation in larger groups of
people from different countries and to set up new animal models of
long COVID.

The persistence of long-lasting COVID-19 symptoms is an im-
portant and topical issue as the pandemic continues (47). This study
demonstrates a persistent loss of olfactory function in humans with
SARS-CoV-2, for multiple months, lasting as long as the virus re-
mains in the same microenvironment. This might result from direct
damage to the OSNs, which detect odor in the olfactory epithelium.
Further, it provides evidence of SARS-CoV-2 retrograde neuroin-
vasion via the olfactory route leading to neuroinflammation and
shows the association between viral presence in the olfactory epi-
thelium and anosmia, in both acute cases (hamsters and humans)
and long-lasting cases (patients with COVID-19). The findings that we
obtained are clinically relevant in the care to patients with COVID-19,
because olfactory function loss could be regarded as a sensitive sign
of persistent viral infection, and should be considered in patient
management.

MATERIALS AND METHODS

Study design

The main objective of this study was to investigate SARS-CoV-2
neuroinvasion in humans and the hamster model and to decipher
the molecular mechanisms involved. Human olfactory mucosa
samples were obtained from a total of 16 living individuals (12 pa-
tients with COVID-19 and 4 healthy controls) at the ENT De-
partment of Lariboisiére Hospital, Paris, France, from May to
October 2020. All these individuals were recruited in the CovidSmell
study (Study of the Pathogenesis of Olfactory Disorders in COVID-19,
ClinicalTrials.gov identifier NCT 04366934). This prospective, case-
control study is a nontrial, nondrug study, qualified as exploratory,
descriptive, monocentric, in an adult population. This study re-
ceived the approval from the ethical committee “Comité de Protec-
tion des Personnes SUD EST IV” under reference 20.04.15.64936
and is compliant with French data protection regulations. All animal
experiments were performed according to the French legislation and
in compliance with the European Communities Council Directives
(2010/63/UE, French Law 2013-118, 6 February 2013). The Animal
Experimentation Ethics Committee (CETEA 89) of the Institut Pasteur
approved this study (200023; APAFIS#25326-2020050617114340 v2.)
before experiments were initiated. All animals were randomized to
the different experimental groups. Sample sizes were chosen empir-
ically to ensure adequate statistical power. Investigators were not
blinded with respect to the origin of the samples. For analysis of the
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human mucosa, two nasal samples were collected for each participant
(one sample per nostril; one immediately frozen and the other one
fixed in formalin). Each nasal sample was analyzed three times for
SARS-CoV-2 assay by PCR (frozen samples) and immunohisto-
chemistry (formol samples). Nasal samples of two patients and two
controls were also titrated for SARS-CoV-2 on cell cultures. In ani-
mal experiments, at least four males were used for each time point,
and replication was performed with the same number of females.
Animal samples were analyzed three times for SARS-CoV-2 assay
by PCR (frozen samples), immunohistochemistry (formol samples),
and titrated by cell cultures (frozen samples). Olfactory mucosa
samples of two controls and five SARS-CoV-2-infected hamsters
were analyzed for SARS-CoV-2 by scanning electron microscopy
and two controls and three infected hamsters for immunofluores-
cence. For microscopy quantification, the value for each animal is
the average of four to eight independently quantified fields. All
measurements in humans and hamsters were included in our anal-
ysis. Primary data are provided in the figures or the Supplementary
Materials.

