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RRESUMÉ 

Les virus respiratoires aéroportés sont particulièrement préoccupants du fait de la 
difficulté de contrôler leur transmission. Parmi ces virus, le virus du syndrome respiratoire 
aigu sévère 2 (SARS-CoV-2), le virus de la rougeole (VR) et les Henipavirus Nipah (NiV) et 
Hendra (HeV) peuvent infecter également le système nerveux central (SNC) chez l’homme 
et provoquent alors souvent des encéphalites létales. Par exemple, le SARS-CoV-2, 
responsable de la pandémie de COVID-19, entraine un syndrome respiratoire aigu sévère et 
des atteintes neurologiques. De son côté, et malgré un vaccin efficace, la rougeole connaît 
une réémergence inquiétante et cause la mort de plus de 200 000 personnes par an. Le VR 
peut entraîner des encéphalites rougeoleuses à corps d’inclusion (MIBE) dans un contexte 
d’immunodéficience ou une panencéphalite sclérosante subaiguë (PESS) parfois des 
décennies après l’exposition au virus chez des patients immunocompétents. NiV et HeV sont 
des Paramyxovirus zoonotiques hautement pathogènes du genre Henipavirus. Malgré le 
faible nombre de cas humains recensés depuis leur émergence à la fin des années 1990, les 
NiV et HeV sont classés parmi les huit pathogènes prioritaires pour la recherche par 
l’Organisation Mondiale de la Santé en raison de leur fort potentiel pandémique. Certaines 
souches sont mortelles dans plus de 70% des cas en moyenne.  

À ce jour il n’existe pas de traitement efficace commercialisé pour traiter ces 
infections virales chez l’homme. De plus, les étapes précoces de l’infection du SNC par ces 
virus restent peu documentées car la majorité des données proviennent d’analyses réalisées 
post mortem. L’objectif global de cette thèse a été d’identifier des facteurs influençant 
l’invasion du SNC par ces virus. Le tropisme initial, la dissémination, ainsi que l’implication 
des glycoprotéines virales de surface et l’évolution génétique virale ont été analysées pour le 
SARS-CoV-2, le VR et plusieurs souches d’Henipavirus à l’échelle organique, cellulaire et 
moléculaire. 

Deux nouveaux modèles de cultures organotypiques de poumons et de tronc cérébral 
chez le hamster ont été développés et caractérisés. Ces modèles ex vivo sont susceptibles à 
l’infection par le SARS-CoV-2 et par le NiV. En revanche, un mutant hyperfusogène du VR, 
pourtant capable de fusionner en l’absence de récepteur connu, n’infecte que les cultures de 
cerveau. Ces cultures organotypiques ont permis de valider le tropisme initial du SARS-CoV-
2 dans les poumons et démontré la permissivité de certains neurones dans le cerveau. Ces 
modèles ont également permis d’établir que l’infection par le SARS-CoV-2 induit une 
réponse interféron spécifique et une réponse immunitaire innée, ainsi qu’une mort cellulaire 
par apoptose, nécroptose et pyroptose dans ces organes. Enfin, ces cultures organotypiques 
ont montré leur pertinence dans la validation d’antiviraux. L’étude de VR portant des 
mutations dans leur protéine de fusion observées lors d’encéphalites rougeoleuses a montré 
l’importance du caractère hyperfusogène de ces mutants pour se disséminer dans le SNC 
pourtant dépourvu de récepteurs connus. Des différences dans la machinerie de fusion de 
trois souches pathogènes d’Henipavirus ont aussi été identifiées et analysées. 

Grace aux cultures organotypiques cérébrales de hamster et de souris transgéniques 
plusieurs candidats antiviraux ont été testés pour bloquer la dissémination du VR sauvage et 
de variants neuroinvasifs, mais aussi du NiV et du SARS-CoV-2. Ces résultats donnent des 
perspectives nouvelles d’utilisation de ces modèles ex vivo pour étudier l’infection par des 
virus émergents et pour évaluer l’efficacité de traitements en amont de validation in vivo. 
L’étude comparative de l’infection des cultures organotypiques par ces virus respiratoires à 
pathogénicité variable a illustré comment la machinerie de fusion peut influencer la 
dissémination virale dans le cerveau. 
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AABSTRACT 

Airborne respiratory viruses are of particular concern because of the difficulty in 
controlling their transmission. Among these viruses, severe acute respiratory syndrome virus 
2 (SARS-CoV-2), measles virus (MeV) and Henipavirus Nipah (NiV) and Hendra (HeV) can 
also infect the central nervous system (CNS) in humans and cause lethal encephalitis. For 
example, SARS-CoV-2, responsible for the COVID-19 pandemic, causes severe acute 
respiratory syndrome and neurological syndromes. Despite an effective vaccine, measles is 
reemerging and still responsible of more than 200 000 deaths per year. MeV can lead to 
measles inclusion-body encephalitis (MIBE) in immunocompromised patients or sub-acute 
sclerosing panencephalitis (SSPE) sometimes decades after exposure to the virus in 
immunocompetent patients. NiV and HeV are highly pathogenic zoonotic Paramyxoviruses 
that belong to the genus Henipavirus. Despite the low number of human cases recorded 
since their emergence in the late 1990s, NiV and HeV are classified among the top eight 
pathogens to prioritize for research and development in public health emergency contexts by 
the World Health Organization because of their high pandemic potential. Some strains are 
fatal in more than 70% of cases. 

To date, there is no effective commercialized treatment to cure these viral infections 
in human. Moreover, the early stages of the CNS infection by these three viruses remain 
poorly documented because most of the data come from post-mortem analyzes. The overall 
objective of this thesis was to identify factors influencing the CNS invasion by these viruses. 
The initial tropism, the dissemination, as well as the involvement of viral surface 
glycoproteins and viral genetic evolution were analyzed for SARS-CoV-2, MeV and several 
Henipavirus strains at the organic, cellular, and molecular levels. 

Two new models of organotypic cultures from hamster brainstem and lung have been 
developed and characterized. These ex vivo models are susceptible to the infection with 
SARS-CoV-2 and NiV. In contrast, a hyperfusogenic MeV mutant able to fuse in absence of 
known receptor, could only infect brain cultures. In these organotypic cultures the initial 
tropism of SARS-CoV-2 in the lungs was validated and the permissiveness of certain 
neurons in the brain was demonstrated. The results also showed that SARS-CoV-2 infection 
induces specific interferon and innate immune responses, along with cell death by apoptosis, 
necroptosis, and pyroptosis. Finally, these organotypic cultures have shown their relevance 
in validating the effect of antiviral treatments. The study of MeV carrying mutations in their 
fusion protein observed in measles encephalitis cases has shown the importance of the 
hyperfusogenic property to disseminate within the CNS, which lacks the expression of known 
receptors. Differences in the fusion machinery of three pathogenic Henipavirus strains were 
also identified and analyzed. 

Several antiviral candidates have been tested in organotypic brain cultures from 
hamsters and transgenic mice to block the dissemination of wild-type MeV and neuroinvasive 
MeV variants, but also of NiV and SARS-CoV-2. These results pave the way for the use of 
these ex vivo models to study newly emerged viruses’ pathogenesis and assess the efficacy 
of candidate antivirals before in vivo validation. The comparative study of the organotypic 
culture infections by these respiratory viruses with high pathogenicity differences illustrated 
how the fusion machinery can influence the viral dissemination in the brain. 
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PPREFACE 

 

Les virus respiratoires aéroportés sont particulièrement préoccupants de par leur fort 
pouvoir de transmission. Certains infectent également le SNC et provoquent des 
encéphalites.  

Parmi ces virus, le virus de la rougeole (VR) reste un problème de santé publique 
malgré un vaccin efficace et le fait que l’Homme soit son unique réservoir et il connait 
ses dernières années une réémergence inquiétante. Les Henipavirus Nipah et 
Hendra sont des virus zoonotiques hautement pathogènes nécessitant d’être 
manipulés dans un laboratoire de niveau de confinement 4. Malgré le faible nombre 
de cas humains recensés depuis leur émergence à la fin des années 1990, les virus 
Nipah et Hendra sont classés prioritaires pour la recherche par l’Organisation 
Mondiale de la Santé de par leur fort potentiel pandémique.  

L’objectif initial de ma thèse était d’étudier l’infection du SNC par les Paramyxovirus. 
L’émergence fin 2019 du virus du syndrome respiratoire aigu sévère 2 (SARS-CoV-
2), lui aussi zoonotique, responsable du COVID-19, confirme l’importance d’étudier la 
pathogénèse des virus respiratoires provoquant des symptômes neurologiques. 
C’est donc en toute logique que le SARS-CoV-2 s’est imposé dans cette thèse.  

L’infection du SNC par ces virus respiratoires est encore mal comprise. C’est 
pourquoi cette introduction essayera de donner tous les éléments nécessaires à la 
compréhension des résultats obtenus. L’introduction commence par décrire l’état de 
l’art des connaissances actuelles sur l’infection du SNC par le VR, virus ancestral qui 
sert de point de comparaison pour l’étude de l’infection du SNC par les Henipavirus 
et par le SARS-CoV-2 pour lesquels les connaissances sont moindres. 

 

1) Virus respiratoires et encéphalites 

Les principaux virus ciblant les voies respiratoires sont les Pneumoviridae (i.e. le 
virus respiratoire syncytial (RSV)) ; les Paramyxoviridae (majorirairement le virus 
humain parainfluenza de type 3 (hPIV3), le virus des oreillons, le virus de la rougeole 
et les Henipavirus) ; les Picornaviridae (Enterovirus et Rhinovirus) ; les Coronaviridae 
(notamment les Coronavirus humains endémiques mais aussi les virus SARS-CoV, 
MERS-CoV et SARS-CoV-2) ; les Adenoviridae (Adenovirus) ; les Orthomyxoviridae 
(avec le virus de la grippe) et les Parvoviridae (Bocavirus humain) 1.  
Les virus les plus encéphalitogènes connus à ce jours appartiennent aux familles des 
Alphavirus, Bunyavirus, Bornavirus, Flavivirus, Herpesvirus, les virus Influenza, 
Picornavirus, Paramyxovirus et Rhabdovirus. 
Cependant, d’après l’organisation mondiale de la santé (OMS, 2016) 50% des virus 
émergents pathogènes pour l’Homme sont capable d’infecter le SNC. 
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2) L’accès au système nerveux central 

Malgré le rôle protecteur de la barrière hématoencéphalique (BHE) les virus 
parviennent tout de même à atteindre le SNC par différents moyens. Le virus de la 
rougeole et le virus des oreillons utilisent notamment la voie hématogène pour 
traverser la BHE et d’autres virus tels que les Enterovirus utilisent les voies 
digestives pour atteindre le SNC 2,3. Les virus peuvent aussi atteindre le parenchyme 
cérébral en traversant la BHE directement via l’infection de cellules endothéliales 
cérébrales ou en empruntant les plexi choroïdes. De plus, certains virus peuvent 
envahir le SNC par le mécanisme du « cheval de Troie » qui consiste à infecter le 
SNC par biais de cellules immunitaires infectées ou portant le pathogène en surface. 
Enfin, l’accumulation de cytokines dans le sang en réponse à l’infection peut 
également perméabiliser de la BHE, particulièrement le TNF-α (ou « Tumor Necrosis 
Factor »), l’interleukine-6 (IL-6) et l’IL-1β entre autres. Ces lésions de la BHE 
permettent l’entrée directe du virus de l’herpès simplex 1 (HSV-1) et du VIH. L’entrée 
du SARS-CoV-2 dans le SNC à la suite de l’orage cytokinique est également très 
fortement suspecté 4,5. Une autre stratégie consiste à infecter le système nerveux 
périphérique pour y migrer jusqu’au SNC, comme le virus de la rage par exemple. 
Enfin les bulbes olfactifs constituent également un accès directe au SNC. Le virus de 
la grippe illustre cette voie d’entrée en infectant les neurones olfactifs via leurs 
dendrites dans la muqueuse nasale. Les voies de propagation des virus dans le SNC 
sont plus détaillées dans la Figure 1 ci-dessous. 
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Figure 1 : Les voies de propagation des virus dans le système nerveux central. 

A) Infection des nerfs périphériques. A gauche, le virus se propage de l'épithélium 
muqueux aux neurones sensoriels et autonomes à la suite d'une infection des 
terminaisons axonales. Le transport axonal rétrograde entraîne la propagation du 
virus à la moelle épinière. A droite, l'infection virale des motoneurones au niveau des 
jonctions neuromusculaires dans le muscle lisse entraîne un transport axonal 
rétrograde vers la moelle épinière et le cerveau.  
B) Barrière hémato-encéphalique. Les lymphocytes infectés par le virus (en vert) 
dans les vaisseaux sanguins « roulent » le long de l'endothélium, se fixent aux 
cellules endothéliales et traversent la couche de cellules endothéliales et les limites 
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de la glie. Alternativement, une infection virale directe des cellules endothéliales peut 
se produire par une propagation ultérieure dans le parenchyme cérébral entraînant 
une infection neuronale.  
C) Infection des neurones olfactifs. Le virus présent dans la muqueuse des voies 
respiratoires supérieures peut infecter directement les neurones sensoriels olfactifs 
présents dans l'épithélium olfactif. Le transport axonal antérograde conduit à la 
propagation du virus dans les faisceaux axonaux passant à travers la plaque 
cribriforme dans le bulbe olfactif. La propagation trans-synaptique aux cellules 
mitrales entraîne la propagation du virus le long du tractus olfactif vers d'autres 
régions du cerveau.  
D) Barrière méningée et liquide céphalo-rachidien (LCR). Les leucocytes infectés par 
le virus dans les vaisseaux sanguins méningés présents dans l'espace sous-
arachnoïdien entre la pie et le rouleau arachnoïdien, se fixent à l'endothélium et les 
cellules endothéliales transversales dans la barrière méningo-encéphalique. Les 
leucocytes infectés par le virus ou le virus acellulaire présents dans les vaisseaux 
sanguins traversent l'endothélium comme décrit précédemment. Cela peut conduire 
à l'infection des cellules épithéliales et à la libération apicale du virus ou à la 
propagation de leucocytes infectés par le virus à travers l'épithélium du plexus 
choroïde. 
Figure adaptée de Ludlow et al., 2016 6. 
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I- Le COVID-19 

1) Epidémiologie 

Le SARS-CoV-2 a émergé fin 2019 dans la province de Wuhan en Chine et est 
responsable de la pandémie mondiale de COVID-19 (pour Coronavirus disease 
2019) déclarée en mars 2020 par l’Organisation Mondiale de la Santé (OMS) 7. En 
octobre 2021, plus de 244 millions de cas confirmés en laboratoire ont été signalés 
et plus de 5 millions de patients sont décédés du COVID-19 dans le monde 8.  

Les coronavirus doivent leur nom à leur glycoprotéine de surface en forme de pointe 
(protéine Spike) qui confère un aspect de couronne aux particules virales. Il existe 4 
genres de coronavirus : alpha, bêta, gamma et delta, qui sont génétiquement 
différents et peuvent infecter plusieurs espèces animales, notamment les chauves-
souris, les porcs, les chats, les rongeurs et les humains 9. Seuls les coronavirus 
alpha et bêta sont connus pour infecter les humains et entraînent une pathologie.  

Quatre coronavirus humains endémiques (HCoV) ont été identifiés à ce jour : HCoV-
229E, HCoV-NL63 10,11, HCoV-OC43 et HCoV-HKU1 12,13. Ces HCoV infectent 
généralement les voies respiratoires supérieures et provoquent des épidémies 
saisonnières de rhumes chez l’Homme 14,15. Ces 20 dernières années 3 coronavirus 
zoonotiques hautement pathogènes pour l’Homme ont émergé : le coronavirus du 
syndrome respiratoire aigu sévère (SARS-CoV) en 2002/200316,17, le coronavirus 
relatif au syndrome respiratoire du Moyen-Orient (MERS-CoV) en 2012 18,19 , et le 
virus du syndrome respiratoire aigu sévère-2 (SARS-CoV-2) fin 2019 20. Le SARS-
CoV a été rapidement stoppé, quelques cas de personnes infectées par le MERS-
CoV sont encore rapportés de façon sporadique, mais la pandémie de COVID-19 
causée par le SARS-CoV-2 est encore très loin d’être sous contrôle. Contrairement 
aux HCoV les coronavirus zoonotiques infectent également les voies respiratoires 
basses et provoquent un spectre de gravité de la maladie chez l'homme, allant 
d'infections asymptomatiques ou bénignes à une détresse respiratoire mortelle avec 
défaillance de plusieurs organes. 

Les HCoV-OC43 et HCoV-HKU1 proviennent probablement de rongeurs tandis que 
les HCoV-229E, HCoV-NL63 ainsi que les trois coronavirus zoonotiques auraient 
pour origine la chauve-souris 20,21.  
En effet, des coronavirus relatifs au SARS-CoV (SARSr-CoV) circulent chez les 
chauves-souris et ont une homologie de séquence génomique élevée avec le SARS-
CoV et le SARS-CoV-2. Par exemple, le génome du SARS-CoV-2 partage 96,2 % 
d'identité avec le SARSr-CoV RaTG13 qui a été détecté chez des rhinolophes dans 
la province du Yunnan en 2013 20,22. L’hypothèse la plus robuste est donc que la 
chauve-souris serait le réservoir du SARS-CoV-2 qui aurait atteint l’Homme via des 
hôtes intermédiaires.  
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Tableau 1 : Les différents coronavirus 
 

Coronavirus 
endémiques humains 

Coronavirus zoonotiques 
hautement pathogènes 

Coronavirus relatifs 
au SARS 

Pathogénicité 
chez 
l’Homme 

Modérée, rhumes 
saisonniers 

Variable allant d’ 
asymptomatique à des arrêts 

respiratoires et cardiaques 
- 

Origine Rongeurs ou chauves-
souris Chauves-souris ou chameaux Chauves-souris 

Genres et 
virus 

Betacoronavirus 
• HCoV-OC43 
• HCoV-HKU1 
• HCoV-229E 

Alphacoronavirus 
• HCoV-NL63 

Betacoronavirus, 
Sous-genre Sarbecoronavirus 

• SARS-CoV 
• MERS-CoV 
• SARS-CoV-2 

Betacoronavirus, 
Sous-genre 
Sarbecoronavirus 
• SARSr-CoV 

RaTG13 
(et d’autres) 

 

2) Le virus du SARS-CoV-2 

a. Classification 
Le SARS-CoV-2 appartient au sous-genre Sarbecovirus, au sein du genre 
Betacoronavirus, de la sous-famille des Orthocoronavirinae et de la famille des 
Coronaviridae. La séquence génomique du SARS-CoV-2 partage 79,6% d'identité 
avec le SARS-CoV qui a émergé en 2002/2003 16,17. La taille des particules virales 
du SARS-CoV-2 varie entre 60 à 140 nm 20.  
 

b. Le génome du SARS-CoV-2 
Le SRAS-CoV-2 est un virus enveloppé à ARN simple brin de sens positif de 29 891 
bases 23. Le génome du SARS-CoV-2 code pour 16 protéines non structurales (nsp1 
à nsp16), 8 protéines accessoires et 4 protéines structurales : la spike (S), la 
protéine de membrane (M), la protéine d’enveloppe (E) et la nucléocapside (N) 24. 
Les protéines structurales sont codées par la région 3' du génome.  

La S est une protéine homotrimérique transmembranaire de classe I. Pour permettre 
la fusion de la membrane de la particule virale avec celle de la cellule cible, la 
protéine S doit être clivée spécifiquement en deux sous-unités S1 et S2 par 
différentes protéases cellulaires. La première sous-unité (S1) est nécessaire pour se 
lier au récepteur cellulaire et initier l'infection grâce au domaine de liaison au 
récepteur (RBD)25. La sous-unité S2 contient le peptide de fusion (FP), et deux 
domaines complémentaires d’heptades répétées aux extrémités N terminale (HRN) 
et C terminale (HRC) permettant la fusion en tant que telle 26. Le clivage de la S peut 
avoir lieu à la surface de la cellule par la protéase sérine transmembranaire 2 
(TMPRSS2) ou au niveau de l'endosome par la Cathepsine B et la Cathepsine L 26,27 
(Figure 2). 

La S peut aussi être pré-clivée par la furine, une « proprotéine convertase ». Ce pré-
clivage permet de réduire la dépendance du virus vis-à-vis de l’expression des 
protéases sur cellules cibles 26,28. Le fragment S1 de la protéine Spike clivée par la 
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furine peut se lier à la Neuropiline-1, abondamment exprimée à la surface des 
cellules endothéliales et épithéliales. Cette liaison peut donc faciliter l'infection par le 
SRAS-CoV-2 en favorisant l'interaction virale avec l' « angiotensin converting 
enzyme 2 » (ACE2) 29,30. Enfin, une interaction entre le récepteur CD147 à la surface 
des cellules hôtes et la S du SARS-CoV-2 pourrait également faciliter l'infection 31,32. 
 

L'infection commence par la liaison de la glycoprotéine virale de surface, spike (S), à 
son récepteur ACE2 à la surface de la cellule cible 20. L'expression et la distribution 
tissulaire de l'ACE2 influencent le tropisme viral et la pathogénicité 33.  
La fusion des membranes entraine la libération du génome dans le cytoplasme de la 
cellule cible. Le génome positif du SARS-CoV-2 sert d’ARNm et est immédiatement 
traduit partiellement en protéines virales nécessaires pour la réplication et la 
transcription de l’ARN. La synthèse de l’ARN est réalisée par l'ARN polymérase 
virale dépendante de l'ARN codée par nsp12. La réplication virale a lieu dans des 
vésicules à double membranes induites par le virus (DMV) et dérivées du réticulum 
endoplasmique. Ceci permet de créer un microenvironnement pour la réplication 
virale induite par nsp4 34. Les ARN subgénomiques synthétisés via une transcription 
discontinue sont ensuite traduits en protéines non structurales et structurales. 
L'assemblage viral a lieu dans le réticulum endoplasmique. À la fin du cycle, les 
virions sont acheminés vers la membrane cellulaire pour ensuite bourgeonner par 
exocytose 33 ou par la voie lysosomale 35. 
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Figure 2 : Entrée de SARS-CoV-2 dans les cellules cibles. 
Pour permettre la fusion la S doit d’abord être clivée à la surface par TMPRSS2 (1) 
ou dans l’endosome par les cathepsines B ou L (2). Figure réalisée sur BioRender. 

 

3) Les variants 

Le SARS-CoV-2 mute très rapidement et de nombreux variants ont émergé depuis le 
début de la pandémie. Ces variants sont caractérisés par l’apparition de mutations 
qui permettent l'acquisition d'avantages sélectifs vis-à-vis du virus avec menace 
d’échappement aux vaccins disponibles. A ce jour on compte 4 variants 
préoccupants et 7 variants d’intérêts. Sur décision de l’OMS les variants portent des 
noms de lettres grecques pour pouvoir les dénommer facilement, en plus de leur 
nom officiel et éviter leur assimilation à une origine géographique. Les variants 
préoccupants comportent tous des mutations dans la S et sont les variants 
alpha (B.1.1.7), bêta (B.1.351), gamma (B.1.1.28.1) et delta (B.1.617.2) initialement 
identifiés au Royaume-Uni, en Afrique du Sud au Brésil et Japon, et en Inde, 
respectivement. Les variants alpha et delta sont 50 à 75% plus contagieux que la 
souche initiale du SARS-CoV-2 36. 
 

Parmi les mutations les plus retrouvées dans les protéines S des variants 
préoccupants on retrouve les mutations D614G, N501Y et E484K. Les mutations 
D614G et N501Y confèrent aux virus une augmentation du pouvoir infectieux et une 
meilleure affinité de l’interaction entre la S et ACE2 37–39. Les variants portant la 
mutation E484K sont moins efficacement neutralisés par les anticorps conférés par 
une première exposition au virus ou par la vaccination 37.  

4) Les vaccins 

Les principales stratégies de vaccins et de traitements antiviraux ciblent la protéine 
S. Etant donné l’enjeu, le nombre de vaccins en cours de développement augmente 
continuellement. L’OMS a recensé 110 vaccins autorisés ou en phase d'étude 
clinique contre le SARS-CoV-2 36. 
En France quatre vaccins ont été administrés à ce jour : deux vaccins à ARN 
messager BNT162b2 (commercialisé par Pfizer) et Moderna-mRNA-1273 et deux 
vaccins à vecteur viral ; AstraZeneca AZD1222 (Univ. Oxford) basé sur un vecteur 
adénoviral de chimpanzé et Ad26COV2. S (Janssens, Johnson & Johnson) basé sur 
un adénovirus humain de type 26 (Ad26). 
Il y a quelques années, des modifications bloquant la S du SARS-CoV et du MERS-
CoV dans leur état de préfusion ont été identifiées 40,41. Une substitution d'acides 
aminés aux codons K986P et V987P (insertion de 2 prolines) et la modification du 
site de clivage S1 RRAR682/5GSAS stabilisent la S dans son état de préfusion 42. 
Ces modifications sont présentes partiellement dans certains vaccins tels que 
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BNT162b2 (commercialisé par Pfizer) et Moderna-mRNA-1273 (double substitution 
de proline) 43,44 et Ad26COV2. S (Janssens, Johnson & Johnson) (insertion de la 
double mutation de proline et modification du site de clivage polybasique) 45. Les 
nouveaux vaccins sur le point d’être commercialisés, Zorecimeran (CureVac/Bayer) 
et MRT5500 (Sanofi Pasteur) comportent également la mutation des deux prolines. 
En revanche les vaccins AstraZeneca AZD1222 (Univ. Oxford), Spoutnik V, Spoutnik 
Light (Gamaleïa) et le vaccin Convidicea (CanSino) codent ou contiennent la S du 
virus d’origine sans aucune mutation 46.  
L’efficacité de certains vaccins face à l’émergence de nouveaux variants peut être 
diminuée. Les anticorps neutralisants induits par les 4 vaccins administrés en France 
se sont avérés moins efficaces in vitro sur les variants beta (B.1.351) et delta 
(B.1.617.2) 47–50. 

5) Le COVID-19 

a. Pathogénèse 
L'infection par le SARS-CoV-2 peut être asymptomatique chez certains patients. 
Dans les cas symptomatiques, il y a une atteinte des voies respiratoires avec 
apparition d’un syndrome respiratoire aigu qui peut être très sévère et laisser des 
séquelles irréparables. Dans les cas graves, on observe aussi des arrêts cardiaques 
et des arrêts respiratoires. 
Le SARS-CoV-2 est aérosolisé dans la muqueuse des voies respiratoires 
supérieures où il commence à se répliquer probablement dans les cellules de 
l'épithélium cilié 51. Les premiers symptômes peuvent être une rhinite, une glossite et 
une toux avec une possible intoxication systémique, se manifestant par de la fièvre 
et des douleurs articulaires 52. Le virus atteint les poumons et pénètre ensuite dans la 
circulation systémique. Au cours de cette étape de la phase de virémie le virus 
infecte toujours les cellules qui expriment le récepteur ACE2 : les pneumocytes de 
type 2 de l'épithélium alvéolaire, le cœur, les reins, les cellules du tractus gastro-
intestinal, les macrophages, et l'endothélium des vaisseaux artériels et veineux 53. La 
deuxième étape de la maladie est la phase aiguë, et se caractérise par l’apparition 
de lésions dans les organes dues à l’infection. Chez l’Homme, le SARS-CoV-2 induit 
une faible réponse interféron de types I, II et III et une forte activation de la voie 
interleukine IL-1β/IL-6 54. Dans les poumons, l’infection entraine une tempête de 
cytokines. L'infection des cellules épithéliales alvéolaires de type II active 
l'inflammasome, ce qui induit la production d'IL-1β. L'IL-1β induit la sécrétion d'IL-6 
par les cellules endothéliales et les cellules vasculaires musculaires lisses, ce qui 
renforce la réponse inflammatoire 55,56. Dans les cas modérés de COVID-19, cette 
phase aiguë caractérisée par le développement d'une pneumonie est contrôlée par le 
système immunitaire qui permet une récupération des patients. Chez les patients à 
risques en raison de leur âge avancé, d’une immunodépression ou de maladies 
concomitantes, le système immunitaire ne peut généralement pas contrôler 
efficacement la maladie.  
 

b. Tempête cytokinique 
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Les cytokines impliquées sont en particulier les cytokines pro-inflammatoires telles 
que l'IL-1β, l'IL-6, l'IL-15 et le TNF-α, qui sont produites sur les sites d'inflammation 
des tissus 57. De nombreuses études relèvent aussi une augmentation significative 
des taux d'IL-6 et d'IL10 dans les sérums de patients critiques. En clinique, ces 
cytokines sont associées à la nécessité d'une ventilation mécanique et à la mort. 
Leur surexpression semble impliquée dans la sévérité des cas de COViD-19 58. A la 
suite de la tempête cytokinique le virus cible les organes qui expriment le plus ACE2 
tels que les poumons, le cœur et les reins.  

 

c. Complications neurologiques et COVID long 
Le syndrome respiratoire aigu sévère peut également être associé à l’infection du 
SNC et à des symptômes neurologiques. Les symptômes neurologiques les plus 
fréquents sont une altération des niveaux de conscience, des maux de tête, une 
perte de l’odorat et du goût et des symptômes musculaires 5,59. Cependant, les 
complications neurologiques peuvent aller jusqu’à une myopathie et, dans de rares 
cas, une myoclonie généralisée, un accident vasculaire cérébral ischémique et une 
encéphalomyélite périvasculaire disséminée aiguë 60–65. Il a été suggéré que le 
SARS-CoV-2 atteint la moëlle « allongée » (Medulla oblongata) et que les arrêts 
respiratoires et cardiaques observés chez les patients pourraient être dus à l'infection 
du tronc cérébral 66–70.  
Lorsque les symptômes durent plus de 12 semaines après la phase aiguë de 
l’infection on parle de COVID long. Les patients décrivent une fatigue, une difficulté à 
faire des activités physiques, une faible fièvre persistante, une perte de cheveux, une 
faiblesse musculaire, une dyspnée, une toux, des palpitations, une douleur 
thoracique, de l’anxiété et des troubles du sommeil. Cependant, le symptôme le plus 
préoccupant se caractérise par un état confusif incluant un manque de clarté 
intellectuelle, des difficultés de concentration et une fatigue mentale. 38% des 
patients hospitalisés atteints du COVID-19 montrent des signes d’altérations 
cognitives plus de 4 mois après leur hospitalisation. Cependant ce phénomène 
touche toutes les tranches d’âges (18% des cas totaux) 5,71,72. 

 
d. L’infection du SNC par le SARS-CoV-2 

Le potentiel neuro-invasif du SARS-CoV-2 chez l'homme est encore mal compris 
73,74. D’après la grande majorité des études, la plupart des symptômes liés à une 
atteinte du SNC sont associés à l’infection des vaisseaux sanguins du cerveau 75–82. 
Cependant, la susceptibilité des neurones humains à l'infection par le SARS-CoV-2 
et la permissivité d’organoïdes de cerveau humain générés à partir de cellules 
souches ont été observées in vitro 83–87. Des particules virales ainsi que l’ARN du 
SARS-CoV-2 ont également déjà été retrouvées dans le liquide céphalo-rachidien 
(LCR) 88 et dans le cerveau de patients 70,89. La présence du SARS-CoV-2 dans le 
LCR est toutefois très limitée et peut être liée à une faible capacité à bourgeonner 
dans ce tissu comme observé avec d’autres virus tels que le VR ou simplement due 
au fait que le virus n’a pas eu le temps d’envahir le cerveau dans les cas 
respiratoires les plus sévères qui représentent la grande majorité des échantillons. 
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Afin d'atteindre le SNC, le SARS-CoV-2 peut passer de la périphérie au SNC par les 
neurones olfactifs ou par le nerf vague, à partir des poumons ou de l'intestin90. De 
plus, l'infection par le SARS-CoV-2 endommage l'épithélium du plexus choroïde et 
entraine une tempête de cytokines et une inflammation systémique qui occasionnent 
une rupture de la barrière hémato-endothéliale87,91–93 (Figure 3). 

 

Figure 3 : Possibles mécanismes pouvant entrainer l’apparition de 
symptômes neurologiques à la suite de l’infection par le SARS-CoV-2.  

A, B, La tempête de cytokines entraîne une perturbation de la barrière hémato-
encéphalique (BHE) et un afflux de lymphocytes et de monocytes qui contribuent à 
une activation microgliale, à la démyélinisation, à la neuroinflammation et à la 
neurodégénération. C, L'infection des cellules endothéliales permet au SARS-CoV-2 
d'envahir le cerveau et d'infecter à la fois les neurones et les cellules microgliales ; D, 
La dépression respiratoire déclenche une hypoxie cérébrale entraînant une 
anaérobie, une inflammation et la mort cellulaire ; E, La thrombose des vaisseaux 
sanguins du cerveau et l'hyper-viscosité sanguine induite par les cytokines pro-
inflammatoires conduisent à un accident vasculaire cérébral ischémique ; F, La 
coagulopathie associée à l'endothéliopathie provoque un accident vasculaire 
cérébral hémorragique olfactif. Adapté de Bratosiewicz-Wąsik, 2021 94. 
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6) Les modèles animaux 

Les différents modèles animaux décrits pour étudier la pathogenèse et la 
transmission du SARS-CoV-2 et l'efficacité d’antiviraux sont majoritairement des 
souris exprimant le transgène ACE2 humain (de façon ubiquitaire ou en suivant la 
même répartition que chez l’Homme) associé ou non à d’autres modifications 
génétiques, des hamsters, des furets, et des primates non-humains (des macaques 
rhésus, des macaques cynomolgus et des singes verts africains) 95,96. 
Le hamster doré Syrien (Mesocricetus auratus) est un petit modèle animal pertinent 
pour plusieurs virus97 et plus particulièrement pour les virus respiratoires qui ciblent 
également le SNC 98,99. Le hamster est naturellement susceptible à l’infection par 
tous les variants connus du SARS-CoV-2 et la pathogenèse du SARS-CoV 100,101 et 
du SARS-CoV-2 102–105 chez cet animal est très proche de celle observée chez 
l'Homme103,106,107. 
 