Participants

Participants with recent olfactory function loss consulting in the
Lariboisiére Hospital (Paris, France) in the context of the COVID-19
screening care for a suspected or confirmed SARS-CoV-2 infection
were included during spring and summer of 2020. We also recruit-
ed participants with long-lasting/recurrent loss of smell after onset
of acute COVID-19 symptoms. Those patients were recruited at the
Hotel Dieu Hospital clinic dedicated for patients with long COVID-19.
Among these patients, we included a control patient without loss of
smell, consulting for long-term dysgeusia, vertigo, paresthesia, and
evocative of COVID-19-associated neuroinvasion. Acute illness for
those patients was always symptomatic and was either certain if
virologically documented [at least one positive SARS-CoV-2 RT-PCR
result or positive SARS-CoV-2 serology with immunoglobulin G
(IgG) and/or IgM antibodies] or probable if at least one major crite-
rion: anosmia/ageusia, contact with a PCR-conformed case, typical
bilateral pneumonia on computed tomography scan, or three mi-
nor criteria among fever, headaches, fatigue, myalgias, cough, chest
pain, chest tightness, unexplained tachycardia, diarrhea, and chil-
blains. We also recruited in this study control participants consulting
in the ENT Department at the Lariboisiére Hospital (Paris, France)
with no biologically confirmed COVID-19 or suspected COVID-19
in the past 8 weeks and no symptoms suggestive of COVID-19 or
another respiratory disease and therefore no recent taste and smell
function loss.

All the research participants were included at the Lariboisiére
Hospital, Paris. They received an oral and written information
about the research. Informed consent was obtained by the investi-
gator before any intervention related to the research. The CovidSmell
study was performed according to the approved protocol. All pa-
tients had a detailed standardized clinical and rhinological exam-
ination performed by a certified ENT physician. The following
measures were performed at inclusion: (i) taste and olfactory func-
tion evaluation by a self-questionnaire taste and smell survey (48)
and a visual analog scale (VAS) (49), and (ii) nasal brushing for col-
lection of neuroepithelium cells and olfactory mucus. The partici-
pants self-assessed their smell and taste perception using a 100-mm
VAS, where 0 mm indicated the inability to smell or taste and
100 mm indicated normal smell or taste perception (49).
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Human nasal cytobrush sampling

A certified ENT physician sampled the olfactory mucosa of each
participant by nasal brushing with safety precautions and after local
xylocaine application (lidocaine, 5%) following the method previ-
ously described (30). Briefly, sampling was performed with a sterile
3.5-mm endocervical brush (02.104, Gyneas, Goussainville, France)
inserted and gently rolled five times around the inside of both nos-
trils (360°). Swabs (one per nostril) were placed on ice immediately
after collection and frozen at —80°C or put in formalin solution 10%
neutral-buffered (HT-5011-1CS, Sigma-Aldrich).

Production and titration of SARS-CoV-2 virus

The strain 2019-nCoV/IDF0372/2020 [European Virus Archive
(EVA-GLOBAL) collection, Ref-SKU: 014V-03890] was provided
by S. Van der Werf, Institut Pasteur, Paris. Viral stocks were pro-
duced on Vero-E6 cells infected at a multiplicity of infection of
1 x 10™* PFU. The virus was harvested 3 days after infection, clar-
ified, and then aliquoted before storage at —80°C. Viral stocks were
titrated on Vero-E6 cells by classical plaque assay using semisolid
overlays (Avicel, RC581-NFDR080I, DuPont) (50).

SARS-CoV-2 model in hamsters

Male and female Syrian hamsters (M. auratus) of 5 to 6 weeks of age
(average weight of 60 to 80 g) were purchased from Janvier Labora-
tories and handled under specific pathogen-free conditions.
Hamsters were housed by groups of four animals in isolators in a
biosafety level 3 facility, with ad libitum access to water and food.
Before any manipulation, animals underwent an acclimation period
of 1 week. Animal infection was performed as previously described
with few modifications (23). Briefly, the animals were anesthetized
with an intraperitoneal injection of ketamine (200 mg/kg; Imalgéne
1000, Merial) and xylazine (10 mg/kg; Rompun, Bayer), and 100 ul
of physiological solution containing 6 x 10* PFU of SARS-CoV-2
(strain 2019-nCoV/IDF0372/2020, from S. van der Werf) was ad-
ministered intranasally to each animal (50 ul per nostril). Mock-
infected animals received the physiological solution only. Infected
and mock-infected animals were housed in separated isolators, and
all hamsters were followed up daily when the body weight and the
clinical score were noted. The clinical score was based on a cumula-
tive 0 to 4 scale: ruffled fur, slow movements, apathy, and stress
when manipulated. At predefined time points after infection,
animals were submitted to behavioral tests or euthanized, when
samples of nasal turbinates, trachea, lungs, and the brain (separated
in olfactory bulbs, cerebellum, cortex, and brain stem) were collected,
immediately frozen at —80°C, or formalin-fixed after transcardial per-
fusion with a physiological solution containing heparin (5 x 10> U/ml)
(Choay, Sanofi) followed by 4% neutral-buffered formaldehyde.

Behavioral tests

All behavioral assessment was performed in isolators in a biosafety
level 3 facility that we specially equipped for that.

Sucrose preference test

We measured taste in hamsters by a sucrose preference test based
on a two-bottle choice paradigm that paired 2% sucrose with regular
water (51). A reduction in the sucrose preference ratio in experimental
infected relative to mock animal is indicative of taste abnormalities.
After 6 hours of water deprivation, we conducted an individual over-
night testing that corresponds to a natural activity period of the
hamster. The preference was calculated using the following formula:

120f 17

2202 ‘90 ABJA UO vAOpRJ TP IPMIS T[SIP JISIOATU[) T8 SI0"90USIOS" MMm//:sd)IY WIOI] pIpRO[UMO(]



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

preference = sucrose intake/total intake x 100%. The total intake value
is the sum of the sucrose intake value and the regular water intake.
Buried food finding test

To assess olfaction, we used the buried food finding test as previ-
ously described (52) with few modifications. Hamsters were used
only once for each test. Four days before testing, hamsters received
chocolate cereals (Coco Pops, Kellogg’s) that they ate within 1 hour.
Twenty hours before testing, hamsters were fasted and then indi-
vidually placed into a fresh cage (37 cm by 29 cm by 18 cm) with
clean standard bedding for 20 min. Hamsters were placed in another
similar cage for 2 min when about 10 to 12 pieces of cereals were
hidden in 1.5-cm bedding in a corner of the test cage. The tested
hamster was then placed in the opposite corner, and the latency to
find the food (defined as the time to locate cereals and start digging)
was recorded using a chronometer. The test was carried out during a
15-min period. As soon as food was uncovered, hamsters were re-
moved from the cage. One minute later, hamsters performed the same
test but with visible chocolate cereals, positioned upon the bedding.

Scanning electron microscopy

For scanning electron microscopy, after animal transcardial perfu-
sion in phosphate-buffered saline (PBS) and then 4% neutral-buffered
formaldehyde, hamster whole heads and lungs were fixed in formalin
solution 10% neutral-buffered (HT-5011-1CS, Sigma-Aldrich), for
1 week at 4°C to allow neutralization of the virus. Lung and olfactory
epithelium small samples were then finely dissected and postfixed
by incubation in 2.5% glutaraldehyde in 0.1 M cacodylate buffer for
1 hour at room temperature and then 12 hours at 4°C. The samples
were washed in 0.1 M cacodylate and then several times in water
and processed by alternating incubations in 1% osmium tetroxide
and 0.1 M thiocarbohydrazide (OTOTO method), as previously de-
scribed (53). After dehydration by incubation in increasing concen-
trations of ethanol, samples were critical point dried, mounted on a
stub, and analyzed by field-emission scanning electron microscopy
with a Jeol JSM6700F operating at 3 kV.