7) Les traitements 

a. Les traitements utilisés en clinique 
Il n’existe pas de traitement efficace commercialisé pour traiter l’infection par les 
coronavirus. Les traitements administrés aujourd’hui visent surtout à traiter la 
symptomatologie de la maladie plutôt que le virus.  

L’hydroxychloroquine a fait l’objet de nombreuses études et bloque l’entrée du 
SARS-CoV-2 in vitro en agissant au niveau de la voie endosomale 108–110. Plus 
précisément, l’hydroxychloroquine empêche la fusion entre membrane virale et 
endosomale en augmentant le pH de l’endosome 111. Mais, ni l’hydroxychloroquine ni 
la chloroquine n’ont d’effet thérapeutique in vivo chez l’animal et chez les patients 
atteints de COVID-19, même lorsque ces traitements ont été administrés au tout 
début de l’infection. Au contraire, une augmentation de la mortalité due au COVID-19 
a même été associée à la prise de ces traitements 112. 

Le Remdesivir (GS-5734) a une efficacité antivirale in vitro et in vivo et est utilisé 
dans certains cas cliniques pour traiter le COVID-19 108,111,113–115. Le Remdesivir est 
un analogue de nucléoside efficace sur un large spectre de virus, incluant le VR 116. 
Pour être efficace, il doit être administré par voie intra-veineuse et à un stade 
précoce de la maladie, avant que le virus n’ait eu le temps d’entrainer des lésions 
alors irréparables. Dans les faits, le Remdesivir est malheureusement souvent 
administré trop tard, lorsque les patients sont déjà hospitalisés. Une formulation 
permettant l’administration du Remdesivir par voie orale rendrait le traitement plus 
accessible 117. 
Beaucoup d’autres traitements ont été testés pour traiter le COVID-19 mais aucun ne 
se démarque vraiment aujourd’hui en dehors du Remdesivir.  
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b. Les traitements prometteurs 
Parmi les traitements prometteurs en développement, des peptides dérivés du 
domaine HRC de la Spike et conjugués à un lipide sont en développement et ont 
prouvé leur efficacité in vitro et in vivo, notamment pour bloquer la transmission du 
SARS-CoV-2 chez le furet 118,119.  
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II- La rougeole 

1) Epidémiologie 

Le virus de la rougeole (VR), dont l’Homme est l’unique réservoir, est l’agent 
pathogène responsable de la rougeole. Malgré la disposition d’un vaccin très efficace 
120 la rougeole est encore aujourd’hui responsable de plus de 140 000 morts par an 
dans le monde 121,122, principalement parmi les enfants de moins de 5 ans 123, cibles 
privilégiées du VR 124. La rougeole reste à ce jour la maladie la plus contagieuse 
pour l’Homme avec un taux de reproduction R0 variant de 12 à 18 125. En d’autres 
termes, au sein d’un groupe de personnes non vaccinées, un patient infecté par le 
VR va contaminer en moyenne 12 à 18 individus. Ce taux de reproduction augmente 
encore parmi les personnes immunodéprimées 123. Le VR se transmet généralement 
d’un patient à un autre par le biais des aérosols 123 y compris avant l’éruption 
cutanée caractéristique.  
Pendant plusieurs décennies l’incidence de la rougeole a fortement décru et les cas 
de rougeole étaient principalement regroupés dans les pays en voie de 
développement où une ambitieuse campagne de vaccination généralisée est 
engagée par l’OMS.  
La pandémie mondiale de COVID-19 en 2020 a fortement perturbé les campagnes 
de vaccination contre la rougeole chez les jeunes enfants. Plus de quarante pays ont 
même stoppé totalement la vaccination contre la rougeole; en conséquence, il faut 
s’attendre à une recrudescence de cas de rougeole dans les prochaines années 126. 
Dans la plupart des pays industrialisés la rougeole était considérée comme 
éradiquée au début des années 2010. Mais, dans de nombreux pays comme la 
France ou les Etats-Unis, on constate environ 300% d’augmentation des cas de 
rougeole par an127. Cette réémergence de la rougeole s’explique par une baisse de 
la couverture vaccinale due principalement à des populations de plus en plus 
réticentes à la vaccination 128,129. Ainsi, depuis 2016 le nombre de décès dus à la 
rougeole n’a cessé d’augmenter jusqu’à atteindre 207 500 personnes en 2019 130. 
 

2) Le virus de la rougeole 

a. Classification 
Le VR appartient au genre Morbillivirus, à la famille des Paramyxoviridae au sein de 
l’ordre des Mononegavirales (Figure 4). Ce virus enveloppé produit des particules 
virales pléiomorphes de 150 à 300 nm et pouvant aller jusqu’à 900 nm 131.  
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Figure 4 : Diversité des différents genres au sein des Paramyxoviridae 

Arbres phylogénétiques à vraisemblance maximale des séquences de protéines P, L 
et d'attachement (HN/H/G) des Paramyxoviridae. Les cercles colorés englobent les 
groupements phylogénétiques mieux caractérisés en tant que genres. Les 
paramyxovirus non classés mais entièrement séquencés apparaissent 
individuellement dans chaque arbre. La barre d'échelle indique 0,5 substitution 
d'acides aminés par site, et les arbres sont mis à l'échelle de telle sorte que la barre 
d'échelle soit la même dans tous les arbres. Les cercles noirs aux nœuds 
représentent > 75 % de prise en charge à partir de 500 répliques d'amorçage. Toutes 
les analyses ont été effectuées dans MEGA 6 en utilisant une option de suppression 
complète et un modèle de substitution WAG. Figure adaptée de Thibault PA et al., 
2016 132. 
 

b. Le génome du virus de la rougeole 
Le génome du VR est un ARN simple brin de sens négatif de 15894 nucléotides qui 
code pour 6 protéines structurales : la protéine de nucléocapside (N), la 
phosphoprotéine (P), la protéine de matrice (M), la protéine de fusion (F), la protéine 
d’hémagglutinine (H) et la polymérase aussi appelée protéine large (L) (Figure 5). 
Deux protéines non-structurales, V et C, sont également produites par le gène P 133 
et ont pour rôle principal d’altérer les voies de l’immunité innée 134–137. 
Les souches sauvages du VR utilisent les récepteurs SLAM ou SLAMF1 (signaling 
lymphocytic activation molecule 1, aussi appelé CD150) et nectin-4 (aussi appelé 
PVLR4 pour poliovirus receptor-related protein 4) pour infecter les cellules cibles 138–
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140. Les souches vaccinales du VR utilisent également la molécule CD46 exprimée 
de façon ubiquitaire 141,142.  
 

 

Figure 5 : Schéma de la particule virale du virus de la rougeole 
 
 
c. Cycle viral et rôle des protéines virales 

L’entrée du VR est indépendante du pH et a lieu directement à la surface des 
cellules cibles 143. Le VR pourrait également entrer par endocytose via SLAM dans 
des cellules B lymphoblastiques ou en cellules A549 exprimant SLAM 144, et par 
macropinocytose via nectin-4 dans certaines lignées cellulaires de cancer du sein et 
de colon (MCF7, HTB-20, and DLD-1) 145.  
Pour initier l’infection, la protéine H se lie au récepteur d’entrée à la surface de la 
cellule cible. Cet attachement déclenche la protéine F, ce qui permet d’exposer son 
peptide de fusion hydrophobe qui va ensuite pouvoir s’ancrer de façon irréversible 
dans la membrane de la cellule cible. La F suit ensuite plusieurs changements de 
conformation afin de créer un pore de fusion entre la membrane virale et la 
membrane de la cellule hotte. Cette fusion permet la libération du complexe 
ribonucléoprotéique (RNP) dans le cytoplasme de la cellule (Figure 6A,B) 146,147. 
L’infection peut également se produire efficacement et de la même façon par simple 
contact cellule-cellule 148,149. La fusion de plusieurs cellules infectées donne 
naissance à des cellules plurinucléées appelées syncytium. 
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Figure 6 : Le cycle réplicatif du virus de la rougeole 

. 
 (A) Pour infecter une cellule susceptible, le VR se lie à son récepteur d’entrée à la 
surface de la cellule (1) et initie la fusion des membranes virales et cellulaires, 
comme décrit plus en détail en (B). La fusion des membranes virales et cellulaires 
entraine la libération du génome viral dans le cytoplasme (3). L’ARN viral est transcrit 
en ARN messager (ARNm) (4) traduit ensuite en protéines virales (5). Les 
glycoprotéines virales maturent au cours de leur transport à la surface cellulaire (6). 
La réplication de l’ARN anti-génomique positif commence dans le cytoplasme (7) et 
sert de matrice pour la synthèse du nouveau brin d’ARN génomique négatif (8). 
L’assemblage des protéines virales a lieu à la surface cellulaire, entrainant soit le 
bourgeonnement des nouveaux virions (9) ou la fusion cellule-cellule (10). (B) La 
protéine H se lie au récepteur du VR à la surface de la cellule, permettant le 
déclenchement de la F qui va atteindre une conformation métastable. La F insert 
ensuite son peptide de fusion dans la membrane de la cellule cible. La F subit alors 
des changements de conformation qui vont mener au rapprochement des deux 
membranes et la formation d’un pore de fusion par lequel le complexe viral RNP sera 
libéré dans le cytoplasme. 
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La transcription par l’ARN polymérase ARN-dépendante (RdRp) commence à partir 
d’un simple promoteur et abouti à un gradient transcriptionnel allant de l’ARNm le 
plus abondant pour la N au moins abondant pour la L. Ces ARNm sont alors traduits 
en protéines virales. L’accumulation des protéines N et P sous forme du substrat 
d’encapsidation N0P permet la réplication du génome viral en un brin d’ARN anti-
génomique positif encapsidé. Celui-là sert de matrice pour la synthèse d’ARN négatif 
génomique qui seront immédiatement encapsidés par les protéines N 150. La 
synthèse des ARN viraux et l’assemblage des particules virales est régulée par 
l’interaction entre la M et la N  et la queue cytoplasmique de la F 151 . L’assemblage 
des protéines virales a lieu au niveau de la membrane plasmique et c’est alors que 
les nouveaux virions peuvent bourgeonner (Figure 6A). Alternativement, les 
glycoprotéines de surface sont également transportées à la membrane plasmique et 
permettent la dissémination virale de cellule à cellule par fusion de leurs membranes 
plasmiques avec formation d’un syncytia.  
 
L’ARN viral est encapsidé par la protéine N et forme la nucléocapside hélicoïdale 152. 
Chaque protéine N recouvre 6 nucléotides, par conséquent la longueur du génome 
doit impérativement suivre la « règle des 6 », c’est-à-dire compter un nombre de 
nucléotide qui soit un multiple de 6 pour être fonctionnel et complètement protégé 
153,154. Les protéines L et P s’associent pour former la RdRp. Cette polymérase virale 
interagit avec la nucléocapside pour progresser le long de l’ARN viral : l’ensemble de 
ces 2 protéines avec la nucléocapside forment le complexe ribonucléoprotéique 
(RNP). 
 
La protéine M permet l’intégrité des particules virales. La M est le véritable chef 
d’orchestre de l’assemblage des nouveaux virions à la membrane et de leur 
bourgeonnement 143. 
 
Les protéines H et F constituent le complexe de fusion viral nécessaire à l’entrée 
dans la cellule cible.  
La protéine H est un tétramère organisé en un dimère de dimères et est responsable 
de l’attachement au récepteur d’entrée. Cette protéine de liaison au récepteur (PLR) 
est une glycoprotéine transmembranaire de type II. Chaque monomère de H est 
constitué d'une tige proximale membranaire et d'une tête globulaire en C-terminal. 
 
La protéine F permet la fusion entre la membrane virale et la membrane de la cellule 
hôte. La F est une protéine transmembranaire de type I qui se présente sous forme 
de trimère. La F est synthétisée en précurseur F0 et est ensuite clivée dans le trans-
Golgi par la protéase furine en deux sous-unités F1 et F2 reliées par un pont 
disulfure. Le domaine extracellulaire est constitué des sous-unités F1 et F2. F1, 
transmembranaire, contient le peptide de fusion à l’extrémité N terminale suivi par 
deux domaines complémentaires d’heptades répétés, respectivement aux extrémités 
N terminale (HRN) et C terminale (HRC). Le clivage est primordial pour permettre la 
fusion grâce à la libération du peptide de fusion de la F qui reste inaccessible dans 
une poche hydrophobe sous la forme de pré-fusion 155.  
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Bien que la structure cristallographique de la forme en pré-fusion de la F a été 
décrite 156, les délimitations exactes des sous-domaines de la F ne sont pas encore 
complètement définies 157–159. D’après les outils bio-informatiques le domaine HRN 
inclut les résidus 116/138 au résidu 190 et le domaine HRC se situe entre les résidus 
438 et 488/489. La structure montre en revanche une région désordonnée entre les 
résidus 438 et 458 et une heptade répétée canonique après le résidu 458 160,161. 
Dans son état de post-fusion, la F forme un complexe extrêmement stable 
naturellement irréversible. 

 

d. Entrée virale 
L’infection commence par la fixation de la protéine H sur le récepteur d'entrée. S’en 
suit le déclenchement de la protéine F. La sous unité F1 expose alors son peptide de 
fusion hautement hydrophobe qui s'insère dans la membrane plasmique de la cellule 
hôte. Cette étape intermédiaire est transitoire et très instable. En effet, la F subit une 
série de changements conformationnels conduisant par repliement à l'interaction 
entre les deux domaines HRN et HRC en heptades répétées. Cette forte interaction 
force le rapprochement des deux membranes au point de les fusionner pour former 
le pore de fusion à travers lequel la RNP entre dans le cytoplasme de la cellule hôte. 
Cette entrée virale a lieu indépendamment du pH.  

Bien que la fusion des paramyxovirus ait été largement étudiée, le rôle exact de la H 
dans le déclenchement de la F est controversé et plusieurs modèles du processus 
de fusion sont proposés 162,163.  

Dès leur biosynthèse, la protéine F est complexée à la protéine de liaison au 
récepteur qui exerce un rôle préventif du déclenchement de la F en maintenant cette 
dernière dans sa conformation de préfusion. Cette fonction permet de prévenir le 
déclenchement intempestif de la F 164–166. Il a été proposé que c’est à la suite de 
l’interaction de la PLR à son récepteur que la F est alors libérée pour permettre la 
fusion146. La H subit en effet un changement conformationnel suite à la liaison au 
récepteur et va ensuite déclencher en continue la F par un « kick », entrainant 
ensuite la dissociation de H et F ; F assurant ensuite seule la fusion 158,167. La tête 
globulaire de la PLR permet l’interaction avec le récepteur d’entrée tandis que le 
domaine de la tige interagit avec la F pour ensuite l’activer. Un grand nombre 
d’expériences ont montré que la F peut toutefois permettre la fusion en l’absence de 
la PLR ou de la tête globulaire de la PLR 168–172 à condition qu’un processus de 
rapprochement des membranes ait eu lieu.  

Au cours de l’entrée, la protéine d’attachement met donc en œuvre 4 fonctions : (i) 
elle prévient le déclenchement aléatoire de F, (ii) assure l’attachement au récepteur 
et donc l’accolement des membranes virales et cellulaires, (iii) libère la F de son état 
métastable pour initier le processus de fusion et (iv) pousse la F à franchir son état 
métastable. Cet effet de « poussée » de la PLR stimule en effet la F par le biais de 
l’inclinaison répétée de la tête globulaire de la H qui engage son récepteur. La F est 
ainsi poussée pour atteindre le plus rapidement possible son état de post-fusion. 
Cette étape n’est pas nécessaire dans la nature car une fois le peptide de fusion 
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inséré dans la membrane de la cellule cible, la F est déjà très instable car cet état 
métastable consomme beaucoup d’énergie et le domaine HRN présente déjà une 
grande affinité pour le domaine HRC. L’effet de pushing est cependant visible en 
présence d’inhibiteurs de fusion et sera développé plus tard dans cette thèse. 

 

e. Récepteurs d’entrée 
Le récepteur du VR, SLAM, est exprimé à la surface des macrophages, des cellules 
dendritiques, des thymocytes, des cellules de Langerhans, des lymphocytes et des 
plaquettes 138,173,174. Nectine-4 est exprimée sur la surface basale des cellules de 
l'épithélium, au niveau des jonctions adhérentes, et permet au VR de se propager 
des macrophages aux épithélium pour ensuite permettre la libération du virus et sa 
dissémination par les voies aériennes 139,140. Ni SLAM ni nectine-4 ne sont exprimés 
dans le SNC. 

 

3) Vaccin 

Un vaccin vivant atténué très efficace est disponible pour prévenir les épidémies 
rougeoleuses. Compte tenu de la très forte contagiosité du VR, il est nécessaire que 
95% de la population soit immunisée pour permettre l’éradication de la maladie 175. 
En 1997, lors d’un congrès co-sponsorisé par l’organisation mondiale de la santé 
(OMS), l’organisation de santé pan américaine (Pan American Health Organization 
(PAHO)), et le centre pour le contrôle des maladies (Centers for Disease Control 
(CDC)), les experts se sont mis d’accord sur le fait que l’éradication de la rougeole 
serait techniquement possible aux alentours de 2005-2010. Aujourd’hui, l’éradication 
globale de la rougeole fait partie des priorités du programme étendu sur 
l’immunisation (Expanded Program on Immunization (EPI)) soutenu par l’OMS 129. 
Plusieurs souches du VR ont été utilisées dans un but vaccinal. La souche 
Edmonston, isolée en 1954 s’est avérée réactogène. Cinq vaccins ont été dérivés 
par atténuation empirique à partir de la souche Edmonston: Edmonston-Zagreb, AIK-
C, Moraten, Schwarz 176 utilisés depuis le milieu des années 60. Les souches 
Schwarz et Moraten partagent en fait un génome strictement identique 176. D’autres 
vaccins dérivés d’autres souches ont aussi été développés. Les atténuations 
successives de la souche Leningrad (isolée en 1957) a conduit au vaccin Leningrad 
4 et plus récemment au vaccin chinois Changchung-47. L’atténuation de l’isolat de 
Shanghai (1960) a permis la production du vaccin shanghai-191 et la souche Tanabe 
isolée au Japon en 1968 a mené au vaccin Cam-70 actuellement toujours produit et 
utilisé en Indonésie et au Japon.  
Toutes ces souches vaccinales du VR ont en commun qu’elles appartiennent au 
génotype A 176 et toutes utilisent aussi CD46 comme autre récepteur cellulaire. 
Aujourd’hui le vaccin contre la rougeole est en général combiné avec les oreillons et 
la rubéole, connu sous le nom de vaccin ROR (MMR en anglaise pour measles, 
mumps and rubella), ou avec la varicelle 177. La vaccination du ROR est administrée 
idéalement une première fois à partir de l’âge de 1 an et une deuxième fois 3 à 5 ans 
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après la première dose 129. Comme le ROR est un virus vivant atténué son utilisation 
est proscrite chez les patients sévèrement immunodéprimés (avec peu de CD4+). En 
revanche, l’OMS recommande très fortement la vaccination pour les patients positifs 
au virus de l'immunodéficience humaine (VIH) qui ne souffrent pas 
d’immunosuppression sévère 178.  
En général, les personnes vaccinées développent une forte immunité humorale et 
cellulaires. Deux à dix pour cent des personnes qui ont reçu deux doses de vaccin 
ne produisent toutefois pas d’anticorps protecteurs contre la rougeole. La plupart 
d’entre eux sont quand même protégés via l’immunité conférée par leurs cellules T 
mais certains redeviennent sensibles à la rougeole et dans ces cas-là il a été 
proposé de réitérer la vaccination tous les 10 ans par exemple 179,180. 
En résumé, la couverture vaccinale reste trop faible et on compte de plus en plus de 
personnes immunodéprimées ou non-vaccinables. Le développement de traitements 
préventifs et curatifs semble donc incontournable. 
 

4) La maladie 

a. Symptômes et complications 
Au cours de la phase aiguë de l’infection par le VR, les patients développent 
plusieurs symptômes, incluant de la fièvre, des congestions nasales, des éruptions 
maculopapuleuses érythémateuses caractéristiques, des conjonctivites et des taches 
de Koplik pathognomoniques sur la muqueuse buccale. Des diarrhées et des 
vomissements sont souvent observés chez les enfants infectés 181,182 ou 
apparaissent en tant que complications faisant suite à la maladie 121,183.  
De plus, l’infection par le VR est associée à une forte immunosuppression pouvant 
durer plusieurs mois et jusqu’à deux ans 184,185. Cette immunosuppression transitoire 
est consécutive à une amnésie immunitaire liée à la déplétion des lymphocytes T 
mémoires préexistants 181 et possiblement à une perturbation de l’homéostasie des 
cellules T régulatrices FoxP3 en augmentant leur fréquence et en atténuant leur 
hypersensibilité 186. 
L’infection par le VR peut donc entrainer de sévères sur-infections comme des 
pneumonies, qui sont la cause majeure de mortalité dues à la rougeole 187. D’autres 
pathologies moins fréquentes sont observées comme des complications du système 
nerveux central (SNC), une thrombocytopénie, une cécité ou perte auditive 188.  
 
Des pneumonies interstitielles associées à une inflammation des muqueuses et à la 
formation de grands syncytia dans les poumons sont souvent observées chez les 
patients immunodéprimés (pneumonie de Hecht) 187,189. Cependant, l’effet 
cytopathique généré par les syncytia conduit à une destruction broncho-épithéliale 
généralement résolue en quelques jours d'hospitalisation (Figure 7A). 
 
Il existe plusieurs facteurs aggravants associés à une augmentation de la morbidité 
et de la mortalité due à la rougeole parmi lesquels la malnutrition et une déficience 
en vitamine A. En effet, indépendamment de la couverture vaccinale les personnes 
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infectées par le VR dans les pays les plus pauvres sont plus à risques de développer 
des complications amenant à une pathologie sévère 123,190–192. 
 

 
 
Figure 7 : Les différentes encéphalites rougeoleuses. 

(A) Le VR infecte d’abord les cellules myéloïdes des voies respiratoires. Ensuite, les 
lymphocytes infectés disséminent l’infection par le biais des systèmes lymphatiques 
et vasculaires. (B) En conséquence de l’immunosuppression transitoire induite par 
l’infection ou de réactions auto-immunitaires les patients peuvent développer une 
encéphalite aiguë post-infection (acute post-infectious measles encephalitis (APME)) 
peu de temps après l’exposition au VR sans infection du SNC systématique. Plus 
tardivement peuvent survenir une encéphalite rougeoleuse à corps d’inclusion 
(Measles inclusion-body encephalitis (MIBE) dans un contexte d’immunodéficience 
ou une panencéphalite sclérosante subaiguë (PESS) associées à une persistance du 
VR dans le SNC. 

b. Pathogénèse 
La pathogénèse virale commence avec l’infection des cellules myéloïdes par le VR 
dans les voies respiratoires. Comme mentionné précédemment les deux récepteurs 
d’entrée connus du VR sauvage sont SLAM et nectin-4 138,139. Les souches sauvages 
ciblent les macrophages et/ou les cellules dendritiques résidentes des poumons qui 
expriment SLAM 193–195.  

  

Ces cellules présentatrices d’antigènes (CPA) migrent vers les ganglions 
lymphatiques drainant, transmettent l’infection virale aux lymphocytes activés 
(mémoires) exprimant SLAM, entrainant la dissémination virale dans l’ensemble du 
système lymphatique via la lymphe et la circulation sanguine avec donc une virémie. 
Au cours de la phase tardive de l’infection, les cellules immunitaires circulantes 
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infectées qui atteignent les voies respiratoires et la peau transmettent l'infection aux 
cellules épithéliales exprimant nectine-4 sur leur pole basolatéral 140,196–198. Les 
virions sont produits à la membrane apicale pour être libérés dans le mucus 
respiratoire ou sous forme d’aérosols et être expulsés lors de la respiration et 
amplifiés en cas de toux et éternuements 199. 

 

5) Complications neurologiques 

Le VR peut endommager le système nerveux et causer une perte de l’audition 200 ou 
une cécité. 
Surdité :  
Avant l’introduction de la vaccination, des pertes auditives liées à la rougeole étaient 
observées dans 5 à 10% des cas et restent fréquentes dans les pays sous-
développés où la couverture vaccinale est encore trop faible 201. Une explication 
possible est la surinfection de l’oreille entraînant une otite associée à la rougeole 
observée chez 25% des patients 202. Des pertes auditives ont également été 
rapportées immédiatement après la phase aiguë de l’infection ou après une APME 
avec un surdité bilatérale modérée à profonde 200. Cependant, les mécanismes 
associés aux pertes auditives induites par le VR sont encore peu compris et aucun 
antigène ni ARN viral n’a été détecté directement dans les échantillons d’oreille 
interne de patients 188. 
 
Cécité : 
Les symptômes oculaires tels que la conjonctivite ou l'inflammation de la cornée 
(kératite) sont couramment associés à la rougeole 188. Ces complications sont 
souvent aggravées par les surinfections (bactériennes ou virales) qui surviennent à 
cause de l’immunosuppression induite par le VR. Il existe une corrélation entre la 
carence en vitamine A et la cécité induite par la rougeole. La carence en vitamine A 
est associée à des kératites sévères et augmente considérablement le risque de 
xérophtalmie, d'ulcération cornéenne et de cécité 203 et explique entre autres 
pourquoi la cécité liée à la rougeole est plus fréquente dans les régions où les 
enfants souffrent déjà de malnutrition.  
L'ARN viral a été détecté dans les sécrétions lacrymales 204 et, ex vivo, le tissu 
cornéen humain est sensible à l'infection au VR sur son pôle basolatéral. Cependant, 
ni la formation de syncytium ni la libération de particules infectieuses n'ont été 
observées 205. 
La relation entre l'infection des cellules épithéliales oculaires par le VR et l'infection 
potentielle des cellules neurales dans les cas de cécité reste donc hypothétique. 
 

6) Les encéphalites rougeoleuses 

Les récepteurs du VR ne sont pas exprimés dans le SNC et la façon dont le VR 
atteint et envahit le SNC reste inconnue. 
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Une expression apparemment seulement transitoire de nectin-4 dans le SNC, 
suggère un rôle de nectin-4 dans la neuro-invasion par le VR. En effet le tropisme 
neurologique d’un virus très proche du VR, le canine distemper virus (CDV), 
semblerait dépendre directement du modèle d’expression spécifique de nectin-4 
196,206–208. Les cellules exprimant nectin-1 sont capables de capturer les membranes 
et cytoplasme de cellules adjacentes exprimant la nectin-4 à leur surface via un 
mécanisme de trans-endocytose 209. Dans ce contexte, le complexe RNP pourrait 
transiter depuis les cellules exprimant nectin-4 dans les cornets nasaux ou les 
méninges vers les cellules neurales exprimant nectin-1 dans le bulbe olfactif ou le 
parenchyme cérébral, respectivement. 
D’autres éléments clés impliqués dans la dissémination cellule-cellule dans le SNC 
restent à étudier (Figure 7A) 
Trois principales complications du SNC sont associées à la rougeole : une forme 
aiguë et deux formes chroniques, la première sous forme d'encéphalite à corps 
d’inclusion (MIBE) chez les patients immunodéprimés et la seconde sous forme de 
panencéphalite sclérosante subaiguë (PESS) survenant chez des patients 
immunocompétents 210,211 (Figure 7B).  
 
 

a. Encéphalite aiguë 
L’encéphalite rougeoleuse aiguë post-infection (APME) touche 0,1% des patients 
infectés par le VR une semaine après l’apparition des premiers signes cliniques. 
Cette encéphalite est également connue sous le nom d’encéphalomyélite aiguë 
démyélinisante. 
L'APME est associée à une mortalité de 20 % et à des séquelles neurologiques 
sévères, principalement chez l'adulte, avec de la fièvre, des maux de tête, des 
convulsions et des troubles de la conscience. L'APME semble liée à une réaction 
auto-immune contre la protéine basique de myéline (MBP) exprimée principalement 
par les oligodendrocytes 212–214. Cette encéphalite provoque des lésions du SNC 
dans la matière blanche et la matière grise et se caractérise par une inflammation 
cérébrale et une démyélinisation péri-veineuse 6,199,215,216. De plus, l'APME est 
souvent associée à d’autres anomalies immunologiques telles que des taux élevés 
d'anticorps IgE dans le sérum 217. L’attachement de leucocytes infectés aux cellules 
endothéliales microvasculaires cérébrales, ou une infection directe des cellules 
endothéliales elles-mêmes dans le cerveau peuvent également contribuer en partie à 
cette réaction immunitaire inflammatoire 218.  
Dans l'ensemble, l'encéphalite rougeoleuse aiguë est mal décrite dans la littérature. 
La présence du VR a été retrouvée dans la circulation sanguine mais jamais dans le 
parenchyme cérébral. De ce fait, plusieurs groupes ont suggéré que l'encéphalite 
pourrait être causée par une réponse de type auto-immune 219.  
 

b. MIBE 
Les MIBE surviennent chez des patients immunodéprimés, 3 semaines à 6 mois 
après une infection au VR sauvage ou dans de rares cas après une vaccination 
inappropriée avec une souche vaccinale 220–222. La MIBE est caractérisée par la 



- 44 - 
 

présence de corps d'inclusions intracytoplasmiques ou intranucléaires composés de 
nucléocapsides, principalement dans les neurones, les oligodendrocytes et les 
astrocytes 223,224. Les patients développent des convulsions focales fébriles et des 
troubles du comportement avant de sombrer dans le coma. Au niveau moléculaire, 
des mutations ont été observées dans certains cas dans le domaine 
intracytoplasmique de la protéine F et conduisent à l'expression de phénotypes 
viraux hyperfusogènes. L’hyperfusogénie se définit par la capacité de fusionner en 
l’absence de récepteur même à une faible température. Certaines mutations 
semblables à celles observées dans la PESS ont également été détectées dans le 
gène N, suggérant une similarité entre la MIBE et la PESS, indépendamment du 
développement plus rapide de la MIBE chez les sujets immunodéprimés 225. 
Récemment, d'autres virus mutants associés à MIBE ont également été décrits et 
présentent un phénotype hyperfusogène 161,222. Notamment, la mutation L454W dans 
le domaine HRC de la protéine F est apparue chez deux patients ayant contracté 
une MIBE en Afrique du Sud.  
Des cas de MIBE sont également apparus suite à la vaccination de patients 
présentant une immunodépression qui n’était pas diagnostiquée au moment de la 
vaccination. Les séquences virales retrouvées dans le cerveau de ces patients 
confirment qu’il s’agissait bien d’une infection par la souche vaccinale. Ici aussi, les 
auteurs ont relevé la présence de mutations dans les séquences de la F, sans pour 
autant les nommer 224. 
 

c. PESS 
Les cas de PESS surviennent dans 6,5 à 11 cas pour 100 000 226,227 chez des 
patients immunocompétents ayant contracté la rougeole dans leur enfance, avec un 
taux de mortalité proche de 100 %. Chez les enfants infectés par le VR avant l'âge 
de 12 mois, l'incidence de la PESS s'élève à 1/609, alors qu'elle atteint 1/1367 pour 
les enfants de moins de cinq ans 228. Il y a une période de latence allant de un à 15 
ans après la primo-infection et avant l'apparition des symptômes de la PESS 229,230. A 
cause de la non-spécificité des premiers symptômes, le diagnostic de la PESS est 
souvent tardif 231. Dans la plupart des cas, les patients ne survivent pas plus de 1 à 3 
ans après l'apparition des symptômes neurologiques importants et de la démence. 
Les patients développent des déficiences physiques et mentales sévères mais aussi 
une perte de contrôle moteur qui tend à évoluer en contractions et spasmes 
myocloniques, des convulsions, jusqu’au coma. Ce serait le caractère immature du 
système immunitaire avant l'âge de deux ans qui pourrait contribuer à la propension 
accrue d’infection cérébrale persistante 214. Alternativement, le développement de la 
PESS serait dû à une double exposition virale. En effet, lors d'une première 
exposition au VR, les patients immunocompétents ne développent pas d'encéphalite. 
Une première exposition (à un virus ou environnemental) conduisant à une 
immunosuppression même transitoire du patient, suivie d'une infection au VR 
favoriserait les maladies du SNC telles que la SSPE 232. La plupart des études 
indiquent que les jeunes garçons sont plus souvent touchés par la PESS que les 
filles 137,233. Dans une étude épidémiologique en Allemagne de 2003 à 2009, sur 31 
cas de PESS les auteurs ont dénombré 21 individus masculins. La SSPE est 
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caractérisée par une synthèse intrathécale excessive d'anticorps spécifiques du VR. 
La plupart du temps, dans les échantillons provenant de cerveaux de patients SSPE, 
les gènes qui codent pour les M, F et H du VR sont mutées 146,234,235 (Figure 8 A). 
 