Immunofluorescence

Tissues from paraformaldehyde (PFA)-perfused animals were
postfixed 1 week in 4% PFA, and olfactory brushes from patients
were kept in PFA until further use. After postfixation, hamster
whole heads (without skin and lower jaw) were decalcified in TBD-2
(6764003, Thermo Fisher Scientific) for 3 to 5 days and then sagitally
cut in half and rinsed in PBS. Organs or brushes were then washed in
PBS and dehydrated in 30% sucrose. They were then embedded in
optimal cutting temperature (O.C.T.) compound (4583, Tissue-Tek),
frozen on dry ice, and cryostat-sectioned into 20-um-thick (hamster
organs) or 14-um-thick (brushes) sections. Sections were rinsed in
PBS, and epitope retrieval was performed by incubating sections for
20 min in citrate buffer (pH 6.0; C-9999, Sigma-Aldrich) at 96°C for
20 min, or overnight at 60°C for whole head sections because they
are prone to detaching from the slides. Sections were then blocked
in PBS supplemented with 10% goat serum, 4% fetal calf serum, and
0.4% Triton X-100 for 2 hours at room temperature, followed by
overnight incubation at 4°C with primary antibodies: rat anti-CD11b
(1/100; 550282, BD Biosciences), rabbit anti-SARS-CoV NP (1/500;
provided by N. Escriou, Institut Pasteur, Paris), mouse anti-OMP
(1/250; sc-365818, Santa Cruz Biotechnology), chicken anti-Ibal (1/500;
234006, Synaptic Systems), mouse anti-Tujl (1/250; MA1-118,
Thermo Fisher Scientific), mouse anti-PGP9.5 (1/500; ab8189, Abcam),
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and rabbit anti-cleaved caspase-3 (1/250; Cell Signaling Technology,
Asp'”). After rinsing, slides were incubated with the appropriate
secondary antibodies (1/500; goat anti-rat Alexa Fluor 546, A11081;
goat anti-rabbit Alexa Fluor 488, A11034; goat anti-mouse IgG2a
Alexa Fluor 546, A21133; goat anti-chicken Alexa Fluor 647, A32933;
Invitrogen) for 2 hours at room temperature. All sections were then
counterstained with Hoechst (H3570, Invitrogen), rinsed thoroughly
in PBS, and mounted in Fluoromount-G (15586276, Invitrogen) be-
fore observation with a Zeiss LM 710 inverted confocal microscope.
Quantification of cells was performed using Image] in a semiauto-
mated manner.

RNA isolation and transcriptional analyses by qPCR

from human nasal cytobrushes

Frozen cytobrush samples were incubated with TRIzol (15596026,
Invitrogen) during 5 min, and the total RNA was extracted using
the Direct-zol RNA MicroPrep Kit (R2062, Zymo Research). The
presence of the SARS-CoV-2 in these samples was evaluated by
one-step qRT-PCR in a final volume of 25 pl per reaction in 96-well
PCR plates using a thermocycler (7500 Real-Time PCR System, Ap-
plied Biosystems). Briefly, 5 pl of diluted RNA (1:10) was added to
20 pl of SuperScript III Platinum One-Step qRT-PCR mix (Invitro-
gen 11746-100) containing 12.5 ul of reaction mix, 0.4 ul of 50 mM
MgSOy, 1.0 ul of SuperScript RT, and 6.1 ul of nuclease-free water
containing the nCoV_IP2 primers targeting the RARp gene (nCoV_
IP2-12669 forward: 5'-ATGAGCTTAGTCCTGTTG-3"; nCoV_
1P2-12759 reverse: 5'-CTCCCTTTGTTGTGTTGT-3’) at a final
concentration of 1 uM (54). The amplification conditions were as fol-
lows: 1 cycle of 55°C for 20 min, 1 cycle of 95°C for 3 min, 50 cycles
of 95°C for 15 s and 58°C for 30 s, and 1 cycle of 40°C for 30 s,
followed by a melt curve, from 60° to 95°C. The viral load quantifi-
cation in these samples was assessed using a TagMan one-step qRT-
PCR (Invitrogen 11732-020), with the same nCoV_IP2 primers and
the nCoV_IP2 probe (5'-FAM-AGATGTCTTGTGCTGCCGGTA-
3’-TAMRA) at a final concentration of 1 uM (54).

The detection of genomic and subgenomic SARS-CoV-2 RNA was
based on the E gene (54) using a TagMan one-step qRT-PCR (Invitrogen
11732-020): To detect the genomic RNA, we used the E_sarbeco primers
and probe (E_Sarbeco_F15'-ACAGGTACGTTAATAGTTAATAGC-
GT-3’; E_Sarbeco_R2 5'-ATATTGCAGCAGTACGCACACA-3';
E_Sarbeco_Probe FAM-5"-ACACTAGCCATCCTTACTGC-
GCTTCG-3'-TAMRA). The detection of subgenomic SARS-CoV-2
RNA was achieved by replacing the E_Sarbeco_F1 primer by the
CoV2sgLead primer (CoV2sglead forward: 5'-CGATCTCTTG-
TAGATCTGTTCTC-3"). A synthetic gene encoding the PCR target
sequences was ordered from Thermo Fisher Scientific. A PCR prod-
uct was amplified using Phusion High-Fidelity DNA Polymerase
(Thermo Fisher Scientific) and in vitro transcribed by means of Ri-
boMAX T7 kit (Promega). RNA was quantified using Qubit RNA
HS Assay kit (Thermo Fisher Scientific), normalized, and used as a
positive control to quantify RNA absolute copy number.