 

Figure 8 : Mutations du VR retrouvées dans les infections du SNC. 
(A) Représentation schématique du génome du VR montrant les mutations 
retrouvées le plus couramment dans des cas de PESS. (B) Détails des mutations 
retrouvées dans le gène codant pour la F entrainant des phénotypes hyperfusogènes 
et/ou des infections du SNC. 

 

7) Mutations associées aux infections du SNC 

a. Protéine M 
Dans les cas de PESS les hypermutations biaisées uridines à cystidines de la 
protéine M du VR sont caractéristiques 236. Des études ont montré que le VR peut 
échapper au contrôle de l'immunité innée en tirant parti de l'adénosine désaminase 
agissant sur l'ARN 1 (ADAR1), un gène stimulé par l'interféron (IFN) qui lie l'ARN 
double brin et convertit l'adénosine en inosine par désamination 237. L’étude suggère 
que les hypermutations biaisées du gène M (et des autres gènes) dans les cas de 
PESS (ou MIBE) pourraient être liées à l'activité d'ADAR1. ADAR1 ne peut 
cependant à priori pas accéder aux génomes ni aux antigénomes encapsidés. De ce 
fait ADAR1 ne pourrait donc modifier que les transcrits et ne permettrait pas le 
maintien et la transmission de l’hypermutation.  L'hypermutation de la M conduit à 
une protéine M instable et défectueuse pour l'assemblage des particules virales 238. Il 
en résulte un virus incapable de bourgeonner, rendant impossible la production de 
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nouvelles particules virales. Parmi le grand nombre de mutations dans l'ARNm, 
l'absence du codon d'initiation AUG conduit à une faible expression de la protéine M 
239. Néanmoins, dans le contexte de l'invasion cérébrale, le gène M hypermuté 
permet toujours au VR de se répliquer, de se propager et de provoquer la PESS 
240,241. En effet, la protéine M régule négativement l'activité de la polymérase virale et 
a donc un impact sur la transcription de l'ARNm et la réplication du génome 242. L'un 
des rôles de la protéine M est l’adressage des glycoprotéines F et H à la surface 
apicale de la cellule 243. De ce fait, les mutations de la protéine M pourraient impacter 
son association avec les queues glycoprotéiques de surface et conséquemment la 
stabilité de F et la fusion ; ainsi de telles mutations pourraient influencer la 
dissémination du virus dans le cerveau244. En effet, chez les souris transgéniques, 
l'infection par un VR codant pour une M hypermutée induit un phénotype plus 
fusogène malgré un bourgeonnement atténué, donnant naissance à un phénotype 
plus approprié pour l'infection cérébrale 240. D'autres mutations impactent les 
interactions de la M avec la nucléocapside virale ou avec les glycoprotéines de 
surface 245,246. Cette incapacité de bourgeonner explique l'absence de productions de 
particules virales dans le cerveau des patients souffrant de PESS et la non-
contagiosité des patients 223. De nombreuses études rapportent l'isolement de 
particules virales infectieuses à partir de cerveau de patients atteints de PESS. 
Cependant, aucun isolement physique de particules virales infectieuses ou des corps 
apoptotiques contenant des complexes RNP de virus exprimant des glycoprotéines 
de surface n'a été rapporté à partir du SNC 236,247–250. 

b. Protéine F 
Les protéines F observées dans les cas de PESS présentent plusieurs mutations 
conférant un phénotype hyperfusogène comme les mutations T461I, N462S, N465S, 
L454W localisées dans le domaine HRC. 
La mutation du codon stop (X551G) dans les souches F-PESS a été fréquemment 
observée précédemment 236 et conduit à une queue cytoplasmique allongée 
(appelée LT pour Long Tail) qui peut améliorer l'incorporation de F et de protéines 
cellulaires non spécifiques dans le virion 251,252. Une hypothèse serait que cette 
mutation pourrait être une réponse à des mutations de la M pour tenter de retrouver 
l’interaction entre la F et la M. D'autres mutations trouvées dans le domaine 
extracellulaire F à partir de séquences isolées de cerveau de patients souffrant de 
PESS (T461I et S103I/N462S/N465S) confèrent également une hyperfusogénicité et 
peuvent se propager dans des lignées cellulaires de neuroblastome humain et en 
cerveaux de jeunes hamsters en l'absence de récepteurs connus du VR 99,253. 
 
D’autres mutations ayant un phénotype « fusion » altéré ont été isolées de virus 
ayant échappé aux inhibiteurs de fusion 3G ou le FIP (Fusion Inhibitory Peptide), 
repectivement N-[3-cyanophenyl]-2-phenylacetamide et Carbobenzoxy-d-Phe-l-Phe-
Gly : I87T, M94V, S262R, L354M, A367T, N462K 254–256. L'une des mutations 
localisée au niveau du résidu 262 (mutation d'échappement S262R) confère une 
hyperfusogénicité 99. 
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c. La protéine H 
La protéine H des souches PESS est également souvent mutée et contribue à la 
neurovirulence 257.  
Une souche Edmonston modifiée exprimant une protéine H adaptée aux souris 
provenant de la souche neurovirulente CAM/RB et porteuse des substitutions G195R 
et S200N perd complètement sa neurovirulence chez les souris C57BL/6 214,258,259.  
L’utilisation de souches très modifiées et le choix du modèle animal sont discutables 
ce qui rend les résultats difficiles à transposer aux cas humains de PESS.  
Néanmoins, ces données ont permis de mettre en évidence l'existence potentielle 
d'un site spécifique de la H qui serait impliqué dans la neurovirulence ou d'un site de 
reconnaissance par un récepteur neuronal putatif. 
L'élongation de l'extrémité C-terminale de la protéine H due à une mutation 
ponctuelle au niveau du codon stop a également été rapportée à plusieurs reprises 
dans des cas de PESS 206,260. Contrairement aux délétions dans la queue 
cytoplasmique de la H qui se sont avérées améliorer l'activité fusogénique 251, 
l'allongement du domaine extracellulaire de la H semble avoir un impact positif sur 
l’attachement et peut expliquer au moins partiellement le niveau élevé d'anticorps 
reportés dans les cas de PESS 206,260. 
En opposition aux cas de PESS, les mutations du gène H des séquences virales 
issues de cas de MIBE semblent être moins fréquentes222. 

8) Modèles pour l’étude de la neuroinvasion 

a. Les modèles animaux 
L'homme est le seul réservoir naturel du VR. Ainsi, le choix du meilleur modèle 
animal reste un défi et dépend du type de question posée, à défaut d’être fidèlement 
représentatif de l'infection du SNC chez l'homme. Un résumé des petits modèles 
animaux les plus utilisés et de leurs applications associées est présenté dans le 
tableau 1. Plusieurs souris génétiquement modifiées ont été utilisées, principalement 
pour étudier le tropisme, la dissémination et pour développer de nouveaux 
traitements. Historiquement, le rat Lewis était couramment utilisé pour étudier le 
tropisme viral et sa dissémination à travers le SNC 261. Plus récemment, on privilégie 
les hamsters dorés pour étudier la neurovirulence du VR en raison des similitudes 
des lésions cérébrales observées par le VR dans ce modèle par rapport aux cas 
humains de PESS. De plus, contrairement aux souris, les jeunes hamsters sont 
naturellement sensibles à l'infection au VR, en particulier dans le cerveau, malgré 
l'absence d'expression des récepteurs connus comme rapporté chez l'homme 99,262 
(tableau 2). 
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Tableau 2 :  Petits modèles animaux utilisés pour étudier l'infection par le 
virus de la rougeole. 

Animal Utilisation Voie de 
l’infection 

SOURIS 

NSE-CD46 : expression de l’isoforme BC1 de CD46 
humain sous le control d’une enolase neurone-
specifique (NSE) 263,264 

YAC-CD46 : niveau d’expression et localisation 
similaire à l’Homme 263 

CD46 265–267 

CD46-IFNAR-/- 268 

Comportement du VR vaccinal dans le 
cerveau 

Capacité de dissemination dans le 
cerveau  

Pathogénèse de l’infection par le VR 
dans le SNC 

Permissivité 

Réponse immunitaire 

Intranasale (i.n.) 

Intracraniale (i.c.) 

SLAM : expression ubiquitaire 269 

SLAM : expression restreinte aux cellules dendritiques 
270,271 

CD46/CD150 inductible par TLR 272 

CD46/CD150-IFNAR-/- inductible par TLR 

Réponse immunitaire innée 

Dissémination et pathogénèse des 
souches Edmonston et sauvage 

Ichinose (IC) 

 

i.n. 

i.c. 

SLAM IFNAR-/- 273 IFNAR-/-  161,274  
Tropisme 

Dissémination dans le SNC 

Intrapéritonéale 
(i.p.) 

i.n. 

SLAM(+/+)/Stat 1 (-/-) : Niveau d’expression similaire à 
l’Homme 275 Réponse immunitaire innée 

i.p. 

i.n. 

CD46 IFN-α/βKO 268 Induction d’encéphalite rougeoleuse 
avec la souche Edmonston i.c. 

CD46 RagKO 232,276 

Etude des PESS 

Rôle de l’immunosuppression dans la 
persistence du VR 

Test de traitements 

Multiple 

CD46 Neurokinin-1 KO 276 Dissémination virale trans-synaptique i.c. 

C57BL/6 277  
Persistance virale 

Tropism 
i.c. 

RAT 

Rat Lewis 261,278,279 Tropisme i.c. 

Rat des cotonniers (Sigmodon hispidus) 131,280,281 

Développement de traitements 

Infection respiratoire 

Immunosuppression induite par le VR 

Infection du SNC 

i.n. 

Rat CD46 Sprague-Dawley rat 282 Permissivité Multiple 

Rat surmulot brun 283 
Réponse immunitaire dans les 

maladies neurologiques associées au 
VR 

i.c. 

HAMSTER 
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Hamster doré 99  
Tropisme 

Dissémination et invasion par des virus 
mutants 

i.c.  

Furet 

Furet 227,284–286 

Pour reproduire une PESS 

Transmission 

Pathogénèse de l’infection par CDV 
pour modéliser l’infection par le VR 

i.c. 

i.n. 

 
 
De nombreuses études ont été réalisées à partir de souches neurotropes obtenues 
par des passages multiples dans des cerveaux de hamster. Aujourd’hui, ces souches 
censées mimer une infection persistante du cerveau ne sont plus utilisées. En effet, 
les souches CAM/RB ou HNT étaient très virulentes chez la souris, le rat et le 
hamster mais l'infection induite n'était pas représentative d'une infection persistante 
du VR dans le cerveau. Ces souches neuro-adaptées hypermutées induisent une 
infection aiguë dans le cerveau qui n'est pas représentative de l'infection lente et 
progressive observée dans la PESS 261,278,287. Un tel type d'infection n’est pas 
représentatif d'un APME ou d'un MIBE non plus.  
 
Plusieurs modèles murins ont été développés pour répondre à des questions 
spécifiques sur la pathogenèse du VR, l'invasion du SNC, les traitements antiviraux 
et la persistance (tableau 2). La persistance du VR a été démontrée chez des souris 
infectées par la souche Edmonston ou un VR recombinant exprimant la H de la 
souche CAM/RB jusqu'à deux mois 288,289 et chez des souris immunodéprimées 
infectées par la souche Edmonston. Cette dernière étude a également permis de 
mettre en évidence l'émergence de mutations 290. Les modèles de souris 
transgéniques (tg) sont toujours largement utilisés 266,269. Ces modèles expriment en 
général les récepteurs SLAM ou CD46 humains de manière stable et ont été générés 
à partir de souris sauvages ou déjà transgéniques pour d’autres gènes. Lorsque ces 
récepteurs sont exprimés de manière ubiquitaire (notamment dans le SNC), ces 
modèles très artificiels facilitent grandement l'entrée du VR. De plus, de tels modèles 
animaux permettent non seulement d'étudier les facteurs clés de la permissivité des 
cellules indépendamment de l'étape d'entrée, mais aussi de valider l'efficacité des 
traitements antiviraux dans un contexte où la propagation du virus est la plus difficile 
à bloquer 147,276,291,292 (tableau 2). 
 
Certains primates non humains représentent des modèles de choix de la rougeole 
car ils sont sensibles à l'infection par les souches sauvages du VR 293. Ainsi, les 
macaques rhésus et cynomolgus ou les singes saïmiris, communément appelés 
singes écureuils sont souvent utilisés pour des études portant sur la pathogenèse 
aiguë 140,196,197,199,294–296. Ces études ont mis en évidence de nombreuses similitudes 
de l’immunopathogenèse de la rougeole entre l'homme et ces primates. En 
particulier, le rôle essentiel de nectine-4 pour l'excrétion et la transmission 
interhumaine du VR a été confirmé, mais aucun symptôme lié à l'infection du SNC 
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n'a été rapporté à ce jour. Des transmissions accidentelles de souches circulantes du 
VR de l'homme au primate se sont déjà produites, causant notamment 5 décès sur 
21 cas chez le singe rhésus 297. 
 
Dans cette étude, l'infection du SNC n'a pas été étudiée et tous les décès étaient dus 
à une infection secondaire liée à l'immunosuppression induite par le VR. En 1999, 
une autre épidémie naturelle a entraîné la mort de 12 macaques japonais sur 53 cas. 
Une démyélinisation a été observée dans le cerveau d’un singe et deux singes ont 
montré des inclusions neuronales avec des antigènes de la rougeole 298 mais aucune 
particule virale infectieuse n'a été isolée. Afin de mieux caractériser l'infection du 
SNC, des singes rhésus ont été infectés par voie intracérébrale avec un virus dérivé 
de séquences connues de PESS mais les animaux n'ont pas développé de 
symptôme visible et plus aucun virus n'a été détecté trois semaines après l’infection, 
suggérant la résolution de l'infection 299. Une autre étude a été réalisée sur des 
singes rhésus infectés par voie intracérébrale avec une souche adaptée au cerveau 
de hamster. Ces singes rhésus ont développé une encéphalite avec des 
caractéristiques morphologiques similaires à celles observées dans le cerveau des 
cas humains de PESS. Cependant, comme déjà observé chez le rongeur, ces 
infections cérébrales induites par une souche adaptée au cerveau de hamster ont 
évolué au cours de la phase aiguë de l'infection et ne reflètent pas la lente 
progression observée dans la PESS 300. L'infection du SNC par le VR doit encore 
être caractérisée dans ce modèle. 
Plus récemment, une analyse comparative de l'infection, du tropisme et de la 
propagation du VR chez l’homme et de l’infection par le virus CDV responsable de la 
maladie de Carré chez des espèces hôtes naturelles telles que le chien et le furet a 
été réalisée. Cette étude a mis en lumière l’intérêt d’étudier la pathogénèse du CDV 
pour mieux comprendre la pathogénèse du VR, ces deux morbillivirus étant très 
proches 286. 
Le tamarin (Saguinus mystax), souvent appelé à tort ouistiti (marmoset en anglais) 
dans la littérature, s'est révélé sensible à l'infection par les souches Edmonston et JM 
301,302. La souche JM était hautement pathogène dans ce modèle, notamment après 
inoculation cérébrale 303. 
 

b. Les modèles alternatifs pour étudier le tropisme 
Le principal obstacle à l'étude du tropisme précoce du VR et d'autres 
Paramyxoviridae est le manque de modèles adéquats qui pourraient représenter 
fidèlement l'infection dans le cerveau humain. A ce jour, les modèles ex vivo 
semblent être un bon compromis 304. Des cultures organotypiques de cerveaux de 
souris, de hamsters, de rats, de chiens, de furets et de primates non-humains ont 
déjà été générées avec plusieurs sous-structures cérébrales telles que le cervelet, le 
cortex cérébral, le bulbe olfactif ou l'hippocampe 278,304–306. Les avantages de ces 
modèles sont la présence des quatre types cellulaires du SNC (neurones, astrocytes, 
oligodendrocytes et cellules microgliales), la possibilité de les produire à partir 
d’animaux transgéniques, et l'opportunité unique d'avoir une visibilité directe sur le 
SNC. De plus, plusieurs tranches peuvent être réalisées à partir de chaque sous-
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structure. Par conséquent, un grand nombre de conditions peut être testé avec un 
nombre très limité d'animaux, ce qui rend ces modèles éthiquement préférables par 
rapport aux expériences in vivo. Les principales faiblesses des cultures 
organotypiques de cerveau sont l'absence d'un système vasculaire avec des 
leucocytes circulants et la diminution de la susceptibilité à l'infection au cours du 
temps concomitante au développement de l'astrogliose 274. Les cultures 
organotypiques de cerveau de souris offrent de nombreuses possibilités, mais les 
souris sauvages ne sont pas sensibles à l'infection par le VR et les cultures 
organotypiques de cerveau de souris ne conviendraient donc pas pour étudier le 
tropisme précoce du VR dans le SNC. Par contre, les hamsters dorés sont sensibles 
à l'infection au VR. Ainsi, les cultures organotypiques de cerveau (COC) de hamsters 
pourraient offrir des modèles ex vivo plus pertinents mais le manque d'outils et 
d'anticorps disponibles pour cette espèce ralentissent encore fortement l'étude du 
tropisme précoce dans le SNC de hamster. 
 

c. Les modèles alternatifs pour étudier la dissémination 
Des lignées cellulaires neuronales telles que des cellules humaines NT2, des 
cellules d'astrocytome humain ou des cellules de neuroblastome de souris ont 
également été utilisées, mais leur pertinence reste difficile à apprécier compte tenu 
du changement de comportement des cellules en dehors de leur contexte tissulaire 
149,227,307–310. Des neurones primaires et des polycultures neurales ont également 
souvent été utilisés 227 mais sont peu représentatifs de la population neuronale dans 
le cerveau humain. Dans de nombreuses études, ces cultures ont été très utiles pour 
étudier la propagation intra et interneuronale du VR 276 car elles peuvent être établies 
à partir du cerveau de n'importe quelle souris transgénique. 
Les organoïdes de cerveau humain en 3 dimensions (3D) récemment développés 
ont un potentiel élevé pour étudier la dissémination et l'évolution virale dans le 
cerveau. Les organoïdes cérébraux sont générés à partir de cellules souches 
pluripotentes humaines ou de cellules souches embryonnaires humaines. Ce modèle 
plus éthique offre une opportunité unique de générer des données pertinentes qui 
pourraient être transposées fidèlement à l'infection cérébrale chez l'homme 311. Les 
organoïdes du cerveau humain nécessitent encore un développement 
supplémentaire afin de pallier le manque de microglie et de vascularisation, mais 
aussi le coût élevé et la variabilité du système 312. Cependant, à ce jour, ce modèle 
peut être très utile en combinaison avec des modèles ex vivo, notamment pour tester 
l'efficacité d'inhibiteurs dans le cadre d'une infection cérébrale, suivre la 
dissémination virale et mettre en évidence l'émergence de mutations. 
 

9) Le tropisme du VR dans le SNC 

Le VR, bien que principalement lymphotrope, peut également infecter le SNC. Le 
virus pourrait entrer dans le SNC par la voie hématogène en traversant la barrière 
hémato-encéphalique (BHE) 137. L’infection des cellules endothéliales, sensibles à 
l'infection in vitro et in vivo, au niveau de la BHE pourrait également permettre au VR 
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d'atteindre le SNC 218,313. De plus, les lymphocytes sont aussi capables de traverser 
la BHE, signifiant que les lymphocytes infectés par le VR pourraient transporter le 
virus à travers la BHE 314,315.  

Cependant, les mécanismes spécifiques permettant au virus d'entrer dans le SNC 
restent flous 218,234,316. Le phénotype hyperfusogène semble être nécessaire pour 
permettre la dissémination virale à travers les neurones même en l'absence de 
récepteur connu. À ce jour, le tropisme précoce et la dissémination des 
Paramyxoviridae dans le SNC au cours des premiers stades de l'infection restent 
peu documentés. Il existe également très peu de données disponibles sur les 
mécanismes cellulaires et moléculaires régissant l'invasion du SNC. À ce jour, les 
investigations se limitent principalement aux symptômes cliniques, à la sérologie, au 
séquençage de l'ARN et aux immunomarquages tissulaires. Par ailleurs, la plupart 
des études ont été réalisées avec des souches vaccinales du VR telles que la 
souche Edmonston B ou des souches neuro-adaptées chez le hamster. Ces études 
utilisent généralement différentes espèces de rongeurs sauvages ou transgéniques, 
ou d'autres modèles in vitro tels que des cultures neurales primaires ou 
immortalisées. L’utilisation de ces souches virales et de ces modèles est toutefois 
discutable lorsqu’il s’agit de refléter ce qui se passe chez l'homme. En revanche, ces 
études permettent d'aborder des questions spécifiques pour obtenir des informations 
importantes concernant le tropisme de l'infection par le VR dans le cerveau. 

a. Les études post mortem 

Les analyses post-mortem de cerveaux humains infectés par le VR montrent des 
lésions dans presque toutes les zones (figure 9 A). Dans le même contexte tardif, 
des études d'infection cérébrale chez l’homme et dans des modèles animaux ont 
décrit les types cellulaires dans lesquels des antigènes viraux ont été retrouvés dans 
le SNC, néanmoins les premières cellules ciblées restent à déterminer. 

Dans le SNC, l'infection au VR a été observée principalement dans les neurones 
mais aussi dans les oligodendrocytes, les astrocytes et les cellules microgliales 
137,317,318 (Figure 9 B,C,D). Dans les cas de MIBE et de PESS, des antigènes viraux 
et de l'ARN viral ont été trouvés dans les neurones et les oligodendrocytes 316. Dans 
les cas de PESS chez l’homme, les neurones sont la cible principale et la 
dissémination virale interneuronale a été démontrée au niveau des synapses via 
l’interaction de F avec la Neurokinine-1 227. Les oligodendrocytes infectés se situent 
souvent à proximité des neurones infectés, ce qui suggère une infection secondaire 
des oligodendrocytes par les axones. L'infection des oligodendrocytes par le VR est 
fortement liée à leur démyélinisation qui pourrait d’ailleurs être une caractéristique de 
la PESS (Figure 9 A, B). 

Le génome du VR et les antigènes viraux ont également été retrouvés, dans une 
moindre mesure, dans le cytoplasme périnucléaire des astrocytes 316. 

Dans une étude utilisant la souche Edmonston B, l'infection de cultures 
organotypiques d'hippocampes de rat ex vivo a montré que le virus peut infecter les 
neurones en l'absence du récepteur CD46 278. 
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Une infection des méninges a également été observée suite à l’inoculation 
intracrânienne du VR chez des furets 319 et des hamsters 320, ainsi qu'après une 
infection intranasale de souris transgéniques SLAM 161. Toutefois les souches du VR 
et les mutants utilisés dans ces études étaient tous connus comme hyperfusogènes 
et l'infection des méninges n'a pas encore été signalée chez l'homme. 

 

 

Figure 9 : Infection du système nerveux central par le virus de la rougeole 
(VR). 

Des lésions sont retrouvées dans le cerveau de patients souffrant de PESS et de 
MIBE mais les zones spécifiques où de l’ARN viral a été retrouvé sont peu 
documentées (A). Dans les études post mortem chez l’Homme le VR a été retrouvé 
dans les neurones et les oligodendrocytes (B). Occasionnellement des ARN du VR 
sont retrouvés également dans les astrocytes (C) et les cellules microgliales (D). 
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b. Les évènements précoces de l’infection par le VR 
Il est tout à fait envisageable que le VR puisse utiliser un troisième récepteur ou co-
récepteur encore inconnu pour entrer dans le SNC. On pourrait d’ailleurs établir un 
parallèle avec les études d'invasion du SNC par le CDV, très proche du VR, montrant 
que dans les cerveaux de chiens les astrocytes qui n'expriment pourtant ni SLAM ni 
nectine-4 restent permissifs à l'infection 207. Cependant, pour le VR, l'hypothèse 
selon laquelle une seule ou une combinaison de mutations serait suffisante pour 
conférer une adaptation dans les tissus cérébraux à l'invasion sans l'engagement 
d'aucun récepteur est également pertinente.  
À ce jour, la toute première cible cellulaire de l'infection par le VR dans le SNC est 
inconnue. Une étude récente s'est concentrée sur la susceptibilité cellulaire lors 
d'une infection par le VR dans le SNC en utilisant des cultures organotypiques 
d'hippocampe de souris C57BL/6 génétiquement modifiées déficientes pour le 
récepteur à l’interféron et exprimant le récepteur SLAM humain (souris SLAM-
IFNAR) 274. Tous les types cellulaires se sont avérés susceptibles à l'infection en 
l'absence de réponse IFN-I, cependant dans les cultures organotypiques issues de 
souris immunocompétentes une astrogliose a été détectée et la permissivité des 
astrocytes et des cellules microgliales a de ce fait fortement diminué. L'astrogliose et 
la microgliose ont été observées dans les cas d'encéphalites rougeoleuses 269,321,322. 
Ces données pourraient expliquer pourquoi les antigènes viraux sont à peine 
détectables dans les astrocytes et les microglies dans les analyses post mortem. 
Une autre étude récente réalisée à partir de cultures organotypiques de bulbe 
olfactif, d’hippocampe et de cortex chez le primate non-humain, le chien et le furet a 
identifié les cellules microgliales comme étant la cible principale du VR 306. Les 
auteurs ont utilisé une souche de VR sauvage. L’infection de neurones et 
d’oligodendrocytes a également été observée. Les auteurs ont réalisé cette étude en 
parallèle avec le CDV et ils ne rapportent aucune infection des astrocytes, ni par le 
VR ni par le CDV. D’après les auteurs, les astrocytes ne seraient pas la cible initiale 
de ces virus. Toutefois l’étude ayant été réalisée 3 jours post infection et sur des 
cerveaux d’animaux adultes on pourrait envisager que l’absence d’infection des 
astrocytes serait plutôt consécutive à une forte astrogliose274. Concernant l’infection 
des cellules microgliales, on ne sait pas si ces cellules expriment CD150 comme les 
macrophages. Cependant l'expression de CD150 par les microglies serait inductible 
323.  
 

10) La dissémination du VR dans le SNC 

Dans le tissu cérébral des cas de PESS on n’a pas détecté la présence 
extracellulaire du VR, ce qui suggère une dissémination virale de neurone à neurone 
possible sans libération de particules virales infectieuses 317. La propagation du VR 
dans les neurones de souris et de rat est basée sur le contact de cellule à cellule 
278,307,324. L'analyse fonctionnelle de VR hyperfusogènes portant une protéine F 
mutée T461I a confirmé cette théorie. Ce virus mutant comportant cette mutation 
issue d’un patient souffrant de PESS est capable de se disséminer exclusivement de 
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cellule à cellule dans des neurones primaires humains 253,257. La combinaison de 
mutations trouvées dans les souches issues de cas de PESS semble déterminante 
pour l’infection du cerveau et la neurovirulence 257. Les virus porteurs de ces 
mutations peuvent se propager dans le cerveau de souris génétiquement modifiées 
240. 

Plusieurs hypothèses mentionnent l’implication d’un co-récepteur dans le SNC 
(Figure 10).  
D’après certaines études, la dissémination du VR serait médiée par un mécanisme 
de microfusion au niveau des membranes synaptiques 227,257. Selon cette théorie, la 
protéine F interagirait avec la Neurokinine-1, le récepteur de la substance P 276,278 
(Figure 10). Cette interaction conduirait à la formation d'un micropore de fusion, 
permettant au complexe viral ribonucléique de se diffuser à travers le réseau 
neuronal sans avoir besoin de l’engagement d’un autre récepteur ni de 
bourgeonnement. Cela pourrait également expliquer l'absence de formation de 
syncytia dans les neurones primaires humains suite à une infection par des formes 
hyperfusogènes du VR. 
Autre hypothèse, certaines cellules myélinisées du SNC pourraient bloquer le contact 
de cellule à cellule entre les neurones et la propagation trans-synaptique dans le 
cerveau serait le seul moyen de permettre la dissémination virale 157. 
En 2019, Generous et ses collègues ont mis en évidence une autre façon possible et 
inédite de dissémination du VR dépendant de la nectine-4 dans les neurones209. Les 
cellules épithéliales infectées exprimant nectine-4 peuvent effectuer des transferts de 
leur matériel cytoplasmique (incluant le matériel infectieux) avec des neurones 
exprimant nectine-1 par un système de trans-endocytose. Ce procédé a été nommé 
« transfert de cytoplasme induit par la nectine », en anglais « nectin-elicited 
cytoplasm transfer » (NECT). L’utilisation du NECT par le VR pour se disséminer 
dans le SNC reste à être démontrée dans un contexte physiologique. 

Dernière hypothèse alternative, d’après Shirogane et ses collègues, l’infection trans-
synaptique de neurones est possible via les molécules d’adhésion cellulaires 1 et 2 
(CADM1, aussi appelée IGSF4A, Necl-2, ou SynCAM1 ; et CADM2, aussi appelée 
IGSF4D, Necl-3 ou SynCAM2) 325. Les résultats présentés dans cette étude sont 
incomplets et doivent être interprétés avec précaution, cependant, les auteurs ont 
identifié ici CADM1 et CADM2 comme agissant en tant que récepteurs en cis de 
basse affinité pour le VR. L’interaction entre ces molécules et la H, à condition 
qu’elles soient exprimées en cis sur la même cellule, est suffisante pour rapprocher 
les membranes de deux neurones et déclencher la F de mutants hyperfusogéniques 
du VR. Bien que non-formellement exploré par les auteurs, le rapprochement 
membranaire qui doit nécessairement avoir lieu pourrait être consécutif à la propriété 
d’homo- et/ou hétéro-philie démontrée des CADMs exprimées sur des membranes 
opposées. Les données montrent que l’inhibition de l’expression de CADM1 et 
CADM2 entraine une forte diminution de la fusion et de la dissémination des mutants 
hyperfusogéniques du VR, notamment le virus portant la mutation T461I dans la F 
325. CADM1 et CADM2 sont abondamment exprimés dans le cerveau humain et cette 
étude montre que leur faible interaction avec la H ne permet de déclencher la fusion 
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intercellulaire que par des virus déjà hyperfusogènes, connus pour être moins 
stables. A noter qu’aucun des CADM ne permet l’infection par une particule virale, ils 
sont seulement impliqués dans la dissémination entre cellules. Si les études 
approfondies à venir valident ces résultats ce procédé pourrait expliquer pourquoi les 
virus issus des cas de PESS sont capables d’envahir le cerveau en opposition aux 
souches sauvages. 

 

Figure 10 : Schéma des hypothèses pouvant expliquer la dissémination du 
virus de la rougeole dans le système nerveux central. 

 

11) Les traitements  

Aucun traitement ayant une efficacité démontrée n’est disponible pour traiter la 
rougeole ou a fortiori les encéphalites rougeoleuses. 

a. Traitement des symptômes et prévention des surinfections 
De manière courante, seuls sont utilisés des traitements symptomatiques et la 
prévention des surinfections par traitement antibiotique 326. 
 

b. Traitements basés sur l’amélioration de la réponse immunitaire 
Des traitements visant à stimuler la réponse immunitaire ont été utilisés pour traiter 
l’infection par le VR, incluant les immunoglobulines, la ribavirine et l’interféron alpha 
(IFN-α). 
 

c. Immunoglobulines sériques 
Historiquement, il a été estimé que l'injection intramusculaire d'immunoglobulines 
sériques en prophylaxie post-exposition protégeait jusqu’à 70% des patients 327. 
Cependant cette méthode est controversée car les doses d’immunoglobulines 
injectées doivent être très élevée pour maintenir un niveau d'anticorps 
antirougeoleux suffisant 328. D’autres données suggèrent que l’injection 
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d’immunoglobulines pourrait conduire à des cas de PESS 329 et favoriser la 
persistance du VR dans le cerveau 330–332.  

d. Ribavirine, IFN-α, Isoprinosine 
La ribavirine est un antiviral large spectre initialement utilisé pour le traitement du 
virus de l’hépatite C 333. Il s'agit d'un analogue d'acides nucléiques dérivé de la 
guanosine qui agit sur l’ARN polymérase virale en incorporant des nucléosides 
mutagènes dans le génome 334. La ribavirine semble diminuer les symptômes 
respiratoires chez les patients infectés par le VR 335 mais il n’y a pas de protocole 
standard ni de doses recommandées à ce jour. Il est critique de remarquer qu’in 
vitro, la concentration de ribavirine requise pour induire une mutagénèse 
catastrophique excède de beaucoup la dose tolérée chez l’homme 336–338. 

L'IFN-α, la ribavirine et l'inosine pranobex ont été utilisées pour traiter des cas de 
PESS mais leur efficacité à long terme reste insuffisante 339. De nombreux rapports 
cliniques montrent que la ribavirine induit une diminution des titres d'anticorps 
antirougeoleux dans le LCR des patients et améliore les symptômes neurologiques 
sans effets secondaires 340,341, en particulier lorsqu'elle est associée à l'IFN-α. Dans 
de rares cas, le traitement à long terme par l’IFN-α stabilise les symptômes cliniques 
des patients atteints de PESS pendant des années 342.  

L'isoprinosine est un dérivé de l'inosine et vise à bloquer la réplication virale, 
probablement par une activité immunorégulatrice. Le traitement le plus couramment 
utilisé de nos jours pour limiter la progression des PESS est l’injection d’IFN-α 
intrathécale ou à l'aide d'une pompe à perfusion sous-cutanée associée à 
l'isoprinosine orale 343–345.  

Ces traitements ne permettent pas de récupérer la perte de fonction mais ils peuvent 
stabiliser la maladie pendant plusieurs années 226,342,346. Le traitement à l’IFN-α peut 
être associé à des effets secondaires et conduire à des interféronopathies 347.  

e. Vitamine A 
La carence en vitamine A est un facteur de risque pouvant entrainer des 
complications à la suite de l’infection par le VR. L’apport de vitamine A réduit la 
morbidité et la mortalité liées à la rougeole chez les enfants 190–192 et permet de 
prévenir la cécité 203,348. Ainsi, l'OMS recommande l'administration immédiate de 
vitamine A aux enfants infectés par le VR et aux cas graves avec 2 doses répétées 
de 200 000 UI 123,349–352.  

Au début de l'infection, la réponse immunitaire innée repose sur la détection des 
MAMPs (microbe-associated molecular pattern) par les récepteurs de 
reconnaissance de motifs (PRR) tels que les RIG-I Like Receptors (RLR) 
reconnaissant les motifs d'ARN double brin dans le cytoplasme 353. Cette voie permet 
la synthèse et la sécrétion d'interféron de type I. Parmi les RLR, RIG-I (Retinoic acid-
inducible gene I) est activé par plusieurs virus à ARN dont le VR 354–356. Outre son 
effet sur la vision, l'efficacité d’un (pré)traitement à la vitamine A pourrait refléter 
aussi la capacité de son métabolite, l'acide rétinoïque, à inhiber in vitro la réplication 
du VR via une voie rétinoïde nucléaire d’activation de RIG-I 357,358 selon un 
mécanisme dépendant de l'interféron de type I (IFN) 359. 
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f. Gènes stimulés par l'interféron (ISG) et autres traitements 
De nombreux autres traitements, tels que des immunomodulateurs, la 
carbamazépineamantadine, des stéroïdes, la cimétidine et la plasmaphérèse et 
d’autres inhibiteurs alternatifs ont été testés pour traiter la PESS mais sans efficacité 
prouvée 344,346,360.  

Parmi les patients qui ont reçu deux doses de vaccin après l'infection initiale, certains 
ont quand même développé une PESS, suggérant que le vaccin post infection ne 
permet pas de prévenir l'encéphalite chez ces cas particuliers 361. Le développement 
de PESS dans ce contexte pourrait possiblement être indicateur d’une persistance 
de l’infection virale dans le SNC, hors de portée de la réponse immunitaire spécifique 
du VR. 

 
g. Inhibiteurs de transcription ou de réplication 

Afin d'inhiber la prolifération du VR, une stratégie consiste à réprimer les ARNm 
codant pour l'un des complexes clés de la polymérase, la N, la P ou la L en utilisant 
de petits ARN interférents (siRNA) ou shRNA, sous forme d'oligonucléotides 
synthétiques, codés par des plasmides ou transduits à l'aide de vecteurs lentiviraux. 
Les siARN ciblant l'ARNm de la L362, de la N363, de la P364, ou des trois en 
combinaison365 sont efficaces pour prévenir la croissance virale sur quelques jours 
sans effet cytotoxique. Cependant, même dans les cellules qui expriment 
constitutivement le siRNA le VR finit toujours pas contourner l’action des siRNA sans 
pour autant acquérir de mutation364.  
Cela peut-être expliqué par la demi-vie remarquablement longue de la polymérase 
apportée par les particules virales entrantes qui dure plus de 24 heures 366,367 et la 
saturation des siRNA en opposition à la synthèse continue d'ARNm viral par les 
polymérases entrantes. 
 
La protéine P du VR agit comme stabilisateur et cofacteur de la protéine L. La 
chaperone HSP90, en présence de P) est transitoirement nécessaire pour le bon 
repliement de la L conduisant à sa fonction de RdRp 367. HSP90 constitue donc une 
cible potentielle pour l'inhibition de la transcription. En effet, la geldanamycine et ses 
dérivés tels que le 17-DMAG bloquent l'activité chaperonne de la HSP90 en entrant 
dans sa poche d’ATP. Ces composés sont très efficaces pour bloquer la transcription 
virale en prévention et post-infection in vitro et ex vivo dans des cultures 
organotypiques de cerveau 367. De plus, il est peu probable qu'un inhibiteur de 
HSP90 conduise à l'émergence de virus mutants échappant au traitement368. Bien 
que proposés dans le traitement de cancers, les anti-HSP90 n’ont toujours pas été 
validés comme thérapeutique utilisable en application humaine. 
 
Le Remdesivir et le R1479 présentent une activité à large spectre contre les 
infections aux paramyxovirus, y compris le VR 116. En bref, dans les cellules, le 
Remdesivir est métaboliquement converti en nucléoside triphosphate actif. Le 
métabolite obtenu inhibe spécifiquement plusieurs polymérases de différents 
Mononegavirales tels que les Filovirus et les Henipavirus, mais pas les polymérases 
de l'hôte. Le Remdesivir inhibe l'activité de la polymérase du virus Nipah notamment 
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in vivo dans le modèle de singe vert africain 116,369. Sur la base de la bonne 
conservation des polymérases parmi les Mononegavirales, il existe une forte 
probabilité que le Remdesivir puisse également inhiber l'activité de la polymérase du 
VR. Les études pharmacocinétiques réalisées chez les primates non humains ont 
montré des niveaux élevés et persistants du nucléoside actif ayant été converti à 
partir du Remdesivir dans les cellules mononucléées du sang périphérique (PBMC). 
Ces études sont intéressantes car les PBMC sont ciblées par la souche sauvage du 
VR au cours des premières étapes de la pathogenèse 370. De plus, le Remdesivir et 
le nucléoside actif subséquent semblent être capable d'atteindre le cerveau et 
pourraient donc également inhiber les variants du VR adaptés au SNC que l’on 
observe dans les cas de MIBE et de PESS. 
 
Enfin, le composé 16677 (acide 1-méthyl-3-trifluorométhyl-5-pyrazolecarboxylique) et 
son analogue AS-136A sont des inhibiteurs non-nucléosidiques de l'activité du 
complexe ARN polymérase ARN-dépendante 371. L’AS-136A est capable de bloquer 
la synthèse d'ARN viral en ciblant la protéine L 372. Comme les anciens candidats, 
cet antiviral reste assez cytotoxique et sa solubilité doit être améliorée mais il pourrait 
être particulièrement efficace en combinaison avec des inhibiteurs de fusion ou des 
activateurs de réponse immunitaire antivirale 373. 
 

h. Inhibiteurs de fusion et d’entrée 
Comme mentionné précédemment, la première étape de l'infection repose sur 
l'entrée du virus dans la cellule cible. Afin d'empêcher l'entrée virale, l'objectif 
principal est de bloquer la fusion du virus. Les deux possibilités principalement 
envisagées consistent à bloquer l'interaction de la H avec son récepteur ou les 
changements conformationnels de la F. 
Le site de liaison au récepteur de la H est considéré comme une cible neutralisante 
potentielle. En effet, l'insertion de tout composé dans la poche de la H responsable 
de la liaison au récepteur pourrait soit empêcher l'attachement du virus à la cellule 
hôte, soit pré-déclencher la protéine F conduisant à la fusion des particules virales 
défectueuses pour la fusion et donc non infectieuses, en anglais « fusion 
dead particles». 
 
Plusieurs anticorps neutralisants ciblant la protéine H se sont également avérés 
efficaces 374. Plus récemment, les molécules neutralisantes dérivées d'anticorps 
telles que les fragments FV à chaîne unique ciblant la protéine H représentent une 
avancée majeure dans le domaine de la conception thérapeutique 375. 
 
Comme décrit précédemment, la Neurokinin-1 est décrite comme un récepteur 
potentiel de la F du VR, et l’antagoniste de la Neurokinine-1, l'Aprépitant, a été décrit 
pour limiter la dissémination virale de la souche vaccinale dans le cerveau du modèle 
murins CD46+/RAG-2ko 276.  
 
Le petit peptide hydrophobe appelé « peptide inhibiteur de fusion » (FIP), Z-D-Phe-L-
Phe Gly, et d'autres petites molécules telles que AS-48 ou 3G (un analogue de AS-
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48) peuvent bloquer la fusion des membranes in vitro 254,255,376. Ces inhibiteurs sont 
connus pour stabiliser l'état de préfusion de la protéine F. Néanmoins après 
exposition prolongée à ces inhibiteurs, il émerge des virus avec des mutations dans 
le domaine HRC de la F, virus qui non seulement échappent à l’effet inhibiteur mais 
sont hyperfusogènes 377. 
 

Des peptides dérivés du domaine HRC de la F visent à bloquer la fusion en 
capturant la protéine F dans son état métastable après avoir été déclenchée. Ces 
peptides permettent de stopper la fusion au début du processus (Figure 8 A, B, C, 
D). Les peptides dérivés des heptades répétées sont connus pour inhiber la fusion 
des protéines de classe I et l'un d'entre eux, le T20 (enfuvirtide) agit sur la protéine 
HIV-1 gp41 et est utilisé en clinique pour traiter le VIH-1 378. Cependant, des 
résistances au traitement ont été observées et des mutations ont émergé dans le 
domaine HRN de la gp41 379,380.  

 
Le peptide nommé HRC4 est un peptide dimère dérivé de la séquence du HRC de la 
F du VR qui interagit avec le domaine HRN pendant la transition structurelle de F 381. 
Le dimère comporte le peptide dérivé du HRC lié à deux chaînes de PEG, qui 
agissent comme un espaceur, conjuguées chacune à une molécule de cholestérol. 
Le groupement cholestérol augmente la puissance antivirale du peptide de 2 log en 
lui permettant de s'ancrer dans la membrane de la cellule hôte et permet également 
une meilleure biodisponibilité dans le cerveau 382,383. Les peptides dérivés du HRC 
conjugués au cholestérol ainsi qu'au tocophérol ont montré une efficacité élevée in 
vitro, ex vivo et in vivo, même dans le cadre de l'infection du SNC en traversant la 
barrière hémato-encéphalique 147,161,292. La dissémination du virus portant la mutation 
L454W dans F peut être efficacement bloquée in vitro et in vivo par des inhibiteurs 
de fusion dérivés de F HRC, indépendamment de la présence de SLAM 161. À ce 
jour, ces inhibiteurs de fusion sont le seul système déjà testé contre un virus 
sauvage et des variants hyperfusogènes observés dans l'infection du SNC, et 
figurent ainsi parmi les candidats prioritaires pour les études précliniques, à tester 
seuls et en association avec des traitements ciblant d'autres fonctions virales. 
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III- Les virus Nipah et Hendra 

1) Epidémiologie 

a. Hendra 
Le premier cas de Hendra a été détecté en septembre 1994 chez l’Homme et chez 
des chevaux à Hendra, dans la banlieue de Brisbane en Australie 384. Le virus 
responsable de ces syndromes respiratoires a d’abord été nommé « Morbillivirus de 
la pneumonie équine » 384 et a été classé dans le genre des Morbillivirus au sein des 
Paramyxovirus avant d’être renommé Hendra en 1998 et d’être classé dans le 
nouveau genre des Henipavirus 385.  

On compte un nombre total de 105 cas de HeV chez les chevaux et sept chez 
l’Homme. 84 chevaux sont décédés à la suite d’une infection par HeV. Cependant 
tout animal testé positif à l’infection est euthanasié386,387. Ces chiffres ne permettent 
donc pas de calculer un pourcentage de mortalité chez les chevaux. Parmi les 7 cas 
humains, 4 sont décédés et 3 ont survécu mais ont gardé des séquelles de l’infection 
388. 

Le taux de létalité approximatif actuel chez les chevaux et les humains est 
respectivement de 80 % et 60 %. Cependant il est difficile de déterminer avec 
précision le taux de mortalité chez les chevaux car tous les animaux diagnostiqués 
positifs pour HeV sont désormais euthanasiés 389. 

Les chauves-souris de la famille des Pteropodidae sont les réservoirs du HeV. 
Cependant, pour le HeV, la seule espèce de mammifère connue qui a été infectée 
directement par des chauves-souris sont les chevaux, considérés comme hôtes 
amplificateurs. En effet l’infection des hommes par HeV est très rare et semble donc 
accidentelle. Expérimentalement, de nombreux mammifères sont susceptibles à 
l’infection par le HeV ; les chiens390, les porcs391, les hamsters 392, les cobayes 393, 
les furets394, les vervets395, les chats396, les chevaux397 et les souris génétiquement 
modifiées déficientes pour le récepteur à l’interféron (souris IFNARKO) 398. L’Homme 
semble être un hôte accidentel et 5 cas sur les 7 étaient vétérinaires ou en contact 
direct avec les chevaux contaminés au moment de l’autopsie. 

 
b. Nipah 

Les premiers cas d'infection par le NiV ont été identifiés en septembre 1998 dans le 
village de la rivière de Nipah (Sungai Nipah) dans la région de Perak, en Malaisie. 
Ce nouveau virus a alerté par son très fort pouvoir pathogène. En effet 40% des 
patients infectés sont décédés d’encéphalites aiguës létales. Deux flambées ont eu 
ensuite lieu dans l'état de Negri Sembilan. Les cas reportés survenaient 
principalement chez les adultes ayant été en contact avec des porcs 399–401. En mars 
1999 la même épidémie s’est propagée à Singapour où un groupe de 11 cas 
similaires a été identifié parmi des travailleurs d'abattoirs en contact avec des porcs 
importés des régions épidémiques de Malaisie 402. On a retrouvé la présence du NiV 
à la fois chez les patients et chez les porcs contaminés. Le porc a été identifié 
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comme un hôte intermédiaire amplificateur, responsable de la transmission du virus 
à l’homme. Par la suite, les épidémies ont continué à se propager dans toute la 
Malaisie, entraînant des restrictions sur les importations de porcs. Cette épidémie a 
finalement abouti à l'abattage massif de plus d'un million de porcs dans les fermes 
de Malaisie avec au moins une infection confirmée. Ce désastre a été chiffré à plus 
de 100 millions de dollars US et a plongé la Malaisie dans une double crise 
économique et agricole. On parle alors pour la première fois de NiV comme un agent 
à risque pour le bioterrorisme 403. 

Depuis cette catastrophe économique et humaine (265 cas d’encéphalites dues à 
NiV et 105 décès en 1999) des épidémies sporadiques de NiV ont continué à 
survenir dans plusieurs pays d'Asie du Sud et du Sud-Est. Cependant, ces flambées 
diffèrent des grandes épidémies précoces apparues en Malaisie, tant au niveau des 
signes cliniques que du taux de létalité et du mode de transmission.  

Cette nouvelle souche distincte du NiV émergé en Malaisie est apparue au 
Bangladesh et en Inde en 2000-2001 et a été nommée NiV Bangladesh. Cette 
souche s’est avérée moins encéphalitogène et provoque principalement des 
symptômes respiratoires aigus sévères. La souche de NiV Bangladesh est encore 
plus léthal que la souche NiV Malaisie avec un taux de mortalité de 75% en moyenne 
pouvant atteindre 90 à 100% dans certaines flambées. De plus, des cas de 
transmission interhumaine ont été reportés avec NiV Bangladesh 404–406. L’origine de 
ces nouvelles flambées restaient cependant à déterminer car les personnes 
contaminées n’avaient pas rapporté de contact avec des porcs.  

Au moment où NiV a été identifié, le virus Hendra (HeV) étroitement apparenté était 
suspecté de persister chez les espèces de chauves-souris frugivores Pteropus. Cette 
nouvelle information a laissé supposer que ces chauves-souris pouvaient également 
servir de réservoir pour le NiV 407, hypothèse aujourd’hui largement confirmée408. Le 
virus a en effet été isolé dans des chauves-souris Pteropus en Malaisie, au 
Cambodge, en Thaïlande et au Bangladesh 409,410. 

Les personnes infectées par NiV Bangladesh avaient toutes en commun la 
consommation de dattes ou de lait de palme frais, généralement à même l’arbre. Les 
chauves-souris Pteropus giganteus ont pour habitude de se nourrir de la sève des 
dattiers et de leurs fruits. les humains consommateurs ont donc été en contact direct 
avec la salive et l’urine des animaux contaminés 411–413. On a par la suite retrouvé 
des anticorps neutralisant anti-NiV et de l’ARN viral de NiV dans l'urine, la salive, le 
sérum et d'autres organes chez plusieurs espèces de chauves-souris Pteropus en 
Asie (Cambodge410 et Thailand414) mais également dans d’autres régions où aucun 
cas humain de NiV n’a été rapporté, à Madagascar et au Ghana 415–419.  

En 2014, une épidémie de NiV causant des encéphalites aiguës et des méningites 
associées à des syndromes grippaux sévères a été détectée dans les Philippines 420. 
82 % des personnes atteintes d'encéphalite aiguë sont décédées. Cette flambée qui 
a touché 17 personnes se distingue des autres flambées par sa localisation et par le 
mode de transmission du virus qui semble avoir transité par le cheval en tant qu’hôte 
intermédiaire. 
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La dernière épidémie la plus récente a eu lieu en 2018 à Kerala, en Inde. Cette 
flambée a été particulièrement mortelle avec 21 morts sur 23 cas. Toutes les 
contaminations ont été nosocomiales. L’enquête effectuée sur les échantillons 
environnementaux du premier patient n’ont pas permis de retrouver la source de 
l’infection. La transmission s’est produite dans trois hôpitaux mais tous les cas 
primaires et secondaires ont été attribués directement à ce premier patient 421.  

Bien que les flambées de NiV ne se soient pas reproduites en Malaisie ou à 
Singapour depuis la grande épidémie de 1998-1999 ou aux Philippines depuis la 
flambée unique de 2014, des flambées presque annuelles se sont produites au 
Bangladesh et en Inde 421–423. Le nombre de cas est de plus en plus faible mais le 
virus circule toujours dans les chauves-souris. De plus, les changements climatiques 
associés aux déforestations massives par l’Homme entrainent des mouvements 
migratoires des chauves-souris qui se rapprochent alors des populations, facilitant 
ainsi l’apparition de nouvelles flambées de NiV chez les animaux et chez l’Homme 
ainsi que l’émergence de nouveaux virus 424–426 (Figure 11). 

 

 

Figure 11 : Localisation des flambées épidémiques dues au virus Nipah en 
Asie du Sud-Est de 1998 à 2021. 

 

c. Modèles animaux 
NiV et HeV sont des virus zoonotiques et peuvent infecter un spectre d'espèces de 
mammifère exceptionnellement large. Les données d’infections naturelles ou 
expérimentales indiquent que ces Henipavirus peuvent infecter les porcs, les 
chevaux, les chats, les chiens, les cobayes, les souris, les hamsters, les furets, les 
singes écureuils, les singes verts africains et les humains. Ils peuvent théoriquement 
atteindre presque tous les mammifères en raison de leurs récepteurs d’entrée très 
conservés 427. Cependant, la pathogénèse virale dans la plupart de ces modèles 
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n’est pas représentative de celle observée chez l’Homme428. Ainsi, les modèles 
retenus les plus pertinents pour l’étude de la physiopathologie du NiV sont le 
hamster doré 98 et le singe vert africain 429. 

 

2) Les Henipavirus 

a. Classification 
Les virus Nipah et Hendra appartiennent, comme le VR, à l’ordre des 
Mononegavirales et à la famille des Paramyxoviridae. Ils font partie en revanche d’un 
genre à part, les Henipavirus, qui comprend également le virus Cedar.  

b. Le génome des Hénipavirus  
A l’image des autres Paramyxovirus les particules de NiV et de HeV sont 
pléiomorphes et ont une taille pouvant aller de 40 à 1900 nm 430,431. L’organisation du 
virion est similaire à celle décrite pour le VR. 
Ce sont des virus enveloppés à ARN simple brin négatif. Le génome de Nipah 
Malaisie est de 18 246 nucléotides (nt), le génome de Nipah Bangladesh est de 
18 252 nt et le génome de HeV est de 18162 nt 430. 
La taille du génome des Henipavirus correspond toujours à un multiple de 6, comme 
les autres paramyxovirus. Cette « règle des 6 » est primordiale pour permettre une 
encapsidation complète du génome par la nucléoprotéine qui est capable de couvrir 
6 nt 154,432. 
Le génome des Henipavirus est composé de 6 unités de transcription codant 6 
protéines structurales : le gène N code la protéine de nucléocapside, le gène P code 
pour la phosphoprotéine, le gène M code pour la protéine de matrice, le gène G code 
pour la glycoprotéine d’attachement, le gène F code pour la protéine de fusion et le 
gène L code pour l’ARN polymérase ARN dépendante. Le gène P code en plus pour 
trois protéines non-structurales, les protéines C, V et W qui jouent un rôle dans le 
contrôle de l’immunité innée.  

Tout comme le VR, le génome est flanqué de séquences promotrices appelés leader 
et trailer qui peuvent être transcrites. Le leader, long de 55 nucléotides, est 
synthétisé à partir de l’extrêmité 3’ du génome et contient les promoteurs de 
transcription et de réplication génomique. Le trailer, de 33 nucléotides, est transcrit à 
partir de l’extrêmité 3’ de l’antigénome qui englobe le promoteur de réplication 
antigénomique 433. Ce trailer est l’unique transcrit antigénomique car l’antigénome ne 
possède pas de promoteur de transcription qui pourrait permettre l’expression de 
séquences plus en aval. Les ARN leader et trailer contiennent le signal 
d’encapsidation régulant l’attachement et la polymérisation de N autour du génome 
et de l’antigénome. Ils ne sont ni coiffés, ni polyadénylés. Les méthodes de 
séquençage haut débit ne permettent pas toujours de séquencer les extrémités des 
génomes, de ce fait, dans la littérature, les séquences publiées des leaders et des 
trailers des nouveaux Henipavirus sont souvent manquantes.  
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c. Les glycoprotéines de surface 
La protéine de fusion est une protéine de type 1 qui s’organise en trimères à la 
surface des particules virales. Pour être active, sa forme de précurseur F0 doit être 
clivée par la cathepsine L (après Arg109 ou Lys109) en deux fragments F1 et F2 
reliés par un pont disulfure 434.  

La protéine d’attachement G est une glycoprotéine membranaire de type 2 qui 
s’organise en tétramères associés aux trimères de F à la surface des virions 434. Elle 
n’a aucune fonction enzymatique connue. Cette protéine se compose d’une queue 
cytoplasmique de 50 aa, d’un domaine transmembranaire de 23 aa, suivi d’une tige 
de 100 aa terminée par une tête globulaire constituée des 419 aa restants. La G 
compte 8 sites de glycosylations, dont 5 utiles dans l’infection (positions 306, 378, 
417, 481 et 529), et 7 ponts disulfures. L’interaction entre G et son récepteur a lieu 
au niveau de sa tête globulaire. 

 

3) Les récepteurs  

Les récepteurs d’entrée connus pour NiV et HeV sont les protéines éphrine B2 et 
éphrine B3 (appelées également EFN B2 et EFN B3). La famille des éphrines B se 
compose de 3 protéines nommées éphrine B1, éphrine B2 et éphrine B3. 
L’expression et la séquence de ces récepteurs sont très conservées chez les 
mammifères : cela explique le caractère zoonotique des Henipavirus. Ces éphrines 
se lient aux récepteurs de la famille EphB qui présentent une activité tyrosine-kinase.  
 

a. Ephrine B2 
Ephrine B2 est une protéine transmembranaire de 333 aa. Ephrine B2 est un ligand 
des récepteurs EphB4 et A3, exprimés notamment à la surface des monocytes. 
Ephrine B2 est exprimée dans les cellules endothéliales au niveau des artères et des 
capillaires, dans les cellules épithéliales alvéolaires bronchiques et pulmonaires de 
type II, dans les cellules musculaires lisses et dans les neurones 435–438. Ephrine B2 
est impliqué dans le développement embryonnaire et est indispensable dans les 
étapes de neurogenèse 439 et d’angiogenèse 440. L’expression seule d’éphrine B2 
dans des cellules non susceptibles est suffisante pour permettre l’entrée du NiV 
441,442.  

b. Ephrine B3 
Ephrine B3 est une protéine transmembranaire de 340 aa. Son affinité avec la G du 
NiV est 10 fois inférieure à éphrine B2 mais est suffisante pour permettre l’entrée de 
NiV dans les cellules443. Ephrine B3 est exprimée dans le système vasculaire mais 
son expression est prédominante dans les cellules du SNC et particulièrement au 
niveau du tronc cérébral 436,444. La forte expression des récepteurs des Henipavirus 
dans le SNC peut expliquer les cas d’encéphalites léthales lors de l’infection. 
L’affinité de la G de NiV avec éphrine B3 serait 30 fois supérieure à celle de la G du 
HeV et pourrait expliquer les différences au niveau de la neuropathogénèse des 
deux virus 445. 
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c. Ephrine B1 
Malgré une forte homologie avec éphrine B2 et B3, éphrine B1 est présentée dans la 
littérature comme n’étant pas un récepteur d’entrée de NiV et HeV. En effet, les deux 
résidus en position 121 et 122 (leucine et tryptophane), communs à éphrine B2 et B3 
diffèrent pour éphrine B1 (tyrosine et méthionine) et ont été montré comme étant 
critiques pour l’entrée du virus 443. Le remplacement de ces aa LW par YM dans 
éphrine B3, aboli totalement la capacité d’éphrine B3 à lier la G de NiV tandis que 
l’expérience inverse permet la liaison entre la G et éphrine B1 mutée. Ephrine B1 est 
cependant un récepteur d’entrée pour le virus Cedar (CedV), un autre Henipavirus 
non pathogène qui a été isolé d’une chauve-souris en Australie en 2012 446,447. La G 
de CedV peut également se lier à éphrine B2 mais pas à éphrine B3 448,449. La 
structure cristalline de la tête globulaire de la G de CedV en complexe avec éphrine 
B2 révèle la présence de trois poches dans la cavité de liaison, tandis que la cavité 
de liaison de la G de HeV comporte quatre poches 449. Cette altération structurelle 
dans la G de CedV permet d’accepter des résidus avec des chaînes latérales plus 
grandes 446,449. 

 

d. Les Héparanes sulfates  
Les Héparanes sulfates (HS) sont des récepteurs d’attachement pour NiV et HeV 450. 
Ces Glyco-Amino-Glycanes (GAG) ubiquitaires sont présents à la membrane des 
cellules et ont la capacité de fixer un grand nombre de protéines à la surface des 
cellules 451. NiV et HeV utilisent les HS dans le but de transiter dans l’organisme à la 
surface des leucocytes tout en étant protégés, permettant ensuite la trans-infection 
c’est-à-dire la transmission de l’infection à des cellules susceptibles par des cellules 
gardant le virus en surface et sans le produire452. 

 

4) Entrée des Henipavirus 

L’entrée commence par l’attachement du récepteur à la tête globulaire de la 
glycoprotéine G, au niveau d’un sillon hydrophobe impliquant majoritairement les 
acides aminés W504 et E533 453. Cette liaison active un mécanisme d’endocytose, 
plus précisément de type macropinocytose mais n’exclut pas la fusion à la surface de 
la cellule 454.  
La liaison de la G à son récepteur entraine un changement de conformation lui-
même à l’origine du changement de conformation de la protéine de fusion F.  
La majorité des protéines de fusion des Paramyxovirus sont clivées au cours de leur 
transport à travers le réseau trans golgien 455. La F du VR est clivée par exemple par 
la furine après une séquence très conservée R-XK/R-R 455,456.  
Ainsi, la protéine F exposée à la surface cellulaire et virale est déjà active. Les 
Henipavirus ne possèdent pas cette séquence. Leur protéine F reste donc sous la 
forme F0 jusqu’à l’arrivée de la particule à proximité de la cellule cible. La protéine de 
fusion est clivée en fragment F1 et F2 par la cathepsine L lorsque la particule virale 
arrive à proximité de la membrane plasmique des cellules ou même dans 
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l’endosome 457–459. La suite de la fusion se produit de la même façon que décrit 
précédemment pour le VR 460.  

5) Pathogénèse 

Selon les connaissances disponibles, l’infection par le NiV et le HeV débute dans les 
cellules dendritiques de l’épithélium respiratoire ou digestif. Cependant aucun 
résultat ne démontre que les cellules épithéliales ne sont pas elles-mêmes infectées 
également et on ne peut pas exclure cette hypothèse. Le virus atteint ensuite les 
organes lymphoïdes via les cellules dendritiques, en infectant au passage les 
cellules endothéliales des vaisseaux lymphatiques. L’attachement des particules 
virales aux leucocytes par les HS permettrait au virus d’échapper à la 
reconnaissance du système immunitaire et d’envahir rapidement tout l’organisme par 
le système vasculaire. Dans les petits vaisseaux et les capillaires les lymphocytes 
interagissent avec l’endothélium vasculaire et provoquent un contact très étroit entre 
les virus présents à la surface des lymphocytes et Ephrine B2 et B3. Ce phénomène 
entraine une amplification de la dissémination virale qui s’étend alors aux cellules 
des muscles lisses à la paroi des vaisseaux. NiV et HeV pourraient utiliser le même 
mécanisme pour atteindre le SNC. Une fois dans les vaisseaux cérébraux, la 
formation de syncytia par le NiV entrainerait un effet cytopathique avec rupture de la 
barrière hémato-encéphalique, laissant libre accès au virus pour infecter les 
neurones, particulièrement permissifs 461. Alternativement, d'autres voies d'infection 
par le nerf olfactif 462 ou par la transinfection de cellules neurales à partir des cellules 
immunitaires circulantes 452 ont été validées dans des études animales, sans pour 
autant induire de vascularite. Aucune de ces hypothèses n'a été confirmée chez 
l'homme qui développe toujours une vascularite généralisée. 

La période d'incubation du NiV chez l'homme est généralement inférieure à deux 
semaines dans 90% des cas mais peut varier entre 4 jours à 2 mois 401. Les patients 
infectés par la souche NiV Malaisie présentent de la fièvre, des maux de tête, des 
étourdissements et des vomissements, qui évoluent jusqu’à une encéphalite sévère. 
De nombreux patients manifestent un niveau de conscience réduit et des signes 
importants de dysfonctionnement du tronc cérébral, notamment un réflexe oculo-
céphalique anormal, des réflexes pupillaires, des changements vasomoteurs et des 
convulsions 401.  

Pour HeV, la période d'incubation varie de quelques jours à deux semaines chez 
l'homme et les signes cliniques bénins comprennent de la fièvre, des maux de tête, 
de la somnolence et des symptômes pseudo-grippaux 388. Les infections sévères 
sont souvent fatales avec des signes respiratoires et/ou neurologiques.  

Les atteintes neurologiques observées chez les patients infectés par NiV et HeV sont 
diverses : méningites aseptiques, encéphalites diffuses, atteinte focale du tronc 
cérébral, et des signes cérébelleux relativement fréquents.  

L'infection par la souche de NiV Malaisie et HeV présente la caractéristique de 
développer des rechutes et des encéphalites tardives, parfois des mois ou des 
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années après la maladie aiguë 463. Au cours de la première grande épidémie de 
Nipah en 1998 et 1999 7,5% des survivants apparemment guéris de l'encéphalite 
aiguë initiale ont subi des rechutes. À l’image des cas de SSPE observées avec le 
VR on a également relevé 3,4% de patients qui ont développé une encéphalite 
tardivement, jusqu’à 11 ans après le contact avec le NiV, alors que l’infection initiale 
n’avait pas provoqué de manifestation neurologique 464. 

Des troubles psychiatriques, incluant une dépression, des changements de 
personnalité, une perte de l'attention, de la mémoire verbale ou visuelle 465 ont 
également été observés.  

Cependant, les manifestations neurologiques diffèrent beaucoup suivant les souches 
de NiV.  

La myoclonie segmentaire est prédominante dans les cas malaisiens, mais peu 
observée au Bangladesh et en Inde. En revanche, un tiers des survivants à NiV 
garde des séquelles neurologiques et un trouble cognitif persistant. Presque tous les 
patients souffrent de fatigue chronique invalidante et plus de la moitié présentent des 
changements comportementaux et neuropsychiatriques, similaires à ceux observés 
dans les cas de Malaisie et de Singapour466. 

Avec la souche malaisienne une atteinte respiratoire a été décrite dans 14 à 29% 
des cas 401,464. Pour la souche NiV Bangladesh la grande majorité des patients 
présentait au contraire des symptômes respiratoires, incluant de la toux dans 62% 
des cas et des difficultés respiratoires dans 69% des cas, allant jusqu’à développer 
pour certains un syndrome de détresse respiratoire aiguë 467.  