Total RNA from human cytobrushes was also reverse-transcribed
to first-strand complementary DNA (cDNA) using the SuperScript
IV VILO Master Mix (11766050, Invitrogen). To quantify host in-
flammatory mediators’ transcripts (IL-6, CXCL10, CCL5, Mx1, and
ISG20), qPCR was performed in a final volume of 10 pl per reaction
in 384-well PCR plates using a thermocycler (QuantStudio 6 Flex,
Applied Biosystems). Briefly, 2.5 ul of cDNA (12.5 ng) was added to
7.5 ul of a master mix containing 5 ul of Power SYBR green mix
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(4367659, Applied Biosystems) and 2.5 ul of nuclease-free water
containing predesigned primers (no. 249900, Qiagen; QuantiTect
Primer Assays IL-6: QT00083720; CXCL10: QT01003065; CCL5:
QT00090083; Mx1: QT00090895; ISG20: QT00225372; OMP:
QT00237055; and GAPDH: QT00079247). The amplification con-
ditions were as follows: 95°C for 10 min, 45 cycles of 95°C for 15 s, and
60°C for 1 min, followed by a melt curve, from 60° to 95°C. Variations
in the gene expression were calculated as the n-fold change in ex-
pression in the tissues compared with the tissues of the control #1.

RNA isolation and transcriptional analyses by qPCR

from golden hamsters’ tissues

Frozen tissues were homogenized with TRIzol (15596026, Invitro-
gen) in Lysing Matrix D 2-ml tubes (116913100, MP Biomedicals)
using the FastPrep-24 system (MP Biomedicals) and the following
scheme: homogenization at 6.5 m/s during 60 s and centrifugation
at 12,000¢ during 2 min at 4°C. The supernatants were collected,
and the total RNA was then extracted using the Direct-zol RNA
MicroPrep Kit (R2062, Zymo Research: olfactory bulb, trachea, and
nasal turbinates) or MiniPrep Kit (R2052, Zymo Research: lung,
brain stem, cerebral cortex, and cerebellum) and reverse-transcribed
to first-strand cDNA using the using the SuperScript IV VILO Master
Mix (11766050, Invitrogen). qPCR was performed in a final volume
of 10 ul per reaction in 384-well PCR plates using a thermocycler
(QuantStudio 6 Flex, Applied Biosystems). Briefly, 2.5 ul of cDNA
(12.5 ng) was added to 7.5 ul of a master mix containing 5 pl of
Power SYBR green mix (4367659, Applied Biosystems) and 2.5 ul of
nuclease-free water with the nCoV_IP2 primers (nCoV_IP2-12669
forward: 5'-ATGAGCTTAGTCCTGTTG-3'; nCoV_IP2-12759
reverse: 5'-CTCCCTTTGTTGTGTTGT-3’) at a final concentration
of 1 uM. The amplification conditions were as follows: 95°C for 10 min,
45 cycles of 95°C for 15 s, and 60°C for 1 min, followed by a melt
curve, from 60° to 95°C. Viral load quantification in hamster tissues
was assessed by linear regression using a standard curve of eight
known quantities of plasmids containing the RARp sequence (ranging
from 107 to 10° copies). The threshold of detection was established
as 200 viral copies/ug of RNA. The golden hamsters’ gene targets
were selected for quantifying host inflammatory mediators’ tran-
scripts in the tissues using the Hprt (hypoxanthine phosphoribosyl-
transferase) and the y-actin genes as reference (table S6). Variations
in the gene expression were calculated as the n-fold change in
expression in the tissues from the infected hamsters compared with
the tissues of the uninfected ones using the 2728C ethod (55).