 

6) Différences entre les Henipaviruses 

Plusieurs souches du NiV ont été isolées. La souche NiV Bangladesh partage 91,8% 
d’identité avec la souche NiV Malaisie et HeV partage 70% d’identité avec NiV 
Malaisie (Figure 12). Ces virus présentent de grandes différences, notamment dans 
leur façon de transmettre l’infection et dans leur pathogénicité. Par exemple, NiV Ban 
est le virus où la transmission interhumaine a le plus été observée. Les différences, 
déjà décrites dans cette introduction ont été résumées dans la Figure 13. 
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Figure 12 : : Analyses phylogénétiques des séquences du gène N des virus 
Nipah et Hendra 

 

Arbre de parcimonie maximale, algorithme Close-NeighborInterchange, Les 
longueurs de branches sont exprimées en unités de nombre de changements sur 
l'ensemble de la séquence. Les numéros d'accession GenBank disponibles sont 
indiqués pour les séquences correspondantes. Les groupements de génotypes 
proposés sont indiqués par les parenthèses. Analyse réalisée à l'aide de MEGA 5. 
Figure adaptée de Tamura et al. 2011.  
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Figure 13 : Comparaison entre les souches d’Henipavirus pathogènes pour 
l’Homme. 

 A, B, C, Transmission de HeV, NiV Malaisie (NiV Mal) et NiV Bangladesh (NiV Ban), 
de la chauve-souris Pteropus Giganteus à l’Homme, via le cheval, le porc ou le lait 
de palme contaminé. D, E, F, Pathogénicité des différentes souches au niveau des 
voies respiratoires et du système nerveux central. Figure réalisée sur Biorender. 
 

7) Encéphalites tardives et récidivantes dues aux Henipavirus 

Environ 12% des patients infectés par NiV Mal ont ensuite développé une 
encéphalite décalée dans le temps ou récidivante 464. Chez ces patients, les ARN et 
des antigènes viraux ont été retrouvés dans les neurones ainsi que dans les cellules 
gliales et épendymaires, sans marque évidente de démyélinisation, en opposition 
aux encéphalites aiguës 468 (Figure 13). 
Dans le cas de NiV Ban, 4 cas de récidives d’encéphalites, ont été signalés au cours 
d’une seule épidémie 466. Les patients présentaient notamment une paralysie des 
muscles oculomoteurs, un nystagmus ou affaissement du visage. 
Dans le SNC, les principales lésions observables associées à l’infection sont une 
vascularite, une thrombose, de la nécrose cellulaire dans parenchyme et des 
« inclusions virales ». Les lésions induites par cette souche sont généralement plus 
grandes, parfois hémorragiques et associées à une perte neuronale sévère. Il est 
intéressant de noter que les rechutes et les encéphalites tardives ne s’accompagnent 
pas de vascularite qui est pourtant la caractéristique principale des infections aiguës 
467. 
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Dans le cas de l’encéphalite récidivante à HeV, le patient présentait une méningite, 
une inflammation du cortex cérébral, une infiltration périvasculaire, une prolifération 
gliale dont le type cellulaire n’a pas été défini et une perte neuronale. Ces 
observations sont associées à la détection d'ARN viraux et d'antigènes dans les 
neurones et certaines cellules gliales 462. 
 

8) Tropisme de NiV et HeV dans le SNC 

À ce jour, le tropisme de l'infection à Henipavirus dans le SNC n’a été étudié qu’à 
partir d’analyses post mortem effectuées sur l’humain et des modèles animaux. Les 
résultats suggèrent que les neurones sont la cible principale de NiV Mal et de HeV 
98,469. Cependant, les connaissances sur le tropisme initial et la dissémination des 
Henipavirus dans le SNC sont embryonnaires. 

 

9) Vaccins et traitements 

a. Les vaccins 
Aucun vaccin n’est à ce jour commercialisé pour prévenir l’infection contre Nipah. 
Cependant plusieurs stratégies vaccinales ont été développées et testées sur des 
modèles animaux. L'approche la plus étudiée a été un vaccin basé sur l’injection de 
glycoprotéine G soluble (sG) de NiV et HeV. HeV-sG provoque une réponse  
immunitaire qui confère une protection croisée contre HeV et NiV 470. Depuis 2012 le 
vaccin Equivac (Zoetis Australia Pty Ltd) contre HeV a été commercialisé en 
Australie pour les chevaux. Il s’agit d’une HeV-sG qui induit chez les chevaux 
vaccinés des anticorps neutralisants contre HeV. 
Des vaccins recombinants à base de vecteurs viraux : virus de la Vaccine471, 
Canarypox 472,473, adeno-associated virus (AAV)474, virus de la rougeole 475, ou 
encore vesicular stomatitis virus (VSV)476,477 ont également été développés et testés 
respectivement chez le hamster, le porc, le singe et le furet (et le singe vert d’afrique 
également). Ces virus recombinants expriment les glycoprotéines F ou G à leur 
surface.  
Un vaccin à particules virales dérivé de cellules de mammifères (Virus Like Particle, 
VLP) a également été produit et testé chez le hamster 478.  
Récemment, un vaccin basé sur un ARN messager codant pour la G soluble du HeV 
a montré d’excellents résultats chez le hamster doré contre NiV et est en cours 
d’optimisation 479. 
A part le dernier candidat qui a protégé 70% des animaux après une dose unique de 
vaccin, toutes ces approches ont conféré une protection complète contre NiV dans 
les modèles animaux testés indiquant que le développement d’un vaccin efficace est 
tout-à-fait envisageable.  
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b. Les traitements 
À l'heure actuelle, il n'existe aucun médicament approuvé pour traiter ou prévenir 
l'infection par NiV ou par le HeV chez l'Homme. Cependant, divers traitements ont 
cependant conféré une protection in vivo chez l’animal 480. 

L’administration quotidienne du Favipiravir, un analogue de purine, chez le Hamster 
a permis de protéger les animaux contre l’infection par NiV 481.  
Le Remdesivir a largement été testé et son efficacité préventive a été confirmée sur 
les singes verts africains 482. 
Des anticorps monoclonaux humains m102.4 (cible la G) et h5B3.1 (cible la F) 
montrent des résultats prometteurs chez le singe vert africain et le furet, même 
administrés après l’exposition à NiV et à HeV 483–486. Le m102.4 a été administré à 
des humains lors de la flambée de NiV Ban à Kerala en Inde en 2018 comme 
traitement compassionnel expérimental. Les résultats ne sont pas encore publiés, 
cependant cet anticorps est actuellement en essai clinique de phase I 487. 

Un peptide inhibiteur de fusion dérivé de la séquence du HRC du virus humain 
parainfluenza de type 3 (hPIV3) comportant les mutations VIKI, VIKI-PEG4-chol, 
s’est avéré très efficace contre l’infection par NiV et HeV, in vitro et in vivo. 
L'interaction entre le couple hétérologue HRN-HRC (NiV-HPIV3) est plus forte que le 
couple homologue (NiV-NiV), entrainant une meilleure avidité des deux heptades 
répétées 488. De plus, l’ajout d’un groupement cholestérol a permisl’augmentation de 
l’efficacité du peptide382 et son adressage au SNC avec traversée de la barrière 
hématoencéphalique383. Chez le hamster, ce peptide a protégé 100% des animaux 
en pré-traitement et 80% lorsque le traitement a commencé 48 heures après 
infection par le NiV 383,489. Chez le singe vert africain le traitement par voie 
intratrachéale (comme par voie trachéale et sous-cutanée) a protégé un animal sur 3 
malgré une quantité de virus administrée au moins 3 log supérieure à la dose létale 
(i.e. >107 PFU/animal) 489,490. 

 
D’autres traitements ont été testés et abandonnés rapidement. L’analogue de 
nucléoside, la ribavirine 491, décrite pour son activité antivirale à large spectre sur les 
Paramyxovirus a été administrée chez l’Homme lors des épidémies de NiV mais n’a 
pas montré de résultats probants. La chloroquine a été envisagée pour bloquer le 
clivage de la F de par son action sur la cathépsine L mais sans efficacité comme 
dans le cas de toutes les infections virales, même en combinaison avec la Ribavirine 
492,493. 
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OOBJECTIFS DE LA THESE 
 

 

Parmi les virus ciblant initialement les voies respiratoires certains sont capables 
d’infecter le SNC et d’induire des encéphalites dont la fréquence et la sévérité sont 
très variables. A ce jour très peu d’études permettent de déterminer les étapes 
précoces de l’infection du SNC par ces virus. L’infection du SNC est généralement 
étudiée dans le cadre d’analyses post-mortem chez l’Homme et chez l’animal ou 
dans des modèles in vitro spécifiques ne permettant pas de conclure sur les étapes 
précoces de l’infection du SNC à l’échelle organique. 

Dans cette thèse mon intention a été de mieux comprendre les facteurs 
influençant l’infection du SNC par le SARS-CoV-2, le virus de la rougeole (VR) et les 
trois Henipavirus pathogènes pour l’Homme (virus Nipah Malaisie, virus Nipah 
Bangladesh et virus Hendra). 

Pour répondre à cette question 3 objectifs se sont dessinés :  

 Le premier objectif a été de mettre en place des nouveaux modèles ex vivo 
permettant d’étudier le tropisme précoce et la dissémination de ces virus. Pour 
mettre en parallèle l’infection des poumons avec l’infection du SNC j’ai 
développé et caractérisé des cultures organotypiques de poumon et de tronc 
cérébral de hamster. 

 Le deuxième objectif a été d’étudier le tropisme et la dissémination du SARS-
CoV-2, du VR et des Henipavirus grâce à une analyse comparative des 
différentes souches. 

 Le dernier objectif a été de comprendre, à l’échelle moléculaire, les 
différences de tropisme et de dissémination identifiées selon le pouvoir 
fusogène des virus étudiés. Ce dernier axe vise également l’analyse 
d’évolution génétique des virus dans le SNC. 
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Cette partie résultat est découpée en 3 grandes parties. Dans la première partie 
des nouveaux modèles permettant d’étudier la neuroinvasion par des virus 
respiratoires ont été développés et caractérisés. L’utilisation de ces modèles de 
cultures organotypiques peuvent être étendus pour l’étude de la pathogénèse virale 
à l’échelle organique et pour le développement de traitements. Cette partie s’appuie 
sur 3 articles scientifiques publiés ou en cours de publication ainsi que des résultats 
complémentaires, un article de vulgarisation scientifique en français et une revue sur 
l’infection du SNC par le VR. Ces résultats sont découpés de la façon suivante :  

1) Pathogénèse de l’infection du SARS-CoV-2 dans des cultures organotypiques de 
poumons et de tronc cérébral de hamster 

a. Article 1 : Modélisation organotypique de l'infection pulmonaire et du tronc 
cérébral du SARS-CoV-2 chez le hamster 

2) Caractérisation d’un nouveau modèle ex vivo : les cultures organotypiques de rein 
de hamsters 

a. Article 2 : Développement de modèles organotypiques de hamster pour l'étude de 
l'infection rénale par le SARS-CoV-2 à un stade précoce 

3) Tropisme précoce et dissémination du virus de la rougeole dans le CNS 
a. Article de vulgarisation : Interféron de type I et sélectivité de l’infection des 
cellules du système nerveux central par le virus de la rougeole 

b. Revue : Les encéphalites rougeoleuses : vers de nouveaux traitements 

4) Traitements antiviraux contre le virus de la rougeole 
a. Article 3 : Des fragments uniques des chaines variables d’anticorps neutralisent 
l’infection par le virus de la rougeole in vitro et in vivo 

b. Inhibition de l’infection par des virus de la rougeoles mutants neuropathogènes 
par un fragment unique des chaines variables d’anticorps 

 

La deuxième partie porte sur le rôle du caractère hyperfusogène du virus de la 
rougeole pour l’infection du SNC. De nombreux VR mutants portant des mutations 
dans leur protéine de fusion ont été étudiés et comparés dans 4 publications 
scientifiques et une cinquième en préparation. Les résultats sont présentés comme 
ci-dessous : 

1) Impacte de la déstabilisation de la F dans l’invasion du SNC 
a. Etude de l’impact des mutations dans la F et la H de souches du virus de la 
rougeole issus de cas SSPE dans la machinerie de fusion 
b. Article 4 : Caractéristiques moléculaires du complexe de fusion de virus de la 
rougeole favorisant l'infection et la propagation dans le cerveau 

c. Article 5 : Complexes de fusion du virus de la rougeole provenant d'isolats 
cliniques du système nerveux central : diminution de l’interaction entre l'hémagglutinine 
et les protéines de fusion 

2) Pathogénicité des mutants hyperfosogènes du virus de la rougeole dans les voies 
respiratoires 

a. Article 6 : Le virus de la rougeole portant une protéine de fusion dérivée 
d'encéphalite rougeoleuse à corps d’inclusion est pathogène après une infection par 
voie respiratoire 

b. Tropisme initial de mutants hyperfusogènes du virus de la rougeole dans le 
système nerveux central 
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La troisième partie vise à transposer les compétences acquises avec le VR et le 
SARS-CoV-2 pour évaluer les différences d’encéphalitogenèse entre plusieurs 
souches d’Henipavirus. Les résultats présentés s’appuient sur des travaux publiés 
décrivant les différences génomiques entre les Henipavirus, un article en préparation 
et des résultats préliminaires de l’infection d’organoïdes de cerveau humain. 

1) Différences génomiques entre les Henipavirus 
2) Les facteurs influençant l’infection du système nerveux central par les Henipavirus 

a. Article 7 : Comparaison de l’infection des Henipavirus dans le système nerveux 
central : tropisme précoce, entrée et machineries de fusion 

b. Comparaison de l’infection d’organoïdes de cerveau humain par les Henipavirus 
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I. Développement de modèles au service de l’étude 
de la neuroinvasion par des virus respiratoires et 
du développement de traitements 

 

 

1) Pathogénèse de l’infection du SARS-CoV-2 dans des cultures 
organotypiques de poumons et de tronc cérébral de hamster 

a. Article 1 : Modélisation organotypique de l'infection pulmonaire et du tronc 
cérébral du SARS-CoV-2 chez le hamster 

 

Marion Ferren, Valérie Favède, Didier Decimo, Mathieu Iampietro, Nicole A. P. 
Lieberman, Jean-Luc Weickert, Rodolphe Pelissier, Magalie Mazelier, Olivier Terrier, 
Anne Moscona, Matteo Porotto, Alexander L. Greninger, Nadia Messaddeq, Branka 
Horvat, Cyrille Mathieu 

Nature Communications, 2021 

Facteur d’impact : 14,919 
 

Résumé de l’article : 

Le SARS-CoV-2 est capable d’infecter le SNC chez l’Homme mais les premières 
étapes de l’infection restent à préciser car la plupart des résultats décrivant l’infection 
du SNC proviennent d’études post-mortem. A ce jour on manque de modèles 
reflétant la complexité organique et les modèles en 3D tels que les organoïdes de 
cerveau humain sont incomplets ou immatures (ne contiennent pas de cellules 
microgliales et contiennent beaucoup de cellules précurseurs pas encore 
différenciées). Ces modèles sont très utiles pour étudier l’évolution génétiques des 
virus et pour réaliser des analyses transcriptomiques dans le contexte du SNC chez 
l’Homme mais sont insuffisants lorsqu’il s’agit d’étudier les premières étapes d’une 
infection ou de tester des traitements. 

Dans cet article nous avons ainsi caractérisé deux nouveaux modèles de cultures 
organotypiques de poumons et de tronc cérébral de hamster. Ces modèles ex vivo 
offrent une opportunité unique pour l’étude des étapes précoces d’une infection et 
pour cribler des traitements antiviraux.  

Ici les deux systèmes organotypiques semblent conserver leurs propriétés 
physiologiques pendant toute la durée de l'expérience (4 jours). Les cultures sont 
susceptibles à l’infection par le SARS-CoV-2 et par le NiV alors qu’un mutant 
hyperfusogène du VR n’infecte que les cultures de cerveau, suggérant que des 
mécanismes supplémentaires sont requis pour accéder au récepteur Nectin-4 dans 
les cultures de poumons. 

Nous avons validé le tropisme initial du SARS-CoV-2 observé chez l’Homme dans 
les poumons, en montrant l’infection des pneumocytes de type 1 et de type 2, ainsi 
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que les cellules ciliées dans les cultures organotypiques de poumon de hamster et 
démontré l’infection des neurones granulaires et des neurones de golgi dans le 
cerveau. Nous avons également démontré que l’infection par le SARS-CoV-2 induit 
une réponse interféron spécifique et une réponse immunitaire innée, ainsi qu’une 
mort cellulaire par apoptose, nécroptose et pyroptose.  

En plus de permettre une meilleure caractérisation de l'infection par le SARS-CoV-2 
dans les tissus, nos cultures organotypiques se sont avérées particulièrement utiles 
pour cribler des traitements antiviraux. Nos résultats obtenus avec le remdesivir, 
l'hydroxychloroquine et le 17-DMAG ont démontré que les cultures organotypiques 
de poumon et de tronc cérébral de hamster permettent de prédire de manière 
pertinente non seulement l’efficacité mais aussi la toxicité de traitements in vivo. Par 
exemple, dans les poumons la spike peut être clivée par TMPRSS2 comme par des 
cathepsines suggérant que le virus peut entrer en fusionnant à la membrane 
plasmique ou par voie endosomale. En revanche TMPRSS2 n’est pas exprimée 
dans le tronc cérébral contrairement aux Cathepsines ce qui suggère que le virus 
entrera principalement par voie endosomale dans le cerveau. L’hydroxychloroquine 
agit au niveau des endosomes mais pas sur la fusion à la surface des cellules. 
Comme attendu, l’hydroxychloroquine a montré une efficacité dans le tronc cérébral 
mais pas dans les poumons aux doses subtoxiques. 

Ces données illustrent le potentiel d'une modélisation rapide des interactions 
complexes au niveau des tissus au cours d’une infection et ouvrent la voie pour 
l’utilisation de ces modèles ex vivo pour étudier la pathogénèse de virus émergents 
et pour évaluer l’efficacité de candidats antiviraux en amont de validation in vivo. 
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SARS-CoV-2 has caused a global pandemic of COVID-19 since its emergence in December

2019. The infection causes a severe acute respiratory syndrome and may also spread to

central nervous system leading to neurological sequelae. We have developed and char-

acterized two new organotypic cultures from hamster brainstem and lung tissues that offer a

unique opportunity to study the early steps of viral infection and screening antivirals. These

models are not dedicated to investigate how the virus reaches the brain. However, they allow

validating the early tropism of the virus in the lungs and demonstrating that SARS-CoV-2

could infect the brainstem and the cerebellum, mainly by targeting granular neurons. Viral

infection induces specific interferon and innate immune responses with patterns specific to

each organ, along with cell death by apoptosis, necroptosis, and pyroptosis. Overall, our data

illustrate the potential of rapid modeling of complex tissue-level interactions during infection

by a newly emerged virus.
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In late 2019, the emergence of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) led to a global pan-
demic of COVID-19. As of August 2021, >215 million

laboratory-confirmed cases were reported, and >4.5 million
patients died worldwide from this disease1. SARS-CoV-2 infec-
tion induces severe acute respiratory syndrome, which can
also be associated with central nervous system (CNS) infection
and neurological symptoms including smell dysfunction, head-
ache, muscle pain, myopathy, and in rare cases, generalized
myoclonus, ischemic stroke, and perivascular acute disseminated
encephalomyelitis2–7. It has been suggested that SARS-CoV-2
reaches the medulla oblongata and that brainstem infection may
be involved in both respiratory and heart failure in patients8–12.
To date, the neuro-invasive potential of SARS-CoV-2 in humans
remains poorly understood13,14. The great majority of studies
show that most of the symptoms reflecting CNS affection are
related to brain blood vessel infections15–22. Although less com-
mon, the susceptibility of human neurons to the infection and the
permissiveness of human brain organoids was observed
in vitro23–27 and SARS-CoV-2 viral particles or RNA have
already been found in the cerebrospinal fluid28 and in the brain of
a subset of patients12,29. The low representation of SARS-CoV-2
in CSF may be related to a poor ability to bud in this tissue as
observed for measles virus (MeV) or to any limitation to invade
the brain in the most severe respiratory cases which represent the
large majority of the samples. In order to reach the CNS, SARS-
CoV-2 may travel from the periphery into the CNS through the
olfactory neurons or through the vagus nerve from the lungs or
gut. In addition, SARS-CoV-2 infection has been shown to dis-
rupt the blood-endothelial barrier by damaging the choroid
plexus epithelium and as a consequence of cytokine storm and
systemic inflammation27,30,31.

SARS-CoV-2 is an enveloped, positive-sense, single-stranded
RNA virus that belongs to the Betacoronavirus genus within the
Coronaviridae family. The infection starts with the attachment of
the viral surface glycoprotein, Spike (S), to the human
angiotensin-converting enzyme 2 (ACE2) at the surface of the
target cell32. To execute its functions, the S must be in its
protease-cleaved form composed of the S1 and S2 subunits. The
activity of the cellular transmembrane serine protease TMPRSS2
highly correlates with viral dissemination, suggesting that it may
participate in the processing of S, but S can also be cleaved by the
endosomal proteases Cathepsin B and Cathepsin L33. In addition,
cell entry of SARS-CoV-2 can be pre-activated by the proprotein
convertase furin, reducing the virus’s dependence on target cell
proteases for entry34,35. The S1 fragment of the Spike protein
cleaved by furin can also bind to Neuropilin-1, which is abun-
dantly expressed at the surface of endothelial and epithelial cells.
This binding may also facilitate SARS-CoV-2 infection by pro-
moting the viral interaction with ACE236,37.

Most observations of the pathogenesis of SARS-CoV-2 arise
either from in vitro studies or post mortem analysis of infected
patients, and there is a need for models that can help decipher the
initial steps of infection in real time. To date, different animal
models have been described to study SARS-CoV-2 pathogenesis,
transmission, or antiviral efficacy, including transgenic mice
expressing human ACE2, hamsters, ferrets, rhesus macaques,
cynomolgus macaques, and African green monkeys38.

Golden Syrian hamsters have been shown to be a relevant small
animal model for several viruses39 and more specifically for
respiratory viruses that also target the CNS, such as the para-
myxoviruses Nipah virus (NiV)40 and MeV41. The pathogenesis of
SARS-CoV42,43 and SARS-CoV-244–47 in Syrian hamsters is
similar to that observed in humans, supporting the use of ham-
sters as models for studying these infection45,48,49. Cerebellar and
hippocampal organotypic cultures from small rodent models have

been characterized in the laboratory and shown to be relevant for
studying CNS infection by neurotropic viruses and screening
antiviral drugs50. These ex vivo cultures offer a unique opportu-
nity to access the infected organ directly in order to observe early
viral tropism. In this study, we characterize two new three-
dimensional (3D) organotypic culture models obtained from
suckling hamster brainstems and lungs and compare SARS-CoV-2
infection with that of two neuro-invasive respiratory viruses (NiV
and MeV) in lung and brainstem ex vivo models.

Here, we show that both organotypic systems retain their
relevant physiological properties for the duration of the experi-
ment (4 days) and are susceptible to NiV and SARS-CoV-2
infection, whereas a hyperfusogenic encephalitic MeV strain
infects only the brain organotypic cultures. Type 1 and type 2
pneumocytes, as well as ciliated cells, are susceptible to infection
in hamster lung explant cultures, reflecting what has been shown
in humans51. As for the hamster brainstem, we show that SARS-
CoV-2 targets granular neurons. Real-time characterization also
highlights the induction of type I and III innate immune
responses and an inflammatory response to infection at the organ
level, as well as the caspase-3-independent apoptosis, necroptosis,
and pyroptosis cell death signatures, during the first days of
SARS-CoV-2 infection in both organs. Taken together, our results
pave the way for the use of these models to study SARS-CoV-2
infection in organs and assess the efficacy of candidate antivirals
before in vivo validation.

Results
Hamster lung and brainstem ex vivo cultures are viable and
susceptible to SARS-CoV-2 infection. Since SARS-CoV-2
notably targets the upper respiratory tract and lungs and may
also infect the brainstem, we have developed new ex vivo models
of these organs from naive suckling hamsters, based on our
previous experience using organotypic cerebellum cultures50.
Lungs and brainstems were isolated and sliced, at 500 μm and
350 μm thicknesses, respectively, based on the stability of each
structure in the slicing process. The 3D cultures were then
maintained on a polytetrafluoroethylene (PTFE) membrane in
order to keep an air–liquid interface for up to 4 days (Fig. 1a). In
opposition with primary cultures, organotypic cultures are usually
not fully soaked in the medium in order to allow oxygenation52.
The 0.4 μm semipermeable pores of the insert permit the diffu-
sion of the medium into the cultures. Metabolic activity, the main
parameter reflecting the viability of the cultures, did not decrease
over time as quantified by Alamar blue assay (Fig. 1b). To eval-
uate the susceptibility of ex vivo cultures to SARS-CoV2 infection,
we first quantified the activity of its entry receptor ACE2. Then,
we quantified the expression level of the proteases known to
cleave and mature the viral surface Spike glycoprotein (S) and the
viral receptors ACE2 and Neuropilin-1. The ACE2 activity/μg of
total protein lysate from hamster organs on the day of slice
preparation was assessed in the lung and brainstem cultures and
compared with cerebellum cultures used as a reference. An ACE2
inhibitor was used to confirm that the quantified activity was real.
The three cultures were found to exhibit a similar ACE2 activity,
with the lung displaying a slightly higher activity (Fig. 1c). The
transcription level of ACE2 and Neuropilin-1 were quantified in
non-infected cultures by RT-qPCR (Fig. 1d). This confirmed the
mRNA expression of ACE2 in both cultures and the higher
Neuropilin-1 mRNA expression in the lung cultures compared to
brain cultures. The mRNA of TMPRSS2, Cathepsin B, and
Cathepsin L, the three proteases that are known to cleave and
activate SARS-CoV-2 S, was also quantified by RT-qPCR. As in
human tissues, TMPRSS2 was highly expressed in hamster lungs
but below the quantification limit in the brainstem and
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cerebellum26,53. On the contrary, Cathepsin B mRNA expression
levels were significantly higher (≈2*106 mRNA copies/μg of
RNA) in the brain cultures compared with the lung (3.6 × 105

mRNA copies/μg of RNA) (Fig. 1e). Resources available to work
with hamsters remain very limited, notably the antibodies for
immunostainings. However, in order to look deeper into the
expression level of ACE2, Neuropilin-1, and the serine proteases
in the brain, all four cell populations from suckling hamster
cerebella were sorted by flow cytometry (Supplementary Fig. 1f).
Apart from TMPRSS2 that remained undetected, mRNA from
ACE2, Neuropilin-1, and Cathepsin B and L were all expressed in
neurons, oligodendrocytes, astrocytes, and microglia. mRNA
expression of ACE2 was still below 1 copy per cell in all cell types,

even in neurons (3.56 × 102 mRNA copies/10,000 cells), sug-
gesting that few neural cells or their subsets express the receptor.

These results suggest that the lung organotypic models harbor
all the main components required for SARS-CoV-2 infection and
virus fusion at the membrane or in the endosome, whereas
the brain slices might allow SARS-CoV-2 infection only via the
endosomal pathway in a small subset of cells as implied by the
lack of TMPRSS2 mRNA expression.

Organotypic cultures are susceptible and permissive to SARS-
CoV-2 infection. In order to evaluate the infectability of our new
models, hamster lung, brainstem, and cerebellum organotypic
cultures were infected with recombinant SARS-CoV-2_neon

Fig. 1 Characterization of the lung and brainstem organotypic cultures. a Schematic representation of the generation of hamster organotypic cultures.
b Cellular metabolism activity over time in % of day 0 of culture, quantified by the Alamar blue assay. (n=minimum 10 biologically independent animals).
c ACE2 activity quantified with the fluorometric ACE2 Activity Assay Kit. (n= 3 biologically independent animals). d ACE2 and Neuropilin-1 basal mRNA
expression (n=minimum five biologically independent animals) and eTMPRSS2, Cathepsin B, and Cathepsin L basal mRNA expression in the models
quantified by RT-qPCR (day 0 of culture). (n=minimum 12 biologically independent animals). BQL below the quantification limit, ACE2 angiotensin-
converting enzyme 2, PTFE polytetrafluoroethylene. Error bars represent SD. Statistical analyses were performed using the Kruskal–Wallis test. *P < 0.05;
**P < 0.01; ***P < 0.001 Source data are provided as a Source Data file.
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green (icSARS-CoV-2-mNG)54. To compare the permissiveness
of the organotypic cultures to other encephalitic respiratory
viruses, they were infected in parallel with recombinant NiV and
MeV, both expressing enhanced green fluorescent protein (EGFP)
(referred to as rNiV-EGFP and MeV IC323-EGFP-F L454W, a
CNS-adapted MeV that can infect in the absence of known
receptors55, respectively). Viral entry and dissemination were
tracked by microscopy at 1 or 2 and 4 days post infection (dpi)
(Fig. 2; Supplementary Fig. 2). Interestingly, icSARS-CoV-2-

mNG and NiV-EGFP entered and disseminated in both lung and
brain cultures (Fig. 2a, b and Supplementary Fig. 2a, b), whereas
MeV IC323-EGFP-F L454W only infected the brainstem and the
cerebellum (Fig. 2c and Supplementary Fig. 2c). Even at 4 dpi the
hyperfusogenic MeV did not infect any cells in the lung cultures,
suggesting that MeV entry in lung epithelial cells may require
additional factors in this model (Fig. 2c). The pictures taken 2 h
following infection of the hamster organotypic cultures with
10,000 PFU do not show more fluorescence than the basal

Fig. 2 Hamster organotypic culture infection by three respiratory viruses and the dissemination of SARS-CoV-2. a–c, f–h The entry of three different
encephalitogenic respiratory viruses, icSARS-CoV-2-mNG (infection: 10,000 plaque-forming unit (pfu)), NiV-EGFP (infection: 5000 pfu) and the
hyperfusogenic variant MeV IC323-EGFP-F L454W (infection: 1000 pfu) was monitored by following the fluorescence at 1 dpi (a1; b1; c1), or 2 dpi (f1; g1;
h1) and 4 dpi (a2; b2; c2; f2; g2; h2). Pictures were taken using a Nikon Eclipse Ts2R microscope (500ms of exposure), reconstituted using the Stitching
plug-in with ImageJ software119 and are representative of three independent experiments. Scale bar= 1 mm. d, i SARS-CoV-2 genomes per μg of total RNA
and e, j SARS-CoV-2 N mRNA copies per μg of total RNA were quantified by RT-qPCR in the lung, and brainstem organotypic cultures at 90min post
infection and 1–4 days post infection (dpi) with 5000 pfu and normalized to the standard deviation for GAPDH mRNA. (n= 5 biologically independent
animals). Source data are provided as a Source Data file.
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autofluorescence observed in non-infected cultures (Supplemen-
tary Fig. 3a, b). On the contrary, neon green specific fluorescent
cells are clearly detected at 4 dpi in hamster cultures infected with
only 100 plaque-forming unit (PFU) of icSARS-CoV-2-mNG,
confirming that the susceptibility of the brain cultures is not
related to the high viral charge used for infection (i.e., 100 PFU/
107 cells at least) (Supplementary Fig. 3c). All positive cells for
neon green fluorescence were also positive for the immuno-
fluorescent staining of SARS-CoV-2 nucleoprotein, confirming
that the neon green fluorescence provides evidence of infection
(Supplementary Fig. 3d). In order to test the relevance of our
models and confirm that SARS-CoV-2 entry is specific regardless
of the dose of virus, organotypic cultures from wild-type C57BL/
6-suckling mice, which are supposed to be resistant to SARS-
CoV-2 infection, were infected with 10,000 PFU of icSARS-CoV-
2-mNG. The absence of fluorescence even at 4 dpi confirms that
the dose of 10,000 PFU does not force viral entry in a non-
susceptible model (Supplementary Fig. 3e, f). SARS-CoV-2
replication and transcription were then followed, respectively,
by specific genome and nucleoprotein mRNA copy number
quantification by RT-qPCR (Supplementary Fig. 6). The viral
genomes and nucleoprotein transcripts were higher in the lungs
than in the brainstems and cerebella (Fig. 2d, e, i, j; Supple-
mentary Fig. 2d). These differences were already observed on the
day of infection (Fig. 2d, e). The greater susceptibility of lung
cultures might emerge either from the greater thickness of lung
slices compared with that of brainstem and cerebellum cultures,
or perhaps from a greater number of Neuropilin-1-expressing
cells (Fig. 1d). In the lung, viral replication was very fast and the
number of SARS-CoV-2 genomes/μg of RNA almost reached the
plateau after 1 dpi (1.2 × 108 genomes/μg of RNA) (Fig. 2d, e). In
the brainstem and the cerebellum, transcription was initiated at 1
dpi. However, replication was delayed, with an increase in gen-
ome copies being observed only after 2 days, and by the end of
the experiment reached lower values than detected in the lungs
(Fig. 2i, j). The mRNA expression level of SARS-CoV-2 entry
receptors and the proteases involved in the cleavage of the S was
followed in the context of infection (Supplementary Fig. 1a–e).
ACE2 mRNA expression increased from days 3 and 4 post
infection, but the Neuropilin-1 mRNA expression did not vary
over time (Supplementary Fig. 1a, b). Expression of Cathepsin B
and L mRNA increased through time in both organs while
TMPRSS2 mRNA expression remained below the quantification
limit in brainstem cultures (Supplementary Fig. 1c–e).