Viral titration in human nasal cytobrushes and in golden
hamsters’ brains

Frozen cytobrushes samples of the patients #14 and #15 and the
controls #3 and #4 were incubated with 1 ml of ice-cold Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 1% penicillin/
streptomycin (15140148, Thermo Fisher Scientific) during 5 min.
Frozen fragments of hamster tissues (lung, olfactory bulb, brain stem,
cerebral cortex, and cerebellum) were weighted and homogenized
with 1 ml of ice-cold DMEM supplemented with 1% penicillin/strepto-
mycin in Lysing Matrix M 2-ml tubes (116923050-CF, MP Biomedicals)
using the FastPrep-24 system (MP Biomedicals) and the following
scheme: homogenization at 4.0 m/s during 20 s, incubation at 4°C
during 2 min, and new homogenization at 4.0 m/s during 20 s. The
tubes were centrifuged at 10,000g during 1 min at 4°C. The super-
natants were titrated on Vero-E6 cells by classical plaque assays

de Melo et al., Sci. Transl. Med. 13, eabf8396 (2021) 2 June 2021

using semisolid overlays (Avicel, RC581-NFDR080I, DuPont) (50).
RNA was isolated from the supernatants using TRIzol LS (10296028,
Invitrogen) and the Direct-zol RNA MicroPrep Kit (R2062, Zymo
Research) as described above.

Transcriptomics analysis in golden hamsters’ olfactory bulb
RNA preparation was used to construct strand-specific single-end
cDNA libraries according to the manufacturers’ instructions (TruSeq
Stranded mRNA sample prep kit, Illumina). Illumina NextSeq 500
sequencer was used to sequence libraries. The complete RNA-seq
analysis approach is described in the Supplementary Materials.

Statistical analysis

Statistical analysis was performed using Stata 16 (StataCorp LLC,
Texas, USA) and Prism software (GraphPad, version 8, San Diego,
USA), with P < 0.05 considered significant. Quantitative data were
compared across groups using Mann-Whitney nonparametric test.
Categorical data were compared between groups using Fisher’s
exact test. Associations between the viral load, the olfactory and
taste scores, the expression of cytokines, and the time from the first
disease symptom were estimated with Spearman nonparametric
test. In the animal experiences, time to event was analyzed using
Kaplan-Meier estimates and compared across groups using the log-
rank test. The degree of marker expression at different dpi was
compared to the expression before infection using Kruskal-Wallis
followed by the Dunn’s multiple comparison test for unmatched data.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/13/596/eabf8396/DC1
Materials and Methods

Figs.S1to S5

Tables S1to S6

Data files S1 and S2
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Sticking the nose into COVID-19

Patients with COVID-19 can develop loss of smell and/or taste. Unfortunately, the pathophysiology of these alterations
remains unclear. Here, de Melo et al. examined the olfactory mucosa in patients with COVID-19 reporting loss of
smell and detected SARS-CoV-2 viral particles and inflammation in multiple cell types in the olfactory neuroepithelium,
including olfactory sensory neurons. Hamster infected with SARS-CoV-2 developed loss of smell that was associated
with dissemination of the virus in the olfactory mucosa and CNS and with neuroinflammation. In four patients who
developed persistent loss of smell, the authors detected lasting SARS-CoV-2 presence in the olfactory mucosa,
suggesting that the prolonged relapsing anosmia in patients with COVID-19 could be due to persistent viral infection.

View the article online

https://www.science.org/doi/10.1126/scitransImed.abf8396
Permissions

https://www.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Translational Medicine (ISSN 1946-6242) is published by the American Association for the Advancement of Science. 1200 New
York Avenue NW, Washington, DC 20005. The title Science Translational Medicine is a registered trademark of AAAS.

Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

2202 ‘90 ABJA UO vAOpRJ TP IPMIS T[SIP JISIOATU[) T8 SI0"90USIOS" MMm//:sd)IY WIOI] pIpRO[UMO(]