Altogether, these results show that all analyzed ex vivo cultures
are susceptible to SARS-CoV-2 infection, although with slightly
different kinetics.

SARS-CoV-2 infection is blocked by remdesivir in organotypic
lung and brainstem cultures. Remdesivir showed antiviral effi-
cacy in vitro and in vivo, and is in clinical use for COVID-19
treatment in certain countries56–60. We used it to validate our
models for drug evaluation. The slices were treated daily at two
different concentrations of remdesivir, one right over the IC90 in
cell culture and one five times higher, as our organotypic cultures
are more complex than regular monolayer cultures. The treat-
ment started two hours after infection (Fig. 3a) and continued for
up to 4 dpi to make sure that the treatment not only delays the
infection but also blocks viral dissemination. Mock organotypic
cultures were maintained under similar conditions and treated
using a vehicle. After 4 days of treatment, the total amount of
RNA extracted remained unchanged and the metabolic activity of
both lung and brainstem slices remained very close to 100% and
to that of non-treated slices, suggesting the very low, not to say
null, effect of the drug on the metabolic activity at these doses

(Fig. 3b, c). The lower dose (2 μM) of remdesivir did not have a
significant inhibitory effect on infection as assessed by RT-qPCR.
However, after treatment with 10 μM of remdesivir, infection was
reduced by almost 100% at 4 dpi in both lungs and brainstems.

Hydroxychloroquine has been shown to inhibit SARS-CoV-2
entry in vitro by acting on the endosomal pathway56,61,62. In
order to evaluate how drug screening in organotypic cultures is
predictive of in vivo results, we included hydroxychloroquine in
our study. Based on the absence of TMPRSS2 in brainstem
cultures, we first speculated that viral entry in these cultures
should occur through the endosomal pathway, where hydroxy-
chloroquine should be effective. At the dose of 10 μM,
hydroxychloroquine blocked >90% of the infection in our
brainstem cultures (Fig. 3d). At 20 μM, the efficacy decreased
concomitantly to the appearance of signs of toxicity highlighted
by a 20% reduction of the total RNA extracted per culture
compared with the non-treated samples (Fig. 3e). In the lung
cultures, where both TMPRSS2 and Cathepsin B/L are expressed,
providing the virus with the ability to fuse both at the cell surface
and in endosomes, hydroxychloroquine did not inhibit the
infection significantly (Fig. 3d, e). Taken together, these data
confirm that our model can be used to predict the in vivo efficacy
of a drug.

To go further, we have tested totally different antiviral
compounds such as Hsp90 inhibitors that also hold promise as
modulators of SARS-CoV-2 infection. Derivatives of geldanamy-
cin such as 17-DMAG have been developed to limit hepatotoxi-
city and are very promising in vitro studies but toxic in vivo63–65.
Here, 17-DMAG treatment inhibits 28% of the infection in the
lung and 90% in brainstem cultures (Fig. 3f). However, four times
less of total RNA has been extracted from the treated cultures
compared to the non-treated ones in both lung and brainstem
(Fig. 3g). Our results confirm that organotypic culture models
mimic precisely the patterns observed in vivo, and therefore, can
be used for assessing drugs prior to in vivo experiments.

SARS-CoV-2 preferentially targets neurons in the brain, and
ciliated cells, type 1 and type 2 pneumocytes in the lungs. To
determine which cells are the main targets of SARS-CoV-2, viral
tropism was evaluated by transmission electron microscopy
(TEM) in lung and brainstem organotypic cultures, followed by
immunofluorescent staining analyzed by confocal microscopy
(Fig. 4). Based on the kinetics of viral replication, all the orga-
notypic cultures shown in Figs. 4–6 were collected at 1 dpi for the
lung and at 2 dpi for the brainstem and cerebellum. In lung
cultures, infection was observed in type 1 and type 2 pneumo-
cytes, as well as in the ciliated cells from the general area of the
bronchioles (Fig. 4a–c). Immunofluorescence analysis confirmed
these observations by showing the presence of SARS-CoV-2_S
staining in cells positive for surfactant protein C (SP-C), Aqua-
porin 5 (AQP5), and α acetylated Tubulin (Tub) staining that are
specific for type 2, type 1 pneumocytes, and ciliated cells,
respectively (Fig. 4d–f). Most of the cells display microvilli as
expected in young animals (Fig. 4c and Supplementary Fig. 4a).
Infected cells harbored a large number of vacuoles and showed
multiple signs of cell degradation: cytoplasmic material degra-
dation, membrane coiling (blue star), large empty vacuoles (green
arrow) (Fig. 4b1, b2). We observed autophagosomal vacuoles
containing virions or degraded viral particles in all types of
infected cells (Fig. 4a–c; Fig. 5a and Supplementary Fig. 4c).
Virions were also found attached to the microvilli outside the cells
(Supplementary Fig. 4a), and several cells showed disorganization
of the smooth endoplasmic reticulum (SER), as well as accumu-
lation of lipids and mitochondria that were undergoing degra-
dation (Supplementary Fig. 4b).
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In the brainstem and in the cerebellum, TEM analysis revealed
viruses in granular neurons (Fig. 5a and Supplementary Fig. 4d)
with a developed Golgi apparatus. Moreover, the viral particles
were often localized in double-membraned vacuoles (red arrows)
inside the cells where other Coronaviruses are generally observed
during their cell cycle (Fig. 5a1, a2)66,67. In the immunofluores-
cence analysis, SARS-CoV-2_S staining colocalized with NeuN-
positive cells (Fig. 5b), confirming the infection of granular
neurons. Myelin Basic Protein (MBP) staining surrounded the
SARS-CoV-2_S without colocalization, suggesting that the cells
positive for the infection could also be myelinated neurons and
not oligodendrocytes (Fig. 5c). The cultures were also stained for
microglia marker (Iba1), astrocytes (GFAP), and Olig2 (used as a
second marker for oligodendrocytes), and SARS-CoV-2_S
staining was not found in these cells (Fig. 5c–e). In the
cerebellum, TEM analysis showed the infection of Golgi neurons
with viral particles in autophagosomes. We did not observe

infection of Purkinje neurons (Supplementary Fig. 4d1, d2),
suggesting that under the given conditions a selective infection of
specific neuronal subtypes has occurred.

In these models, SARS-CoV-2 infects almost all epithelial lung
cells but is selective for neuronal subtypes in the CNS. In both
lung and brain organotypic cultures, the infection led to a marked
cell degeneration that could conceivably affect organ functions.

Apoptotic, necroptotic, and pyroptotic signatures are detected
in both organotypic cultures. Since unbalanced inflammatory
responses can provoke organ failure, we evaluated cell death
signatures in SARS-CoV-2-infected organotypic cultures. First,
we performed TEM analysis, which highlighted the presence of
apoptotic and necrotic cellular disorders in both infected
lungs and brainstems as opposed to the non-infected cultures
(Fig. 6a, b; Supplementary Fig. 5). The involvement of apoptosis
was verified by transferase dUTP nick end labeling (TUNEL)

Fig. 3 Antiviral activity of remdesivir, hydroxychloroquine, and 17-DMAG in hamster organotypic cultures infected by SARS-CoV-2. a, d, f Organotypic
cultures from hamsters were infected with SARS-CoV-2 at 1000 pfu/slice and treated at the indicated concentrations of remdesivir, hydroxychloroquine,
and 17-DMAG at 90min, 24, 48, and 72 h after infection (n= 5 biologically independent animals). Total RNA was harvested at 4 days post infection and
the number of SARS-CoV-2 genomes was quantified by RT-qPCR. Results are expressed in % of inhibition of the infection compared with non-treated
cultures. Statistical analyses were performed using the Kruskal–Wallis test. *P < 0.05; **P < 0.01; ***P < 0.001. b, e, g Total RNA extracted per organotypic
culture was quantified. c The toxicity of remdesivir on uninfected cultures that were treated in the same way was assessed via the Alamar blue assay.
Results are expressed as the percentage of metabolic activity after 4 days compared with the non-treated samples. All error bars represent SD. Source data
are provided as a Source Data file.
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assays in both organotypic cultures (Fig. 6c, d). TUNEL staining
was observed similarly in both non-infected and infected cultures,
potentially as an artifact of the experimental procedure. However,
most of the cells positive for SARS-CoV-2 staining were not
positive for TUNEL, confirming that apoptotic cell death
observed by TEM might not be a direct consequence of viral
infection. Alternatively, cell death related to viral infection may

have been caspase-independent (Fig. 6c, d). Using RT-qPCR, we
corroborated necroptotic events in line with microscopic obser-
vations despite an erratic expression of Tumor Necrosis Factor α
(TNFα) throughout the four days of infection (Fig. 6f). As
described in the former experiment (Fig. 6a, b), mRNA levels of
the infected cultures were compared with uninfected cultures
maintained under similar conditions (n= 5). Indeed, in both
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cultures, we observed a sharp increase in Mixed Lineage Kinase
Domain Like Pseudokinase (MLKL) mRNA levels (Fig. 6e), which
is known to be associated with Caspase 8 deficiency and
Inflammatory Bowel Disease commonly observed in patients.
Moreover, we showed that pyroptosis also occurs during viral
infection, as inferred from the increase in Gasdermin D mRNA
levels in both infected lung and brainstem cultures (Fig. 6g).
Gasdermin D is also known to be a substrate of inflammation-
related caspases, thus triggering an unbalanced inflammatory
response potentially leading to organ failure68,69. Interestingly,
although Gasdermin D levels decreased at day 4 post infection in
the lungs, its expression kept increasing in the brainstem, possibly
due to a difference in infection kinetics between the tissues.
Furthermore, while the levels of Interleukin 18 (IL-18) mRNA
remained low in both organotypic cultures (Fig. 6h), we docu-
mented a difference in the expression of Interleukin 1 β (IL-1β)
mRNA that increased in the brainstem but remained low in the
lungs (Fig. 6i). These data reveal that distinct cellular mechanisms
leading to pyroptosis in the two organs.

Innate and inflammatory responses are increased in both
organotypic cultures. To characterize the recapitulation of the
responses of these models to SARS-CoV-2 infection, we tran-
scriptomically profiled infected and uninfected organotypic cul-
tures of both hamster brainstem and lungs (Fig. 7a–d). All results
are presented here as the fold change of the infected condition
compared to the non-infected one (n= 5). The transcriptomic
first level of analysis pointed out the strong stimulation of the
immune response with 19 and 20 out of 20 mainly altered Gene
Ontology (GO) categories related to immunity in lung and
brainstem, respectively (Fig. 7a, b). Alternatively, eight GO
categories related to lymphocyte responses were altered in the
brainstem versus two in the lung. To go further, the dichotomy in
cellular responses occurring in both tissues at day 4 post infection
was confirmed by the gene expression patterns, highlighting
organ-dependent specificities in the host response to the infection
(Fig. 7c, d). Indeed, the most significantly differentially expressed
genes (DEG) in the lung include a plethora of upregulated
interferon-stimulated genes (ISGs, Fig. 7c). Conversely, in the
brainstem, these significant DEG contained many downregulated
neuronal markers (Fig. 5d). This is consistent with the observa-
tion that the percentage of polyadenylated transcripts aligning to
the SARS-CoV-2 genome is 6.74-fold higher in the lung than in
the brainstem (2.90% vs 0.43%) (Fig. 7c, d).

In parallel, specific immunological markers including Myx-
ovirus Resistance 1 (MX1), Interferon Stimulated Exonuclease
Gene 20 (ISG20), C-X-C Motif Chemokine Ligand 10 (CXCL10),
and C-C Motif Chemokine Ligand 5 (CCL5) mRNA were
quantified by RT-qPCR and presented in terms of the fold change

between the infected and uninfected conditions (Fig. 7e–h).
However, specific genes encoding ISG or chemokines were
similarly upregulated in both organotypic cultures, pointing to
these as potentially relevant to the innate immune response.
Indeed, RT-qPCR profiles showed that the expression of MX1
and ISG20 ISGs and of CCL5 and CXCL10 chemokines were
increased within the 4 days kinetics following SARS-CoV-2
infection in both cultures compared with the respective
uninfected conditions. Interestingly, ISG20 mRNA amounts
decreased rapidly to lower levels, suggesting that its reduced
antiviral exonuclease activity may be compensated at later times
(Fig. 7f). Moreover, we noticed that, while exhibiting a similar
trend, all these responses were delayed in brain cultures
compared with the lungs (Fig. 7e–h).

Discussion
SARS-CoV-2 infection starts in the lungs, inducing the severe
acute respiratory syndrome regularly associated with neurological
symptoms. Although CNS involvement has been a topic of
extensive study, little attention has been paid to the possible role
of brainstem infection in organ failure. In the ventral medulla
oblongata, the preBötzinger complex is a defined neural network
that is critical for generating the respiratory rhythm70. It is
plausible that brainstem infection during its acute phase could
affect both respiratory and cardiac function8–12.

Organotypic cultures offer an opportunity to follow early steps
of infection in real-time in a native 3D multicellular context71.
Non-standardized lung ex vivo slices have been used for studying
respiratory virus pathogenesis in multiple host species (from mice
to monkeys)72,73. The highly standardized lung organotypic
cultures we describe can be extended to several small animal
models. Organotypic brainstem cultures have been previously
characterized using 3–18-day-old mice or rats, with a focus on
brain development, neuronal respiratory networks, and neuro-
degenerative diseases74–77. Our study provides a characterization
of these models for investigating the initial 4 days of infection for
the first time. From a single animal, we can prepare a large
number of organotypic cultures (e.g., ≈8 from the brainstem, ≈20
from the lungs, and up to ≈10 from the cerebellum), allowing for
numerous comparisons to be carried out in real time and
simultaneously on several organs. In terms of assessing antiviral
drugs prior to in vivo work, organotypic cultures are com-
plementary to human airway epithelia (HAE) that are used for
preliminary screening56,78, since they are a more complex organ-
like system. As such, they complement the HAE system, also a 3D
lung model grown at an air–liquid interface, that has been
recently used to evaluate SARS-CoV-2 antiviral molecules79.

The use of viruses encoding a fluorescent protein allows the
monitoring of the infection in real-time within tissues. The lung

Fig. 4 SARS-CoV-2 tropism in hamster lung organotypic cultures during the first day of infection. Cultures were infected with 1000 pfu of SARS-CoV-2
and fixed at day 1 post infection. a–c Ultrastructure of infected lung cells by transmission electron microscopy (TEM), scale bar is represented bottom right
on each picture, representative of two independent experiments. a Low magnification of lung cells; P1= type 1 pneumocyte, P2= type 2 pneumocyte,
N= nucleus. a1 Enlargement of an infected type 2 pneumocyte with dense lamellar bodies in the cytoplasm (S= surfactant synthesis), a part of the
nucleus, the centriole, mitochondria, and autophagosomal vacuoles containing virions. a2 High magnification showing the centriole and the
autophagosomal vacuole containing virions. Black arrows point to the double membrane. b Lung cells undergoing degeneration, displaying vacuoles and
degraded cytoplasmic material. N= nucleus, P1= type 1 pneumocyte. b1 Enlargement of cells from the b, P1 cell contains an autophagosome containing
virions, several vacuoles, and heterochromatin in the nucleus. The second cell exhibits membrane coiling (star) and large empty vacuoles (green arrow),
indicating degradation. b2 High magnification showing the double membrane of the autophagosome (red arrows) containing an accumulation of viral
material (blue arrow). The black arrow show viruses surrounding the vacuole. Ga= swelled Golgi apparatus. c Respiratory bronchiole showing ciliated cells
and microvillous cells. N= nucleus. c1 Enlargement of the cells from c, showing microvillous cells and red blood cells (RBC) in the lumen of the bronchia
(Lu). C2: high magnification showing three autophagosomes containing virions (arrows). d–f Lung cultures were stained with antibodies: anti-SARS-CoV-
2_S, d anti-surfactant protein c (SP-C), e anti-Aquaporin 5 (AQP5), and f anti-α acetylated Tubulin (Tub). The immunofluorescence staining analysis was
performed by confocal microscopy and is representative of three independent experiments. Scale bar 10 μm.
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Fig. 5 SARS-CoV-2 tropism in hamster brainstem organotypic cultures during the first 2 days of infection. Cultures were infected with 1000 pfu of
SARS-CoV-2 and fixed at day 2 days post infection. a Transmission electron microscopy (TEM) analysis of a brainstem slice showing an infected neuron
with a large Golgi apparatus. a1, 2 Enlargement of the autophagosome containing viral particles (white arrows). The double membrane of the
autophagosome is indicated with the red arrow. The results are representative of two independent experiments. b–e Brainstem slices stained with
antibodies anti-SARS-CoV-2_S, b anti-NeuN, c anti-Myelin Basic Protein (MBP), and ionized calcium-binding adaptor molecule 1 (Iba1), d anti-glial fibrillary
acidic protein (GFAP), and e anti-Olig2. The immunofluorescence staining analysis was performed by confocal microscopy and is representative of three
independent experiments. Scale bar 10 μm.
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organotypic cultures were found to be highly suited for studying
viruses able to directly infect the respiratory tract. In line with our
previous studies showing that hyperfusogenic neurotropic var-
iants are generally found in the brain80, the neuro-adapted MeV
IC323-EGFP-F L454W did not directly infect lung cultures,

suggesting that additional mechanisms are required to access the
Nectin-4 viral entry receptor. We found that ACE2 activity per μg
of total protein was similar in the lung and the brain, with the
caveats that the assay does not specify which cells express the
receptor and to what extent (Fig. 1 and Supplementary Fig. 1) and

Fig. 6 Cell death in the ex vivo cultures. Hamster ex vivo cultures were infected with 1000 pfu of SARS-CoV-2 (n= 5 biologically independent animals).
a–c Lung and brainstem slices were fixed at 1 day post infection (dpi) or 2 dpi, respectively. a, b Transmission electron microscopy analysis showing
necrotic cells and apoptotic cells, scale bar is represented bottom right on each picture. c, d SARS-CoV-2_S protein immunostaining, and terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) labeling in the lung and brainstem. Nuclei were counterstained with DAPI. e–i mRNA
expression level of e MLKL, f TNF-α, g Gasdermin D, hIL1β, and i IL-18 over time. mRNA copies per μg of total RNA were quantified by RT-qPCR and
normalized to the variation of the amounts of GAPDH mRNA. Fold changes are relative to the number of copies of mRNAs in infected organotypic cultures
compared to the uninfected ones. Error bars represent SD. Statistical analyses were performed using the Mann–Whitney test two-sided to compare the
fold changes between days of culture (black stars). mRNA expression levels in infected samples were also compared with non-infected samples at the
corresponding time point (red stars) using the one-sample T-test. *P < 0.05; **P < 0.01; ***P < 0.001. Scale bar 10 μm. Source data are provided as a Source
Data file.
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Fig. 7 Innate immune transcriptional signature in lung and brainstem organotypic cultures during SARS-CoV-2 infection. Hamster ex vivo cultures were
infected with 1000 pfu of SARS-CoV-2 (n= 5 biologically independent animals). a–d Transcriptomic analysis of the organotypic lung cultures and
brainstem cultures 4 days post infection. a, b Gene Ontology (GO) analysis. For each tissue, the 20 non-redundant GO categories with the lowest adjusted
p value for Fisher exact test of enrichment were displayed using ggplot. c, d Heatmaps generated by calculating the log2-fold change for infected samples
relative to uninfected samples and taking the 50 with the largest absolute value. e–h mRNA expression level of e MX1, f ISG20, g CXCL10, and h CCL5 over
time. mRNA copies per μg of total RNA were quantified by RT-qPCR and normalized to the variation of the amounts of GAPDH mRNA. Fold changes are
relative to the number of copies of mRNA in infected organotypic cultures compared to the uninfected ones. Error bars represent SD. Statistical analyses
were performed using the Mann–Whitney test two-sided to compare the fold changes between days of culture (black stars). mRNA expression level in
infected samples was also compared with non-infected samples at the corresponding time point (red stars) using the one sample t test. *P < 0.05;
**P < 0.01; ***P < 0.001.MX1Myxovirus Resistance 1, ISG20 Interferon Stimulated Exonuclease Gene 20, CXCL10 C-X-C Motif Chemokine Ligand 10, CCL5:
C-C Motif Chemokine Ligand 5. Source data are provided as a Source Data file.
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that ACE2 mRNA levels were quite low in both organs. RT-qPCR
analysis showed that all receptors and enzymes required for viral
entry are expressed in the lungs, suggesting that SARS-CoV-2
could infect the organ either by fusing at the cell surface or
through the endosomal pathways. In hamster lungs, a recent
study described that both ACE2 and TMPRSS2 expression are
required for efficient SARS-CoV-2 infection81.

In the human lung, ACE2 expression concentrates at the sur-
face of lung alveolar epithelial cells, mainly on type 1 and type 2
pneumocytes but also in bronchial epithelial cells82. In the
hamster organotypic lung culture model, ciliated cells, type 1 and
type 2 pneumocytes are infected (Fig. 4). Our findings are con-
sistent with other in vivo SARS-CoV-2 studies in hamsters that
reveal inflammation and severe lesions in the lung with infection
of the bronchiolar epithelial cells, type 1 and 2 pneumocytes45,47.
We also found viral clusters in autophagosomes, confirming that
this observation is conserved between infected species (Fig. 4,
Fig. 5). In bronchial HAE apically infected with SARS-CoV-2,
TEM analysis also highlighted double-membrane vesicles and
spherule-containing virions83.

In distinction to SARS-CoV, it remains unclear whether SARS-
CoV-2 targets the brain, and the organotypic models do not allow
investigating how the virus spread to CNS. The most commonly
observed affection of the CNS seems to be related to immune
(/inflammation) response to the infection of choroid plexi or
brain vasculature27. Multiple alternative routes of entry in the
CNS are regularly proposed such as direct entry through the
sensorial neurons of the olfactory bulb or cranial nerves
(CN)12,14,46,53. Secondary infections of the CNS through retro-
grade transport from sensory neurons (notably the vagus nerve)
from initially infected lungs or gut via the enteric nervous system
are also commonly suspected84. As for other viruses, it remains
very difficult to appreciate the real ability of SARS-CoV-2 to
infect CNS cells in humans since most of the data are coming post
mortem analyses performed mainly on patients who died from
acute respiratory syndrome associated with cytokine storm which
may strongly affect viral spread to the brain parenchyma. Our
data show that, provided that SARS-CoV-2 reaches the brain
parenchyma, it can infect CNS cells, initiate transcription (con-
firmed by neon green expression), and spread in at least two brain
substructures (as shown by cell-to-cell dissemination of neon
green fluorescent protein) (Fig. 2 and Supplementary Fig. 2).
Viral replication is confirmed by the over three logs increase in
the number of viral genome copies in a culture in which cell
division is very limited (as confirmed by Alarmar blue mea-
surements over time) compared with cell cultures.

Our brainstem cultures derive mainly from the medulla and
the pons for the top-central part85. SARS-CoV-2 seems to target
specific locations in the pons and in the medulla: the motor and
sensory areas, respectively. We observed green fluorescence in the
zone of X and XII CN fibers, which are responsible for motor
(CN X and CN XII) and sensory functions (CN X). In the cer-
ebellar cultures, the infection starts from the deep nucleus and the
thin layer of granular cells (Fig. 2 and Supplementary Fig. 2).
Interestingly, NiV and MeV infections target quite different areas
and propagate more extensively, possibly due to their broader
tropism in the CNS. This underlines the interest of organotypic
cultures to reveal cell specificity of different viral infections not
previously observed in vivo.

At the molecular level, TMPRSS2 expression in the brain tis-
sues was below the quantification limit, which is aligned with the
literature that describes a very low expression of TMPRSS2, as
well as ACE2, in the brain and neural tissue53,86,87. Several studies
highlighted the high variation of ACE2 mRNA and protein
expression depending on the brain region and established a link
with viral tropism24,88–90. In the hamster brainstem and

cerebellum, we quantified less than one ACE2 mRNA copy per
cell, for all cell types, suggesting that either brain cells expressing
ACE2 are very few or that SARS-CoV-2 may not use ACE2 to
enter the few CNS target cells when it infects neural tissue.

As expected, Neuropilin-1 transcription in both lung and brain
cultures was confirmed86, with significantly higher mRNA
expression levels in the lung than in brain cultures. Cathepsin B
and L expressions were similar in both organs. In addition, while
cathepsin B and L can replace TMPRSS2 for S cleavage91, their
endosomal distribution may not allow the virus to enter as effi-
ciently as TMPRSS2. We suggest that a lower level of host pro-
tease activity in the brain may contribute to the delayed infection
by constraining the virus to the alternative endosomal-lysosomal
pathway for entry92. Another more technical explanation for the
faster replication of SARS-CoV-2 in lung cultures is that these
organotypic cultures are larger and thicker than brainstem cul-
tures and may contain a broader range and a higher quantity of
susceptible cells, accounting for the higher concentration of viral
RNA after 2 hours (Fig. 2).

Several studies have shown that SARS-CoV-2 can infect neu-
rons from human induced pluripotent stem cells-derived brain
organoids25,27,29,93. In hamsters, viral antigens are commonly
observed in olfactory neurons, but very few or none in the brain
parenchyma, while the virus can be recovered from the brain of a
one-month-old infected animal46,47. These data suggest that the
virus may have limited capacity to cross the blood-brain barrier.
Here, we show that neurons from hamster brainstems and cere-
bella can be infected by SARS-CoV-2 (Fig. 5). As observed by
TEM analysis, NeuN staining revealed infection of granular
neurons, which are likely to be Golgi II neurons (Fig. 5a,b).
Interestingly, we came to the same conclusion with regards to
cerebellum cultures in which we did not detect any infection of
Purkinje neurons (Supplementary Fig. 4). Although ACE2
expression has been described in neurons and glial cells, we
detected fewer than one mRNA copy of ACE2 per cell, and in the
conditions tested we did not detect any infection in oligoden-
drocytes, neither in their cell bodies, nor in myelin fibers. How-
ever, myelinated neurons were infected94. Neurons are largely
nonrenewable and are known to respond moderately to inflam-
matory and antiviral cytokine stimuli in order to maintain their
essential activity71,95,96. This may explain at least partially their
higher susceptibility to numerous viruses, including SARS-CoV-
2. Overall, our results in hamsters but not in wild-type mice
suggest an early tropism for specific subtypes of neurons in the
CNS, in distinction to the broader range of cells targeted in
the lungs.

At the intracellular level, infected lung and brain cultures dis-
played numerous vacuoles, cytoplasm material degradation, marks
of stress, membrane coiling, and disorganized Golgi apparatuses as
evidence of cell degeneration or death. Cell death has been eval-
uated in SARS-CoV-2-infected organs in vivo (i.e., in hamster
lungs) and in neurons from human brain organoids45,93. Our
experiments revealed that apoptosis, necroptosis, and pyroptosis
occurred during SARS-CoV-2 infection in both lungs and the
brainstem (Fig. 6). Apoptosis was directly observed in both lung
and brainstem cells via TEM analysis (Fig. 6), and TUNEL assays
showed that very few cells undergoing apoptosis were infected,
suggesting that apoptosis may occur through indirect stimuli.
Necroptosis, a cell death mechanism involving TNFα stimuli97,98,
appeared in both organotypic cultures, consistent with the uncon-
trolled expression of TNFα and high levels of MLKL mRNA we
found over the 4 days of infection in both the lungs and brainstem,
compared to non-infected cultures. A signature of pyroptosis
emerged in both ex vivo systems, as indicated by the high levels of
Gasdermin D mRNA. However, it has been reported that pyr-
optosis can be triggered through two distinct pathways, either
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through direct pathogen recognition and IL-1β99 or the activation
of ST2 receptors by IL-33100. The discordant results we obtained for
IL-1β mRNA between the brainstem and the lungs demonstrate
tissue-dependent pyroptosis. Although IL-18 mRNA copy number
remained low in both organs, the brainstem showed a large increase
in IL-1β mRNA levels that are known to be associated with Gas-
dermin D involvement101. In contrast, the levels of IL-1β mRNA
remained low despite the upregulation of IL-1β, demonstrating that
pyroptosis operates differently in the lungs and the brainstem.

In support of this hypothesis, a previous study demonstrated that
high levels of IL-33 were released and ST2 receptors signaling
pathways were highly triggered during infection of epithelial airway
tissues, provoking further pyroptosis102. Altogether, our observa-
tions suggest that tissue-associated cell death induced by SARS-
CoV-2 infection in both organs could be the result of distinct
dysregulated inflammatory responses. Such distinct cytotoxicity
may also partially explain the lower representation of SARS-CoV-2
in the human CNS. In this case, the virus may kill neurons it infects
at the periphery faster than it spreads. Thus, even a very low level of
neuron infection may have important side effects leading to vagus
nerve dysfunction or to the initiation of encephalitis84.

The IFN-I and IFN-III responses were triggered in various
in vitro and in vivo models during SARS-CoV-2 infection103,104.
We confirmed these results in our ex vivo organotypic cultures,
showing an increase of both IFN-I and IFN-III-triggered ISGs
ISG20 and MX1 mRNA levels mainly involved in establishing
optimal antiviral and inflammatory environments when their
expressions are correctly balanced (Fig. 7).

In parallel, we demonstrated increased mRNA levels for
CXCL10 and CCL5, attractant chemokines that recruit inflam-
matory mediators. As expected from the delay in the start of viral
replication, CXCL10, and CCL5 responses were delayed in the
brainstem compared with the lungs, reflecting the discrepancies
in cell susceptibility to viral infection in the two tissues.

Apart from allowing better characterizing SARS-CoV-2 infection
in the tissue, our organotypic cultures have proved applicable for
drug testing. Our data with remdesivir, hydroxychloroquine, and 17-
DMAG demonstrated that both hamster lung and brainstem orga-
notypic cultures can serve as efficient tools for screening antiviral
drugs and predicting their efficacy and toxicity in vivo. More speci-
fically, the lack of expression of TMPRSS2 in the brainstem suggests
that, unlike in the lungs, the S in it is cleaved predominantly by
endosomal cathepsins as opposed to cell-surface proteases. As
hydroxychloroquine blocks virus-endosome fusion by increasing the
endosomal pH59, our data showing its efficacy in the brainstem but
not in the lungs confirm that our model can predict the lack of
in vivo effectiveness of a drug. Even in the context of infection with
respiratory viruses such as SARS-CoV-2, which do not use the CNS
as their main target, brainstem and cerebellum cultures are highly
relevant tools for testing drugs that may target the endosomal
pathway. The use of both lung and brain cultures to assess the effi-
cacy of antivirals creates an ideal combination for extrapolating their
activity in vivo. This could be applied not only against SARS-CoV-2
but also against other respiratory viruses known to be capable of
invading the CNS.

In this study, we characterize two ex vivo models to establish
their utility for investigating infectious pathogens. We demon-
strate that organotypic lung and brainstem cultures are relevant
3D physiological models for several human viral infections,
including that by SARS-CoV-2, which are useful for assessing
antiviral drugs potentially efficient during the early stages of the
infection. These models can also lend themselves to real-time
evaluation of emerging mutants. SARS-CoV-2-infected type 1
and type 2 pneumocytes and ciliated cells in the lungs, and
granular and Golgi neurons in cerebral structures.

Expression of ACE2, TMPRSS2, and Cathepsin B in organo-
typic cultures was consistent with the in vivo distribution of
SARS-CoV-2 during the first 4 days of infection. We highlight a
correlation between TMPRSS2 expression levels and a delay in
CNS infection at the organ level, which could offer the innate
immune system a window of opportunity for preventing CNS
infection. Once SARS-CoV-2 reaches the brain parenchyma, the
virus could infect specific neurons potentially involved in
respiratory and cardiac function in the brainstem and cerebellum.
We describe the induction of type I and III innate immune
responses and an inflammatory response to infection at the organ
level. Finally, in both organotypic cultures, we observe cell death
caused by the infection via caspase-3-independent apoptosis,
necroptosis, and pyroptosis.

Methods
Viruses. BetaCoV/France/IDF0571/2020 virus (GISAID Accession ID=
EPI_ISL_411218) was isolated in Vero E6 from a nasal swab of one of the first
COVID-19-positive patients in France105 and was kindly provided by the
Virpath lab.

2019-nCoV/USA_WA1/2020 virus was isolated by the CDC in the United
States, from the first patient diagnosed in the US.

The recombinant NeonGreen SARS-CoV-2 virus (icSARS-CoV-2-mNG) has
been generated by introducing the neon green reporter gene into the ORF7 of the
viral genome as described elsewhere54.

The recombinant Measles virus (MeV IC323-EGFP-F L454W) is a
hyperfusogenic MeV variant able to disseminate in the absence of known
receptors106. This variant is expressing the gene encoding EGFP and was generated
using reverse genetics in 293-3-46 cells as previously described107 after
modification of the plasmid encoding MeV IC323-EGFP (kindly provided by
Yanagi, Kyushu University, Fukyoka, Japan). The recombinant Nipah virus (rNiV-
EGFP) is expressing the gene encoding the EGFP and was generated using reverse
genetics in 293 cells and prepared as previously described108. NiV infections were
carried out at the INSERM Jean Mérieux BSL4 laboratory in Lyon, France.

All viruses have been produced and titrated at 37 °C in Vero E6 cells (SARS-
CoV-2 and rNiV-EGFP viruses) or in Vero E6-expressing human SLAM receptor
(MeV IC323-EGFP-F L454W) (Supplementary Table 1). Briefly, for stock
production, cells were infected with MOI= 0.01 in DMEM. After 90 min of
incubation at 37 °C, the medium was replaced with DMEM-2% FBS (SARS-CoV-2)
or added in order to obtain DMEM-5% FBS (rNiV-EGFP and MeV IC323-EGFP-F
L454W), and the cells were incubated at 37 °C in 5% CO2 atmosphere for two days.
Viral supernatants were collected and centrifuged (400 × g, 5 min), aliquoted, and
titrated as plaque-forming units using a classic dilution limit assay.

Alamar blue assay. The organotypic cultures (n= 6) were immersed in 200 μl of
1× Alamarblue® (Invitrogen; DAL1025) solution in a culture medium for 2 h at
37 °C in a humidified atmosphere in 5% CO2. The fluorescence was read in a 96-
well white plate using 560/590 nm (ex/em) filter settings according to the manu-
facturer’s protocol.

ACE2 activity assay. The ACE2 enzymatic activity was quantified using 100 μg of
organotypic cultures (n= 3) using the ACE2 Activity Assay Kit (Fluorometric) (Clin-
iSciences; K897-100) and following the manufacturer recommendations. Total protein
was quantified using the Micro BCA Protein Assay Kit (Thermo Fisher Scientific).

Animals. Suckling Syrian golden hamsters (Mesocricetus auratus) used in our
study were obtained from Janvier Labs (53940 Le Genest-Saint-Isle, France) with
clean health monitoring report. C57BL/6 suckling mice are coming from the
animal facility “Plateau de Biologie Expérimentale de la Souris” (PBES) in Lyon.

All animals were used at seven days old. The sex of the animals was random and
dependent on the litter threw by the mother.

This study was performed according to French ethical committee (CECCAPP)
regulations (accreditation CECCAPP_ENS_2014_034).

Organotypic culture preparation and treatment. Organotypic cultures were
prepared from suckling hamsters (Mesocricetus auratus, Janvier lab) or C57BL/6
mice (Supplementary Fig. 3) and maintained in culture as detailed elsewhere50. In
brief, organ substructures (i.e., cerebellum, brainstem, left lung) were isolated from
7-day-old animals (n= 5; sex non-discriminated) and cut with a McIlwain tissue
chopper (WPI-Europe): 350-μm-thick progressive slices were prepared for brain-
stems and cerebella, and 500-μm-thick slices for the lungs. The cultures were then
separated from each other in cold Hibernate®-A/5 g/L D-Glucose/1× Kynurenic
acid buffer and laid out on hydrophilic PTFE cell culture insert membranes
(PICM0RG50, Millipore). Slices were subsequently cultured in Minimal Essential
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Medium GlutaMAX supplemented with 25% horse serum, 5 g/L glucose, 1%
HEPES (all Thermo Fisher Scientific), and 0.1 mg/L human recombinant insulin
(Sigma-Aldrich) at 37 °C in 5% CO2. The medium was changed every other day
after the slicing procedure. Slices from 5 hamsters were infected on the day of
slicing with SARS-CoV-2 (BetaCoV/France/IDF0571/2020), icSARS-CoV-2-
mNG54, MeV IC323-EGFP-F L454W and rNiV-eGFP. For the treatment, cultures
were then treated from 90 min post infection to day 4 post infection either with
remdesivir (GS-5734; Clinisciences) diluted in Neurobasal medium or with vehicle
(untreated condition) once a day for the 10 μM dose and twice a day for the 2 μM
condition. In all, 2 μl of 100 μM or 20 μM of remdesivir were added on top of each
of the 5 slices in each well and the remdesivir concentration in the feeding medium
was also adjusted in order to reach a final concentration of 10 μM or 2 μM in the
insert. The cultures were also treated daily under the same condition with the 17-
DMAG (17-Dimethylaminoethylamino-17-demethoxygeldanamycin, Sigma;
D5193) at 3 μM and with Hydroxychloroquine sulfate (Sigma; H0915-5MG) at
10 μM and 20 μM. At each time point, slices were collected, and the RNA was
extracted in order to perform RT-qPCR.

RNA extraction and quantitative RT-PCR. Total RNA from organotypic cultures
was extracted using the NucleoSpin RNA Kit (Macherey-Nagel) and quantified
with a spectrophotometer (DS-11-FX, DeNovix). For an upcoming SARS-CoV-2
genome quantification, reflecting the viral replication, 100 ng of total RNA were
reverse-transcribed using the SuperScript™ III Reverse Transcriptase (Invitrogen)
with the SARS-CoV2_tagged primer: 5′-gcagggcaatctca-
caatcaggGGTCTGCATGAGTTTAGG-3′ that binds in the intergenic sequence
between the N gene and the ORF10. To improve the specificity of the RT-qPCR we
have opted for this specific reverse transcription using a primer specific to SARS-
CoV-2 genome tagged with a Nipah virus (NiV) derived sequence. The qPCR step
uses then a reverse primer against SARS-CoV-2 and a forward primer against NiV
extension. To quantify the viral transcription, 100 ng of total RNA were reverse-
transcribed using the SuperScript™ III Reverse Transcriptase (Invitrogen) with
oligo-dT primers. qPCR was performed using the primers for SARS-CoV-2
Nucleoprotein (Supplementary Table 2).

For the GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) and all other
genes, 100 ng of total RNA were reverse-transcribed using the iScript cDNA
Synthesis Kit (Bio-Rad), based on oligo-dT and random hexamer primers.
Obtained cDNAs were diluted 1∶10. Quantitative PCR was performed using
Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen) on a StepOnePlus Real-
Time PCR System (Applied Biosystems). Primers were either designed using the
Beacon Designer (version 8) software or chosen after validation that their efficacy
was close to 100% according to the MIQE checklist109. All samples were run in
duplicates and results were analyzed using StepOne version 2.3 (Applied
Biosystems). All results were normalized to the standard deviation (SD) for
GAPDH mRNA, and the calculations were performed using the 2ΔΔCT model110.
For each time point, fold changes are relative to the number of copies of mRNAs in
infected organotypic cultures compared to the uninfected ones.

Organotypic culture RNA-Seq and analysis. RNA from uninfected and infected
hamster organotypic cultures (a pool of five slices) was collected and extracted as
described above and submitted to the JP Sulzberger Columbia Genome Center for
library preparation and sequencing. Strand-specific RNA-Seq libraries were pre-
pared using a poly-A enrichment and were sequenced on an Illumina NovaSeq
6000 with paired-end 2 × 100 reads (Nextera xt kit; Illumina). After quality and
adapter trimming with Trimmomatic v0.39111, transcript abundance quantification
was performed using Kallisto version 0.46.0112 with the Ensembl Mesocricetus
auratus v1.0 as the reference genome.

Differential gene expression analysis was performed using the Kallisto transcript
abundances and the R Bioconductor package DESeq2113. In lung cultures, 262
genes out of 15,870 expressed genes were differentially expressed (DE) at a
threshold of the absolute value of log2-fold change >2. In brainstem cultures, 170/
16041 expressed genes were DE. Code for analysis is available at https://
github.com/greninger-lab/SARS-CoV-2_hamster_RNAseq.

Since the hamster genome remains relatively poorly annotated, GO analysis was
performed using mouse annotations to test for statistical enrichment of DE genes
in GO categories. After the exclusion of genes that did not have a mouse ortholog,
195 DE genes out of 11,726 were analyzed for the lung, and 125/12,698 for the
brainstem, using the R package clusterProfiler114. For each tissue, the 20 non-
redundant GO categories with the lowest adjusted p value for Fisher exact test of
enrichment were displayed using ggplot, version 3.3.5115.

To calculate % reads on target for SARS-CoV-2 reads, each sample was aligned
against the EPI_ISL_411218 SARS-CoV-2 reference sequence using Bowtie2 with
default parameters116. SARS-CoV-2 on target percentages were calculated using the
number of mapped reads in the resulting BAM file.

Heatmaps were generated using the R package pheatmap by calculating the
log2-fold change for infected samples relative to uninfected ones and taking the 50
with the largest absolute value, after eliminating those in which there were fewer
than five normalized counts in the uninfected sample for the lungs, or one for the
brain. Genes for which the annotation did not include a formal gene symbol were

manually searched in the Ensembl database for highly conserved rodent orthologs,
which are included next to the Ensembl gene name in the heatmaps.

Immunofluorescent staining. Organotypic cultures from 7-day-old hamsters were
infected with 1000 PFU of BetaCoV/France/IDF0571/2020 virus. In all, 24 h post
infection, the slices were fixed during 1 h in 4% paraformaldehyde (PFA), washed
in 1× Dulbecco’s phosphate-buffered saline (DPBS), and permeabilized and
blocked in 1× DPBS-3% BSA- Triton X-100 (perm and block solution) overnight at
4 °C. Slices were incubated in the perm and block solution containing the primary
antibodies overnight at 4 °C. After three washes (5 min each) in 1× DPBS, slices
were incubated in the perm and block solution containing the secondary antibodies
for 1 h at RT; donkey anti-rabbit conjugated with Alexa 488 or 555, donkey anti-
mouse conjugated with Alexa 488 or 555, and donkey anti-goat conjugated with
Alexa 555 or 647 antibodies (1:500 each) (Supplementary Table 3). After 3 washes
in 1× DPBS, slices were mounted with Fluoromount-G® aqueous mounting
medium (SouthernBiotech, catalog no. 0100-01) on epoxy slides (CEL-LINE, cat-
alog no. 30-12A-BLACK-CE24) and coverslipped. Images were taken using an
inverted microscope Zeiss Axio Observer. Z1 with confocal unit LSM 800 and
analyzed using ImageJ software. All primary antibodies used in this study were
validated previously for use in hamster tissue or the sequence homology of the
epitopes was more than 85%.

TUNEL assay. TUNEL assay (Click-iT™ Plus TUNEL Assay for In Situ Apoptosis
Detection, Alexa Fluor™ 647 dye, Thermo Fisher Scientific) was performed fol-
lowing the manufacturer’s recommendations.

Transmission electron microscopy. Infected organotypic cultures were fixed by
immersion in 2.5% glutaraldehyde (Sigma) and 2.5% PFA in cacodylate buffer (0.1M,
pH 7.2) at 4 °C for several days. The samples were post fixed in 1% osmium tetroxide
in 0.1M cacodylate buffer for 1 h at 4 °C, and rinsed with Cacodylate buffer 0.1M
(2 × 10min) and with water (2 × 10min) and immersed in uranyl acetate at 4% for
2 h at 4 °C. Samples were dehydrated through graded alcohol (50, 70, 90, and 100%)
and propylene oxide for 30min each and embedded in Epon™ 812 (Sigma-Aldrich,
Saint-Louis, Missouri, USA). Semi-thin sections were cut at 2 μm with an ultra-
microtome (Leica Ultracut UCT) and stained with 1% Toluidine blue in 1% sodium
borate, examined by Leica optical microscope (LEICA DMLB, Leica Microsystems
GmbH; Germany). Ultrathin sections were cut at 70 nm and contrasted with uranyl
acetate and lead citrate and examined at 70 kv with a Morgagni 268D electron
microscope (FEI Electron Optics, Eindhoven, and the Netherlands). Images were
captured digitally by Mega View III camera (Soft Imaging System).

Fluorescence-activated single-cell sorting (FACS). Five cerebella from suckling
hamster (10 organotypic cultures per cerebellum) were dissociated in a solution of
10 mg/ml of pre-activated papaïn diluted in DMEM containing 10% kynurenic
acid. After a 30 min incubation at 37 °C the reaction was stopped by adding FBS.
The cells were then split into five separate tubes, washed with Neurobasal medium
(Gibco; 12348017), and centrifuged at 400 × g for 5 min. Each cell population was
stained for 30 min at 4 °C using the following antibodies (Supplementary Table 4).
Cells were washed with Neurobasal medium, centrifuged at 400 × g for 5 min, and
resuspended in 1 ml of Neurobasal medium. The cell was sorted using BD FAC-
SAriaTM II and collected in 600 μl of RLT with beta-mercaptoethanol. The RNA
was then extracted as described above, Reverse transcription was performed using
the iScript kit (Biorad) and the mRNA copies of the gene of interest were quantified
by RT-qPCR as described above.

Statistical analysis. Statistical analyses for figs. 1 and 2 were performed using the
Kruskal–Wallis test. ***P < 0.001. For Figs. 4 and 5, statistical analyses were per-
formed using the Mann–Whitney test and the one-sample t test. *P < 0.05;
**P < 0.01; ***P < 0.001. All statistical analyses were performed in GraphPad
Prism5 software.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data generated in this study have been deposited in the Figshare database under
accession code https://doi.org/10.6084/m9.figshare.15112443.v1117. Source data are
provided with this paper.

Code availability
For the RNA-seq data, code for analysis is available at https://github.com/greninger-lab/
SARS-CoV-2_hamster_RNAseq118.

Received: 27 November 2020; Accepted: 9 September 2021;

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26096-z

14 NATURE COMMUNICATIONS | (2021)12:5809 | https://doi.org/10.1038/s41467-021-26096-z | www.nature.com/naturecommunications



References
1. Worldometer. Coronavirus Cases. Worldometer (2021). Available at: https://

www.worldometers.info/coronavirus/. (Accessed: 20th April 2021).
2. Orsucci, D., Ienco, E. C., Nocita, G., Napolitano, A. & Vista, M. Neurological

features of COVID-19 and their treatment: a review. Drugs Context 9, 2020-5-
1 (2020).

3. Khoo, A. et al. Postinfectious brainstem encephalitis associated with SARS-
CoV-2. J. Neurol. Neurosurg. Psychiatry 91, jnnp-2020–323816 (2020).

4. Rábano-Suárez, P. et al. Generalized myoclonus in COVID-19. Neurology 95,
e767–e772 (2020).

5. Solomon, I. H. et al. Neuropathological features of covid-19. N. Engl. J. Med.
383, 989–992 (2020).

6. Bougakov, D., Podell, K. & Goldberg, E. Multiple Neuroinvasive Pathways in
COVID-19. Mol. Neurobiol. https://doi.org/10.1007/s12035-020-02152-5
(2020).

7. Jafari Khaljiri, H. et al. Comprehensive review on neuro-COVID-19
pathophysiology and clinical consequences. Neurotox. Res. 39, 1613–1629
(2021).

8. Chigr, F., Merzouki, M. & Najimi, M. Comment on “The neuroinvasive
potential of SARS-CoV-2 may play a role in the respiratory failure of COVID-
19 patients”. J. Med. Virol. 92, 703–704 (2020).

9. Li, Y. C., Bai, W. Z. & Hashikawa, T. The neuroinvasive potential of SARS-
CoV2 may play a role in the respiratory failure of COVID-19 patients. J. Med.
Virol. 92, 552–555 (2020).

10. Smith, J. C., Ellenberger, H. H., Ballanyi, K., Richter, D. W. & Feldman, J. L.
Pre-Bötzinger complex: a brainstem region that may generate respiratory
rhythm in mammals. Science 254, 726–729 (1991).

11. Netland, J., Meyerholz, D. K., Moore, S., Cassell, M. & Perlman, S. Severe
acute respiratory syndrome coronavirus infection causes neuronal death in the
absence of encephalitis in mice transgenic for human ACE2. J. Virol. 82,
7264–7275 (2008).

12. Meinhardt, J. et al. Olfactory transmucosal SARS-CoV-2 invasion as a port of
central nervous system entry in individuals with COVID-19. Nat. Neurosci.
24, 168–175 (2021).

13. Liu, K., Pan, M., Xiao, Z. & Xu, X. Neurological manifestations of the
coronavirus (SARS-CoV-2) pandemic 2019-2020. J. Neurol. Neurosurg.
Psychiatry 91, 669–670 (2020).

14. Bulfamante, G. et al. First ultrastructural autoptic findings of sars-cov-2 in
olfactory pathways and brainstem. Minerva Anestesiologica 86, 678–679
(2020).

15. Xiang, P. et al. Case report: identification of SARS-CoV-2 in cerebrospinal
fluid by ultrahigh-depth sequencing in a patient with coronavirus disease 2019
and neurological dysfunction. Front. Med. 8, 629828 (2021).

16. Domingues, R. B. et al. First case of SARS-COV-2 sequencing in cerebrospinal
fluid of a patient with suspected demyelinating disease. J. Neurol. 267,
3154–3156 (2020).

17. Huang, Y. H., Jiang, D. & Huang, J. T. SARS-CoV-2 detected in cerebrospinal
fluid by PCR in a case of COVID-19 encephalitis. Brain Behav. Immun. 87,
149 (2020).

18. Färber, K., Stäbler, P., Getzinger, T. & Uhlig, T. Suspected sepsis in a 10-week-
old infant and SARS-CoV-2 detection in cerebrospinal fluid and pharynx.
Monatsschr. Kinderheilkd. 169, 312–316 (2021).

19. Fadakar, N. et al. A first case of acute cerebellitis associated with coronavirus
disease (COVID-19): a case report and literature review. Cerebellum 19,
911–914 (2020).

20. Khodamoradi, Z. et al. COVID-19 meningitis without pulmonary
involvement with positive cerebrospinal fluid PCR. Eur. J. Neurol. 27,
2668–2669 (2020).

21. Destras, G. et al. Systematic SARS-CoV-2 screening in cerebrospinal fluid
during the COVID-19 pandemic. Lancet Microbe 1, e149 (2020).

22. Westhoff, T. H. et al. Allograft infiltration and meningoencephalitis by SARS-
CoV-2 in a pancreas-kidney transplant recipient. Am. J. Transplant. 20,
3216–3220 (2020).

23. Yachou, Y., El Idrissi, A., Belapasov, V. & Ait Benali, S. Neuroinvasion,
neurotropic, and neuroinflammatory events of SARS-CoV-2: understanding
the neurological manifestations in COVID-19 patients. Neurol. Sci. 41,
2657–2669 (2020).

24. Yi, S. A. et al. Infection of brain organoids and 2D cortical neurons with
SARS-CoV-2 pseudovirus. Viruses 12, 10004 (2020).

25. Zhang, B. Z. et al. SARS-CoV-2 infects human neural progenitor cells and
brain organoids. Cell Res. 30, 928–931 (2020).

26. Bullen, C. K. et al. Infectability of human BrainSphere neurons suggests
neurotropism of SARS-CoV-2. ALTEX 37, 665–671 (2020).

27. Pellegrini, L. et al. SARS-CoV-2 infects the brain choroid plexus and disrupts
the blood-CSF barrier in human brain organoids. Cell Stem Cell 27,
951–961.e5 (2020).

28. Moriguchi, T. et al. A first case of meningitis/encephalitis associated with
SARS-coronavirus-2. Int. J. Infect. Dis. 94, 55–58 (2020).

29. Song, E. et al. Neuroinvasion of SARS-CoV-2 in human and mouse brain. J
Exp Med. 218, e20202135. https://doi.org/10.1084/jem.20202135 (2021).

30. Buzhdygan, T. P. et al. The SARS-CoV-2 spike protein alters barrier function
in 2D static and 3D microfluidic in-vitro models of the human blood–brain
barrier. Neurobiol. Dis. 146, 105131 (2020).

31. Uversky, V. N. et al. Severe acute respiratory syndrome coronavirus 2
infection reaches the human nervous system: how? J. Neurosci. Res. 99,
750–777 (2021).

32. Zhou, P. et al. A pneumonia outbreak associated with a new coronavirus of
probable bat origin. Nature 579, 270–273 (2020).

33. Hoffmann, M. et al. SARS-CoV-2 cell entry depends ACE2 TMPRSS2 and is
blocked a clinically proven protease inhibitor. Cell 181, 271–280.e8 (2020).

34. Coutard, B. et al. The spike glycoprotein of the new coronavirus 2019-nCoV
contains a furin-like cleavage site absent in CoV of the same clade. Antiviral
Res. 176, 104742 (2020).

35. Shang, J. et al. Cell entry mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci.
USA 117, 104742 (2020).

36. Cantuti-Castelvetri, L. et al. Neuropilin-1 facilitates SARS-CoV-2 cell entry
and infectivity. Science 370, 856–860 (2020).

37. Daly, J. L. et al. Neuropilin-1 is a host factor for SARS-CoV-2 infection.
Science 370, 861–865 (2020).

38. Lee, C.-Y. & Lowen, A. C. Animal models for SARS-CoV-2. Curr. Opin. Virol.
68, 1868–1885 (2021).

39. Miao, J., Chard, L. S., Wang, Z. & Wang, Y. Syrian hamster as an animal
model for the study on infectious diseases. Front. Immunol. 10 (2019).

40. Wong, K. T. et al. A golden hamster model for human acute Nipah virus
infection. Am. J. Pathol. 163, 2127–2137 (2003).

41. Watanabe, S. et al. Mutant fusion proteins with enhanced fusion activity
promote measles virus spread in human neuronal cells and brains of suckling
hamsters. J. Virol. 87, 2648–2659 (2013).

42. Roberts, A. et al. Severe acute respiratory syndrome coronavirus infection of
golden syrian hamsters. J. Virol. 79, 503–511 (2005).

43. Roberts, A. et al. Animal models and vaccines for SARS-CoV infection. Virus
Res. 133, 20–32 (2008).

44. Imai, M. et al. Syrian hamsters as a small animal model for SARS-CoV-2
infection and countermeasure development. Proc. Natl. Acad. Sci. USA 117,
16587–16595 (2020).

45. Chan, J. F. W. et al. Simulation of the clinical and pathological manifestations
of Coronavirus Disease 2019 (COVID-19) in golden Syrian hamster model:
implications for disease pathogenesis and transmissibility. Clin. Infect. Dis. 71,
2428–2446 (2020).

46. Bryche, B. et al. Massive transient damage of the olfactory epithelium
associated with infection of sustentacular cells by SARS-CoV-2 in golden
Syrian hamsters. Brain. Behav. Immun. 89, 579–586 (2020).

47. Sia, S. F. et al. Pathogenesis and transmission of SARS-CoV-2 in golden
hamsters. Nature 583, 834–838 (2020).

48. Abbas Rizvi, Z. et al. Immunological and cardio-vascular pathologies
associated with SARS-CoV-2 infection 1 in golden syrian hamster. Transl.
Heal. Sci. Technol. Inst. https://doi.org/10.1101/2021.01.11.426080 (2021).

49. Nouailles, G. et al. Longitudinal omics in Syrian hamsters integrated with
human data unravel 1 cellular effector responses to moderate COVID-19 2 3.
bioRxiv https://doi.org/10.1101/2020.12.18.423524 (2021).

50. Welsch, J. et al. Organotypic brain cultures: a framework for studying CNS
infection by neurotropic viruses and screening antiviral drugs. Bio-protocol 7,
https://doi.org/10.21769/BioProtoc.2605 (2017).

51. Gkogkou, E., Barnasas, G., Vougas, K. & Trougakos, I. P. Expression profiling
meta-analysis of ACE2 and TMPRSS2, the putative anti-inflammatory
receptor and priming protease of SARS-CoV-2 in human cells, and
identification of putative modulators. Redox Biol. 36, 101615 (2020).

52. Humpel, C. Organotypic brain slice cultures: a review. Neuroscience 305,
86–98 (2015).

53. Brann, D. H. et al. Non-neuronal expression of SARS-CoV-2 entry genes in
the olfactory system suggests mechanisms underlying COVID-19-associated
anosmia. Sci. Adv. 6, eabc5801 (2020).

54. Xie, X. et al. An Infectious cDNA Clone of SARS-CoV-2. Cell Host Microbe
27, 841–848.e3 (2020).

55. Jurgens, E. M. et al. Measles fusion machinery is dysregulated in
neuropathogenic variants. MBio 6, 1–12 (2015).

56. Pizzorno, A. et al. In vitro evaluation of antiviral activity of single and
combined repurposable drugs against SARS-CoV-2. Antiviral Res. 181,
104878 (2020).

57. Wang, Y. et al. Remdesivir in adults with severe COVID-19: a randomised,
double-blind, placebo-controlled, multicentre trial. Lancet 395, 1569–1578 (2020).

58. Beigel, J. H. et al. Remdesivir for the treatment of Covid-19 — final report. N.
Engl. J. Med. 383, 1813–1826 (2020).

59. Kivrak, A., Ulaş, B. & Kivrak, H. A comparative analysis for anti-viral drugs:
their efficiency against SARS-CoV-2. Int. Immunopharmacol. 90, 107232
(2021).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26096-z ARTICLE

NATURE COMMUNICATIONS | (2021)12:5809 | https://doi.org/10.1038/s41467-021-26096-z | www.nature.com/naturecommunications 15



60. NIH Clinical Trial Shows Remdesivir Accelerates Recovery from Advanced
COVID-19 | NIH: National Institute of Allergy and Infectious Diseases.
Available at: https://www.niaid.nih.gov/news-events/nih-clinical-trial-shows-
remdesivir-accelerates-recovery-advanced-covid-19. (Accessed: 18th April
2021).

61. Wang, M. et al. Remdesivir and chloroquine effectively inhibit the recently
emerged novel coronavirus (2019-nCoV) in vitro. Cell Res. 30, 269–271
(2020).

62. Yao, X. et al. In vitro antiviral activity and projection of optimized dosing
design of hydroxychloroquine for the treatment of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). Clin. Infect. Dis. 71, 732–739 (2020).

63. Sultan, I., Howard, S. & Tbakhi, A. Drug repositioning suggests a role for the
heat shock protein 90 inhibitor geldanamycin in treating COVID-19 infection.
https://doi.org/10.21203/rs.3.rs-18714/v1 (2020).

64. Kim, W. et al. Rational biosynthetic engineering for optimization of
geldanamycin analogues. ChemBioChem 10, 1243–1251 (2009).

65. Bloyet, L.-M. et al. HSP90 chaperoning in addition to phosphoprotein
required for folding but not for supporting enzymatic activities of measles and
nipah virus L polymerases. J. Virol. 90, 15 (2016).

66. Miller, S. & Krijnse-Locker, J. Modification of intracellular membrane
structures for virus replication. Nat. Rev. Microbiol. 6, 363–374 (2008).

67. Snijder, E. J. et al. Ultrastructure and origin of membrane vesicles associated
with the severe acute respiratory syndrome coronavirus replication complex. J.
Virol. 80, 5927–5940 (2006).

68. Lieberman, J., Wu, H. & Kagan, J. C. Gasdermin D activity in inflammation
and host defense. Sci. Immunol. 4, eaav1447 (2019).

69. de Vasconcelos, N. M., Van Opdenbosch, N., Van Gorp, H., Parthoens, E. &
Lamkanfi, M. Single-cell analysis of pyroptosis dynamics reveals conserved
GSDMD-mediated subcellular events that precede plasma membrane rupture.
Cell Death Differ. 26, 146–161 (2019).

70. Viemari, J. C., Menuet, C. & Hilaire, G. Complexe de pré-Bötzinger et
automatisme respiratoire Identification lectrophysiologique, molculaire et
gntique dune structure cruciale pour la respiration. Med. Sci. 29, 875–882
(2013).

71. Welsch, J. C. et al. Type I interferon receptor signaling drives selective
permissiveness of astrocytes and microglia to measles virus during brain
infection. J. Virol. 93, e00618-19 (2019).

72. de Vries, R., Rennick, L., Duprex, W. & de Swart, R. Paramyxovirus infections
in ex vivo lung slice cultures of different host species. Methods Protoc. 1, 12
(2018).

73. Nguyen, D. T. et al. Paramyxovirus infections in ex vivo lung slice cultures of
different host species. J. Virol. Methods 193, 159–165 (2013).

74. Forsberg, D. et al. CO2-evoked release of PGE2 modulates sighs and
inspiration as demonstrated in brainstem organotypic culture. Elife 5, e14170
(2016).

75. Phillips, W. S., Herly, M., Del Negro, C. A. & Rekling, J. C. Organotypic slice
cultures containing the preBötzinger complex generate respiratory-like
rhythms. J. Neurophysiol. 115, 1063–1070 (2016).

76. Cavaliere, F., Vicente, E. S. & Matute, C. An organotypic culture model to
study nigro-striatal degeneration. J. Neurosci. Methods 188, 205–212 (2010).

77. Busceti, C. L. et al. Corticosterone upregulates gene and protein expression of
catecholamine markers in organotypic brainstem cultures. Int. J. Mol. Sci. 20,
2901 (2019).

78. Han, Y. et al. Identification of candidate COVID-19 therapeutics using hPSC-
derived lung organoids. bioRxiv https://doi.org/10.1101/2020.05.05.079095
(2020).

79. Outlaw, V. K. et al. Inhibition of Coronavirus entry in vitro and ex vivo by a
lipid-conjugated peptide derived from the SARS-CoV-2 spike glycoprotein
HRC domain. MBio 11, e01935-20 (2020).

80. Ferren, M., Horvat, B. & Mathieu, C. Measles encephalitis: towards new
therapeutics. Viruses 11, 1017 (2019).

81. Tomris, I. et al. 3D visualization of SARS-CoV-2 infection and receptor
distribution in Syrian hamster lung lobes display distinct spatial arrangements.
bioRxiv https://doi.org/10.1101/2021.03.24.435771 (2021).

82. Hamming, I. et al. Tissue distribution of ACE2 protein, the functional receptor
for SARS coronavirus. A first step in understanding SARS pathogenesis. J.
Pathol. 203, 631–637 (2004).

83. Pizzorno, A. et al. Characterization and treatment of SARS-CoV-2 in nasal
and bronchial human airway epithelia. Cell Rep. Med. 1, 100059 (2020).

84. Yavarpour-Bali, H. & Ghasemi-Kasman, M. Update on neurological
manifestations of COVID-19. Life Sci. 257, 118063 (2020).

85. atlas.brain-map.org. Interactive Atlas Viewer: Atlas Viewer. Available at:
http://atlas.brain-map.org/atlas?atlas=1#atlas=1&plate=100960184&struct
ure=987&x=4526&y=4727.25&zoom=-4&resolution=16.75&z=6.
(Accessed: 26th August 2020).

86. Kumar, A. et al. Possible routes of SARS-CoV-2 invasion in brain: in context
of neurological symptoms in COVID-19 patients. J. Neurosci. Res. 98,
2376–2383 (2020).

87. Iadecola, C., Anrather, J. & Kamel, H. Effects of COVID-19 on the nervous
system. Cell 183, 16–27.e1 (2020).

88. Muus, C. et al. Integrated analyses of single-cell atlases reveal age, gender, and
smoking status associations with cell type-specific expression of mediators of
SARS-CoV-2 viral entry and highlights inflammatory programs in putative
target cells. bioRxiv https://doi.org/10.1101/2020.04.19.049254 (2020).

89. Puelles, V. G. et al. Multiorgan and renal tropism of SARS-CoV-2. N. Engl. J.
Med. 383, 590–592 (2020).

90. Liu, J. et al. SARS-CoV-2 cell tropism and multiorgan infection. Cell Discov. 7,
17 (2021).

91. Heurich, A. et al. TMPRSS2 and ADAM17 cleave ACE2 differentially and
only proteolysis by TMPRSS2 augments entry driven by the severe acute
respiratory syndrome coronavirus spike protein. J. Virol. 88, 1293–1307
(2014).

92. Murgolo, N. et al. SARS-CoV-2 tropism, entry, replication, and propagation:
considerations for drug discovery and development. PLoS Pathogens 17,
e1009225 (2021).

93. Ramani, A. et al. SARS‐CoV‐2 targets neurons of 3D human brain organoids.
EMBO J. 39, e106230 (2020).

94. Baig, A. M., Khaleeq, A., Ali, U. & Syeda, H. Evidence of the COVID-19 virus
targeting the CNS: tissue distribution, host-virus interaction, and proposed
neurotropic mechanisms. ACS Chem. Neurosci. 11, 995–998 (2020).

95. Cavanaugh, S. E., Holmgren, A. M. & Rall, G. F. Homeostatic interferon
expression in neurons is sufficient for early control of viral infection. J.
Neuroimmunol. 279, 11–19 (2015).

96. Patterson, C. E., Daley, J. K., Echols, L. A., Lane, T. E. & Rall, G. F. Measles
virus infection induces chemokine synthesis by neurons. J. Immunol. 171,
3102–3109 (2003).

97. Christofferson, D. E. & Yuan, J. Necroptosis as an alternative form of
programmed cell death. Curr. Opin. Cell Biol. 22, 263–268 (2010).

98. Vandenabeele, P., Galluzzi, L., Vanden Berghe, T. & Kroemer, G. Molecular
mechanisms of necroptosis: an ordered cellular explosion. Nat. Rev. Mol. Cell
Biol. 11, 700–714 (2010).

99. Fink, S. L. & Cookson, B. T. Caspase-1-dependent pore formation during
pyroptosis leads to osmotic lysis of infected host macrophages. J. Immunol.
202, 1913–1926 (2006).

100. Cohen, E. S. et al. Oxidation of the alarmin IL-33 regulates ST2-dependent
inflammation. Nat. Commun. 6, 8327 (2015).

101. Liu, X. et al. Inflammasome-activated gasdermin D causes pyroptosis by
forming membrane pores. Nature 535, 153–158 (2016).

102. Yagami, A. et al. IL-33 mediates inflammatory responses in human lung tissue
cells. J. Immunol. 185, 5743–5750 (2010).

103. Lokugamage, K. et al. Type I interferon susceptibility distinguishes SARS-
CoV-2 from SARS-CoV. bioRxiv Prepr. Serv. Biol., https://doi.org/10.1101/
2020.03.07.982264 (2020).

104. Stanifer, M. L. et al. Critical role of type iii interferon in controlling SARS-
CoV-2 infection in human intestinal epithelial cells. Cell Rep. 32, 107863
(2020).

105. Lescure, F. X. et al. Clinical and virological data of the first cases of COVID-19
in Europe: a case series. Lancet Infect. Dis. 20, 697–706 (2020).

106. Mathieu, C. et al. Measles virus bearing measles inclusion body encephalitis-
derived fusion protein is pathogenic after infection via the respiratory route. J.
Virol. 93, e01862-18 (2019).

107. Radecke, F. et al. Rescue of measles viruses from cloned DNA. EMBO J. 14,
5773–5784 (1995).

108. Yoneda, M. et al. Establishment of a Nipah virus rescue system. Proc. Natl
Acad. Sci. USA 103, 16508–16513 (2006).

109. Bustin, S. A. et al. The MIQE guidelines: minimum information for
publication of quantitative real-time PCR experiments. Clin. Chem. 55,
611–622 (2009).

110. Pfaffl, M. W. A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res. 29, e45 (2001).

111. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics 30, 2114–2120 (2014).

112. Bray, N. L., Pimentel, H., Melsted, P. & Pachter, L. Near-optimal probabilistic
RNA-seq quantification. Nat. Biotechnol. 34, 525–527 (2016).

113. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

114. Yu, G., Wang, L. G., Han, Y. & He, Q. Y. ClusterProfiler: an R package for
comparing biological themes among gene clusters. Omi. A J. Integr. Biol. 16,
284–287 (2012).

115. Wickham, H. Create Elegant Data Visualisations Using the Grammar of
Graphics • ggplot2. (2016). Available at: https://ggplot2.tidyverse.org/.

116. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat.
Methods 9, 357–359 (2012).

117. Ferren, M. Data availability_Ferren et al 2021_Hamster organotypic modeling
of SARS-CoV-2 lung and brainstem infection.xlsx. Figshare, https://doi.org/
10.6084/m9.figshare.15112443.v1 (2021).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26096-z

16 NATURE COMMUNICATIONS | (2021)12:5809 | https://doi.org/10.1038/s41467-021-26096-z | www.nature.com/naturecommunications



118. Lieberman, N. A. P. GitHub - greninger-lab/SARS-CoV-2_hamster_RNAseq.
GitHub (2021). Available at: https://github.com/greninger-lab/SARS-CoV-
2_hamster_RNAseq. (Accessed: 6th August 2021).

119. Preibisch, S., Saalfeld, S. & Tomancak, P. Globally optimal stitching of tiled 3D
microscopic image acquisitions. Bioinformatics 25, 1463–1465 (2009).

Acknowledgements
Figure 1a has been created with BioRender.com. We thank Bruno Lina, Andres Pizzorno,
and Manuel Rosa-Calatrava from the CIRI, Centre International de Recherche en Infec-
tiologie, LYON, France, for providing us with the BetaCoV/France/IDF0571/2020 virus. We
acknowledge World Reference Center for Emerging Viruses and Arboviruses (WRCEVA)
and UTMB investigator, Dr. Pei Yong Shi for kindly providing recombinant icSARS-CoV-
2-mNG virus based on 2019-nCoV/USA_WA1/2020 isolate. We thank Sonia Longhi from
AFMB UMR 7257, CNRS and Aix-Marseille University, France, and Frédéric Carrière from
BIP UMR 7281, CNRS and Aix-Marseille University, France, for their advice and help with
proofreading of the manuscript. We thank Denis Gerlier for his helpful advice and critical
reading of the manuscript. We thank Fabienne Archer for providing us with anti-SP-C and
anti-αTubulin antibodies and for her precious advice. We thank Sophie Shyfrin for technical
assistance and English language revision, and Géraldine Gourru-Lesimple for assistance in
laboratory management. This work was supported by ANR-CoronaPepStop (ANR-20-
COVI-000) and Fondation de France to BH and ANRS-COV8-SARSRhinCell to CM.

Author contributions
Conceptualization, M.F., C.M., D.D. and M.I.; methodology, M.F. and C.M.; formal
analysis, M.F., N.A.P.L. and N.M.; investigation, M.F., D.D., V.F., M.M., J.L.W. and R.P.;
resources, O.T.; writing—original draft, M.F., C.M. and M.I.; writing—review & editing,
A.M., A.L.G., M.P., N.M., O.T. and B.H.; supervision, C.M.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-26096-z.

Correspondence and requests for materials should be addressed to Marion Ferren or
Cyrille Mathieu.

Peer review information Nature Communications thanks Tracy Fischer and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26096-z ARTICLE

NATURE COMMUNICATIONS | (2021)12:5809 | https://doi.org/10.1038/s41467-021-26096-z | www.nature.com/naturecommunications 17



- 97 - 
 

 



- 98 - 
 

2) Caractérisation d’un nouveau modèle ex vivo : les cultures 
organotypiques de reins de hamsters 

a. Article 2 : Développement de modèles organotypiques de hamster pour l'étude 
de l'infection rénale par le SARS-CoV-2 à un stade précoce 

 

Sophie Shyfrin, Marion Ferren, Didier Decimo, Laure Perrin-Cocon, Maxime Espi, 
Xavier Charmetant, Manon Brailly, Branka Horvat, Olivier Thauna, Cyrille Mathieu 

Prêt pour soumission, 2021 

 

Résumé de l’article : 

Chez les patients souffrant du COVID-19 des atteintes rénales allant de la protéinurie 
à l'insuffisance rénale aiguë (IRA) ont fréquemment été rapportées. En effet, on 
retrouve une IRA chez 20 % des patients hospitalisés et chez 50 % des patients 
admis dans les unités de soins intensifs. Malgré les échantillons d'autopsie de 
patients l’infection du rein par le SARS-CoV-2 reste peu documentée. Dans cet 
article nous présentons un système de cultures organotypiques de reins de hamsters 
pour étudier l'infection précoce par le SARS-CoV-2 dans le rein.  

La caractérisation de ces nouvelles cultures ex vivo, a d’abord confirmé la 
conservation de la structure avec la présence des néphrons, des tubules proximaux, 
des podocytes et des cellules endothéliales CD34+ du système vasculaire rénal.  

L'évaluation de l’activité respiratoire mitochondriale des cultures a été réalisée par 
une analyse avec le Seahorse XF Analyzer et a montré que malgré une diminution 
de l’oxido-réduction mesurée par un test Alamar blue les fonctions mitochondriales 
(respiration basale, et maximale, consommation d’ATP) n’étaient réduites d’environ 
25% qu’après 4 jours de culture. Ce résultat suggère une bonne viabilité des cultures 
sur cette période. De plus, comme décrit dans la littérature, les récepteurs d'entrée 
ACE2 et neuropiline-1, ainsi que les protéases TMPRSS2 et les cathepsines B et L 
sont fortement exprimées dans les cultures. Les cultures organotypiques de rein se 
sont avérées hautement susceptibles à l'infection par le SARS-CoV-2. Le SARS-
CoV-2 cible d’abord les cellules endothéliales puis les tubules proximaux après 
quelques jours mais très peu de podocytes ont été retrouvés positifs à l’infection 
après immunomarquage fluorescent. Cela suggère une invasion de l’organe en deux 
temps avec une évolution permissive des cellules tubulaires suite à l’infection des 
cellules endothéliales 

L'analyse transcriptomique a révélé une répression initiale des cytokines pro-
inflammatoires suivie d'une forte régulation positive 3 jours post-infection. 
L’expression des gènes de réponse à l'interféron est également faible dans les 
cultures de rein, en accord avec la littérature, et augmente seulement 2 ou 3 jours 
après le début de l’infection. A moindre niveau que dans les cultures organotypiques 
de poumons et de tronc cérébral la mort cellulaire par nécroptose et pyroptose 
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associées à l'infection ont également été observées comme dans les modèles 
pulmonaires et cérébraux précédemment développés.  

Ces résultats montrent que ce nouveau modèle de cultures organotypiques de rein 
de hamster fournit de nouvelles informations sur la cinétique de l'infection et de la 
propagation du SARS-CoV-2 dans les reins. 

Comme les cultures organotypiques de poumon, de cervelet, d’hippocampe et de 
tronc cérébrale ces cultures de reins peuvent être réalisées à partir de souris 
sauvages ou génétiquement modifiées ou à partir d’autres rongeurs, offrant de 
nombreuses possibilités. De plus, on peut envisager à l’avenir d’étendre cette étude 
sur des cultures organotypiques de reins humains. On pourrait en effet se procurer 
des échantillons de reins de patients prélevés au cours d’interventions chirurgicales. 
L’utilisation de ce modèle peut également être élargie à l’étude de l’infection du rein 
par d’autres virus et pour évaluer la toxicité rénale de traitements antiviraux. C’est 
pour compléter mon arsenal d’évaluation de la toxicité organique des antiviraux 
contre les virus encéphalitogènes que je me suis impliquée dans le développement 
de ce nouvel outil.  
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Abstract  
The Severe acute respiratory syndrome related coronavirus 2 (SARS-CoV-2) is the 

etiologic pathogen responsible for Coronavirus disease 2019 (COVID-19). Initially 

infecting cells in the respiratory tract, it can adversely affect organs outside the 

respiratory system either via direct infection or its systemic effects such as thrombosis 

or a deregulated inflammatory response. Kidney pathology is frequently reported in 

patients hospitalized with COVID-19. Although autopsy samples have provided 

valuable insights into the renal effects of severe COVID-19 infection, it remains 

unknown what occurs in the kidney during its initial stages due to the lack of suitable 

study models. We present a hamster organotypic kidney system as a window onto 

early SARS-CoV-2 renal infection and a model extendable to other pathogens. We 

have successfully prepared, maintained and characterized hamster organotypic kidney 

cultures (OKCs). OKCs maintained key renal structures in their native three-

dimensional arrangement. Here, SARS-CoV-2 infected hamster OKCs and replicated 



in them, initially targeting endothelial cells and later disseminating into proximal 

tubules, which are commonly found to be antigen-positive post-mortem. 

Concomitantly, transcriptomic analysis revealed an initial repression of pro-

inflammatory cytokines followed by a strong upregulation. The interferon response was 

delayed, and indicators of cell death by necroptosis and pyroptosis associated with the 

infection were observed as well. Our model thus provides new insights into the kinetics 

of SARS-CoV-2 infection and propagation in the kidneys. They can further serve as a 

powerful tool for testing the renal toxicity of efficient antivirals in detail prior to in vivo 

validation. 

 



Introduction  
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative 

agent of Coronavirus Disease 2019 (COVID-19) (P. Zhou et al., 2020), a pandemic 

disease that has affected 259 million patients and claimed 5.18 million lives worldwide 

(Worldometer, 2021), leading to devastating personal, social, and economic 

consequences. 

Severe clinical manifestations of COVID-19 include but are not limited to acute 

respiratory distress syndrome (ARDS), thrombosis and cytokine storm. SARS-CoV-2 

displays a broad tissue tropism and can cause multiorgan dysfunction (Y. Wang et al., 

2020; WHO, 2020). In particular, renal involvement ranging from proteinuria to acute 

kidney injury (AKI) has been reported. AKI occurs on average in 20% of hospitalized 

COVID-19 patients and in 50% of those in intensive care units (Nadim et al., 2020). It 

has been linked to poor prognosis (Pei et al., 2020) and can occur even in the 

absence of pronounced respiratory symptoms (Peleg et al., 2020). Risk factors 

associated with developing AKI following SARS-CoV-2 infection include old age (>60 

years), hypertension and coronary heart disease (Diao et al., 2021a). In patients 

infected by the closely related SARS-CoV and Middle Eastern respiratory coronavirus 

(MERS-CoV), renal involvement has also been reported (Chen et al., 2020; S. Zhou et 

al., 2020).  

Overall, renal symptoms associated with COVID-19 can be caused either by 

direct infection of renal tissue or its systemic effects such as microangiopathy, 

thrombosis, complement activation and cytokine storm (Khan et al., 2020; Nadim et 

al., 2020). While it does not shed light on the quantitative contribution of kidney 

infection to the global pathogenesis, accumulating evidence suggests that SARS-CoV-

2 may directly infect renal tissue with potential long term side effects. Further 

investigation is now required to identify the initial targets of the virus in the kidney, as 

well as to elucidate the pattern of its dissemination and the organ’s response to 

infection. Indeed, as for numerous other pathogens, no virological information 

regarding the early stages of renal infection is available. To date, the vast majority of 

samples used to study renal involvement in COVID-19 were obtained via autopsy or 

biopsy from patients with advanced disease (Nadim et al., 2020). Thus, in order to 

gain insight into the early stages of SARS-CoV-2 infection in the kidney, we have 

turned to organotypic systems. 

 Organotypic cultures are 350-500 nm thick slices of organs collected from small 

animals such as suckling hamsters or mice. Currently they represent the only model 



containing all cell types present in the organ in their native three-dimensional 

arrangement (Ferren et al., 2021; Welsch et al., 2019). Organotypic brain cultures 

have been successfully used to study the central nervous system infection by Measles 

virus (Welsch et al., 2019) and Nipah virus (Bloyet et al., 2016). 

 Golden Syrian hamsters (Mesocricetus auratus) are a representative and 

economical model for SARS-CoV-2 infection. When challenged with SARS-CoV-2, 

they develop symptoms mimicking mild disease in humans and accumulate a viral 

load in a range of organs including the kidney (Chan et al., 2020). Recently, our group 

has developed and characterized hamster organotypic lung, brainstem and cerebellum 

cultures as models for studying SARS-CoV-2 infection and platforms for testing 

antiviral drugs (Ferren et al., 2021). For the first time we present organotypic kidney 

cultures (OKCs) as a means to decipher the initial stages of SARS-CoV-2 renal 

infection. Here we investigate the tropism and dissemination of SARS-CoV-2 in 

hamster OKCs and their innate immune response to infection. However, the use of our 

model can be extended to studying other nephrotropic pathogens and their hosts.  

 
MATERIALS AND METHODS 
 
Ethical authorization. Animals were euthanized directly. Direct euthanasia is not 

regarded as animal experimentation in France and does not require specific ethical 

authorization.  

 

Preparation of organotypic kidney cultures. The procedure for preparing 

organotypic kidney cultures was adapted from the protocol for producing organotypic 

brain cultures as described previously (Welsch et al., 2017). A day before the 

dissection, Millicell® cell culture inserts with PTFE membranes (Merck) were pre-

activated with organotypic kidney culture (OKC) medium. The recipe of the OKC 

medium (375 mL Minimal Essential Medium GlutaMAX (ThermoFisher Scientific), 125 

mL of heat-inactivated horse serum (Gibco), 2.5 g of D- glucose (Sigma-Aldrich), 1 mL 

human recombinant insulin (Sigma-Aldrich), sterilized with a 0.22 μm filter) is identical 

to that of the organotypic brain culture (OBC) medium described by Welsch et al. 

(2017) and applied by Ferren et al. (2021) to organotypic lung, brainstem and 

cerebellum cultures. Seven-day suckling hamsters were sacrificed. Their abdominal 

cavity was opened and the kidneys collected and placed into a solution of Hibernate®-



A medium (Sigma-Aldrich), 1X kynurenic acid solution (for a 10X solution: 378 mg of 

kynurenic acid (Sigma-Aldrich) in 170 mL of H2O, 20 mL of 1M MgCl2 (Sigma-Aldrich) 

adjusted to pH 7.4 with 0.1M NaOH (Sigma-Aldrich), 1 mL HEPES (Sigma-Aldrich), 

adjusted to a final volume of 200 mL) and 1X penicillin/streptomycin solution (Corning). 

Kidneys were placed on 6 layers of Whatman paper with their longitudinal axis 

perpendicular to the tissue chopper blade and sliced transversely using the McIlwain® 

tissue chopper (Campden Instruments) at 500 μm thickness for all experiments except 

the Seahorse XF Analyzer Respiratory Assay, where they were prepared to be 400 nm 

thick. The slices were dissociated under a dissection microscope. Undamaged and 

homogenous slices were selected and maintained on an air-liquid interface provided 

by PTFE membranes pre-activated with OBC medium.  

 

Infection of organotypic kidney cultures. A 2 μL drop containing the required 

amount of viral plaque-forming units (pfu) was placed on each organotypic kidney 

slice. Infected slices were incubated at 37 ̊C until collection. Slices were infected with 

wild-type SARS-CoV-2 (2019-nCoV/USA_WA1/2020) or a recombinant strain icSARS-

CoV-2-mNG expressing the mNeonGreen reporter gene inserted into its ORF7 (Xie et 

al., 2020).  

 

Seahorse XF Analyzer Respiratory Assay. Seahorse XF Sensor Cartridges were 

hydrated with the Neurobasal®-A Medium 1X (Gibco) 24 hours prior to the assay. 

Organotypic kidney slices were prepared and sliced at 400 nm and assayed on the 

day of preparation (day 0) or following 1 or 4 days of incubation in OKC medium at 37 

˚C. OKCs were washed in 1X phosphate buffer saline (Gibco). 1 mm punches were 

prepared from the renal cortex and centered in the middle of the Seahorse Analyzer 

(Agilent) microplate wells. 500 μL of Seahorse XF DMEM medium (pH 7.4) 

supplemented with glucose (10 mM), pyruvate (1 mM0) and L-glutamine (2 mM) were 

added to each well. The injection solutions with drugs (oligomycin, carbonyl cyanide-p-

trifluoromethoxyphenylhydrazine (FCCP), rotenone + antimycin A) were prepared, 

preloaded into the delivery chamber of the Seahorse XF Analyzer and calibrated for 30 

min. Oxygen consumption rate (OCR) was measured and results were viewed using 

the Seahorse Wave software.  

 



Quantitative RT-PCR. Each organotypic kidney slice was collected in 350 μL of RA1 

buffer (NucleoSpin RNA, Macherey-Nagel) and 3.5 μL of 2-Mercaptoethanol (Sigma-

Aldrich), and lysed using a pestle mixer (Argos Technologies). RNA was extracted 

from the lysates with the NucleoSpin RNA kit (Macherey-Nagel). 200 ng of RNA was 

reverse transcribed with the iScript cDNA Synthesis Kit (Bio-Rad) according to the 

manufacturers’ protocols. cDNA was diluted 1:10 to avoid inhibition between mix with 

the following step. Gene transcription was quantified via qPCR using the Platinum 

SYBR Green qPCR SuperMix-UDG (Invitrogen), according to the manufacturer’s 

protocol. Readings were made with the StepOnePlus Quantitative PCR System 

(Applied Biosystems) and viewed in the StepOne version 2.3 software (Applied 

Biosystems). The efficacy (E) of the primers was calculated as 10-1/slope based on the 

slope of the standard curve. The copy number of mRNA per μg of total RNA was 

calculated using the E–ΔΔCT model (Pfaffl, 2001) for each gene and normalized by the 

standard deviation in the expression of glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), a housekeeping gene (UniProtKB P04406), from the mean of its expression 

level across all days (Mathieu et al., 2011).  

 

Immunofluorescence staining. Organotypic kidney slices were fixed in 4% 

paraformaldehyde (16% paraformaldehyde (methanol-free) (ThermoFisher Scientific) 

diluted by 4 in 1X phosphate buffer saline (PBS 1X) (Gibco)) for 4 hours or overnight 

at 4 ̊C, washed with PBS 1X (here and later: 4 times, 5 mins each wash) and placed 

into a sucrose (Sigma-Aldrich) gradient (5%, 15%, 20%) solution overnight at 4 ˚C. 

Slices were embedded in the Optimal Cutting Temperature (OCT) solution 

(ThermoFisher Scientific) and sectioned along the horizontal plane with the Leica 

CM3050 S cryostat-microtome (Leica Biosystems). 10 μm sections were placed on 

Superfrost Gold Plus adhesion slides (Fisher Scientific), washed in PBS 1X, 

permeabilized and blocked in permeabilization and blocking solution (perm and block) 

(1X DPBS (ThermoFisher Scientific), 3% BSA (Sigma-Aldrich), 0.3% Triton-X100 

(Sigma-Aldrich)) for 30 mins at 4 ˚C. Slices were incubated overnight with primary 

antibodies diluted in permeabilization and blocking solution, washed in PBS 1X, 

stained for 1 hour with secondary antibodies diluted in permeabilization and blocking 

solution, washed with PBS 1 X and mounted in Fluoromount-G® aqueous mounting 

medium (SouthernBiotech). Anti-SARS-CoV-2 nucleoprotein (NP) antibodies 

(SinoBiological, Cat# 40143-MM05 mouse, 1:200 dilution) were used to detect the 



presence of virus. Endothelial cells were stained with anti-CD34 antibodies (abcam, 

Cat# ab81289 rabbit, 1:100 dilution), proximal tubular epithelial cells with anti-

aquaporin-1 (ThermoFisher Scientific, Cat# PA5-53954 rabbit, 1:100 dilution), and 

podocytes with anti-nephrin (abcam, Cat# ab216341, rabbit, 1:100 dilution). Alexa 

FluorTM 488 donkey anti-rabbit (ThermoFisher Scientific, Cat# A21206, 1:500 dilution) 

and Alexa FluorTM 555 donkey anti-mouse (ThermoFisher Scientific, Cat# A31570, 

1:500 dilution) secondary antibodies were used. 

 

Imaging. OKCs infected with icSARS-CoV-2-mNG were photographed using the 

Nikon Eclipse Ts2R optical microscope and stitched using the Stitching plugin in 

ImageJ (Preibisch et al., 2009). Immunostained OKCs were examined and 

photographed using the Zeiss Axio Observer.Z1 microscope with confocal unit LSM 

980 (Zeiss). Images were edited and analyzed using the ImageJ software (Schneider 

et al., 2012) and assembled in Inkscape.  

 

Statistical analysis. Statistical analysis was performed in GraphPad Prism version 9. 

For the Seahorse XF metabolic activity assay, day 1 and day 4 OCRs of punches were 

compared to the day 0 OCR using ordinary one-way ANOVA. For the transcriptomic 

analysis, differences between normalized mRNA copy numbers per μg RNA in 

infected and non-infected samples were compared using a Mann-Whitney U-test. * = p 

< 0.05; ** = p < 0.01; *** = p < 0.001. 

 
RESULTS 
 
Organotypic kidney cultures contain key renal structures in their native 
arrangement 
Kidneys were collected from 7-day-old suckling hamsters, sliced on a tissue chopper 

into 500 nm thick slices and maintained on an air-liquid interface provided by 

polytetrafluoroethylene membranes. The renal capsule, cortex and medulla were 

clearly identifiable in hamster OKCs (Fig. 1A). A nephron (Fig. 2B) is a functional unit 

of the kidney and the site of filtrate formation. Blood is filtered in the renal corpuscle 

(Fig. 2C). Through the afferent arteriole, it enters under high pressure a capillary 

bundle known as the glomerulus and passes the filtration barrier consisting of the 

glomerular endothelium, basement membrane and podocytes. The filtration barrier 

retains blood cells, large particles and proteins but not nutrients or ions. Glucose, 



amino acids, water and salts are re-absorbed into capillaries from the filtrate in the 

proximal convoluted tubule, loop of Henle and distal convoluted tubule. Following 

reabsorption, the filtrate becomes urine and flows into the collecting duct leading to the 

renal pelvis and, eventually, the ureter (Kurts et al., 2013). We confirmed the presence 

of essential functional elements of nephrons in our OKCs via immunofluorescence 

staining of proximal tubules (Fig. 1D1), podocytes (Fig. 1D2) and CD34+ endothelial 

cells (Fig. 1D3) of the renal vasculature. Reflecting their native arrangement, proximal 

tubules and renal corpuscles were localized in the cortex. 

 

Organotypic kidney culture remain viable for at least 4 days of culture 
We characterized whether organotypic kidney slices are tenable in culture and 

maintain a healthy metabolic activity for up to 4 days after preparation. To obtain a 

specific measure of the mitochondrial respiratory activity of OKCs, a Seahorse XF 

Analyzer respiratory assay was performed on 1 mm large punches prepared from the 

cortical zone of 400 nm-thick slices. Oxygen consumption rate (OCR) was quantified 

as a measure of mitochondrial respiratory activity.  

Fig. 1A illustrates the workflow of the experiment and the evolution of the 

punches’ OCR over all timepoints. The basal metabolic rate of punches from OKC 

cortices was maintained after 1 day of culture and remained at more than 60% of its 

initial level on day 4 (Fig. 2A and 2B). To determine the extent of cell death occurring 

in the slices, the maximal metabolic rate of punches was measured following the 

disruption of the proton gradient by FCCP and the complete inhibition of mitochondrial 

respiration by rotenone and antimycin A. It remained stable after 1 day of culture and 

decreased by 20% by day 4 (Fig. 2A and 2C). 

RNA was extracted from non-infected slices and quantified as another measure 

of their viability. Over the duration of the experiment, its amount did not decrease (Fig. 

2D). The expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a key 

enzyme in the glycolysis pathway and a household gene (UniProtKB P04406), has 

also remained stable (Fig. 2E), reflecting the ability of non-infected OKCs to maintain 

steady glycolytic activity in culture. Such results indicate that, despite a reduction in 

mitochondrial respiration, organotypic kidney cultures can remain viable on an air-

liquid interface for at least 4 days. 

 

Organotypic kidney cultures are highly permissive to SARS-CoV-2 infection  



SARS-CoV-2 mainly enters cells via the binding of the Spike glycoprotein to 

one of its target receptors such as angiotensin converting enzyme 2 (ACE2) or 

Neuropilin-1. The fusion of the viral envelope and the cell membrane is enhanced by 

the cleavage of the Spike by host proteases such as TMPRSS2 on the cell surface or 

cathepsins B and L in endosomes among others (Hoffmann et al., 2020; Ou et al., 

2020). All of these proteins are expressed in the kidney (Uhlén et al., 2015). Notably, 

the kidney is a prominent site of ACE2 expression (Gkogkou et al., 2020). ACE2 

comprises a part of the renin–angiotensin system, which is responsible for controlling 

blood pressure and vascular resistance (Paul et al., 2006). In the kidney, it is 

expressed by tubular and glomerular epithelial cells (including podocytes), vascular 

smooth muscle cells, arterial endothelium and the tunica media of arterioles. Renal 

disease and transplantation can also induce neo-expression of ACE2 in the endothelia 

of the glomeruli and peritubular capillaries (Lely et al., 2004; Soler et al., 2009). 

 

In order to probe the susceptibility of hamster OKCs to SARS-CoV-2, a subset 

(n = 5) of them was infected with wild-type SARS-CoV-2 (2019-nCoV/USA_WA1/2020) 

while maintained in culture on an air-liquid interface. The number of copies of mRNA 

encoding the viral nucleocapsid protein (NP) was quantified via RT-qPCR in slices 

collected every day post-infection, starting 90 min post-infection to evaluate how much 

virus was retained by each slice at this timepoint. Akin to the pattern observed in 

hamster organotypic lung cultures by Ferren et al. (2021), in organotypic kidney 

cultures infection increased by 4 logs and approached a plateau at 1 day post-infection 

(Fig. 3A). Mirroring our RT-qPCR results, in slices infected with a recombinant SARS-

CoV-2 strain encoding a mNeonGreen reporter (icSARS-CoV-2-mNG), infected cells 

were observed from day 1 post-infection. Infection started in the capsular zone and 

propagated towards the center of the slice (Fig. 3B). 

 The global expression of SARS-CoV-2 entry factors in hamster OKCs was 

quantified via RT-qPCR. The entry receptors ACE2 and neuropilin-1, as well as the 

proteases TMPRSS2 and cathepsins B and L were highly expressed in the slices (Fig. 

3C), with all proteins except for neuropilin-1 being significantly enriched compared to 

lung organotypic cultures (Fig. 3D). 

 
In hamster organotypic kidney cultures SARS-CoV-2 targets endothelial cells 
and proximal tubules but not podocytes 



To investigate the early tropism and subsequent propagation of SARS-CoV-2 in 

hamster OKCs more deeply, we assessed which cells serve as its targets by 

immunofluorescence double-staining. 10 μm thick cryosections of OKCs were stained 

with antibodies against the SARS-CoV-2 nucleoprotein (NP) and markers of 

endothelial cells (CD34+), proximal tubular epithelial cells (Aquaporin 1+) and 

podocytes (Nephrin +).  

 Reflecting what we had observed by photographing live 500-nm slices infected 

with icSARS-CoV-2-mNG, infection initiated in the subcapsular zone (Fig. 4A1) and 

propagated towards the center of the cryosection (Fig. 4A2). Colocalization of CD34 

and SARS-CoV-2 NP was observed on day 1 (Fig. 4A1) and day 2 (Fig. S1A1) post-

infection. At later timepoints it remained restricted to peripheral blood vessels (Fig. 

S1A2; Fig. 4A2) and appeared less prominent than on day 1 (Fig. 4A1). Infection of 

podocytes was not detected over the 4 days of the experiment (Fig. 4B; Fig. S1B). 

Proximal tubular epithelial cells positive for viral nucleoprotein were very rare on the 

first 3 days post-infection (Fig. 4C1 and Fig. S1D1). However, the virus disseminated 

into them on day 4 (Fig. 4C2 and Fig. S1D2). These results suggest that early targets 

of SARS-CoV-2 in hamster OKCs include CD34+ endothelial cells and other 

subcapsular parietal cells, while the highly susceptible proximal tubular epithelial cells 

serve as later sites of viral dissemination. Fig. S1D highlights the difference in the 

proportion of infected proximal tubular epithelial cells on day 1 and day 4 post-

infection. 

 

Transcriptomic analysis of organotypic kidney cultures challenged with SARS-
CoV-2 
In order to evaluate how organotypic kidney cultures respond to infection over the first 

4 days after its onset, we have challenged them with wild-type SARS-CoV-2 and 

compared gene expression in infected and non-infected slices maintained in culture for 

equal periods of time. 

SARS-CoV-2 infection has been shown to provoke upregulation of inflammatory 

cytokines known as cytokine storm in critically ill patients. Cytokine storm usually 

occurs at least a week after the onset of symptoms and can be responsible for some 

of the lethal symptoms of COVID-19, including ARDS and acute kidney injury (Song et 

al., 2020). IL-6, IL-1β, IL-18 from the interleukin (IL) family and tumor necrosis factor 

alpha (TNFα) are pro-inflammatory cytokines known to play an important role in 



antiviral defense and to be upregulated in severe cases of COVID-19 (Colafrancesco 

et al., 2012; Huang et al., 2020; Tisoncik et al., 2012). Infected OKCs display a 

repression of IL-1β (Fig. 5A), IL-18 (Fig. 5B) and IL-6 (Fig. 5C) on day 1 and 2 post-

infection, followed by strong induction from day 3 onwards, suggesting that an 

important event may be occurring during infection at this timepoint. This effect is 

particularly pronounced for IL-1β (Fig. 5A), which becomes upregulated more than 

100-fold. Although TNFα (Fig. 5D) is not repressed initially, it only displays a 

statistically significant upregulation on day 4. The expression of IL-1β drops 

dramatically on day 4, while the expression of IL-18 and IL-6 is maintained. 

 Interferons (IFNs) are another family of cytokines essential for the innate 

immune response against viruses. Activated upon the detection of pathogen-

associated molecular patterns (PAMPs) by pattern-recognition receptors (PRR), 

interferons induce the expression of interferon-stimulated genes (ISG) and thus 

convert cells into an antiviral state (Randall & Goodbourn, 2008). Studies performed in 

COVID-19 patients suggest that an efficient early type I IFN response could play an 

important role in resolving infection, while a strong late response may exacerbate the 

cytokine storm symptoms (J. S. Lee & Shin, 2020). Due to the poor annotation of 

hamster genomes, we were unable to design oligonucleotides to measure the 

expression of IFNs directly. Instead, the expression of ISGs such as CXCL10 (Fig. 4E) 

of the chemokine family and myxovirus resistance 1 (MX1) (Fig. 4F) were measured 

as a proxy for establishing whether hamster OKCs mount an efficient IFN response 

when challenged with SARS-CoV-2. CXCL10 expression was only induced on day 4, 

whereas MX1 expression increased 13-fold at day 2 post-infection and continued to 

rise up to day 4, reaching a 24-fold level compared to non-infected cultures. Thus, it 

mirrors the infection kinetics observed (Fig. 3A) with a 24-hour delay. 

 Studies in primary and immortalized human cell lines indicate that the 

expression of ACE2, one of the main candidate SARS-CoV-2 entry receptors, may be 

inducible by interferons (Busnadiego et al., 2020; Ziegler et al., 2020). We extended 

our transcriptomic analysis to observe how infection may impact the transcription of 

ACE2 and other putative viral entry factors such as the neuropilin-1 receptors and the 

proteases TMPRSS2 and cathepsin B. A slight tendency towards the upregulation 

over the course of infection was detected for ACE2 (Fig. 5G). Neuropilin-1 (Fig. S2A), 

TMPRSS2 (Fig. S2B) and cathepsin B (Fig. S2C) have also tended towards 

overexpression in infected slices. 



 Necroptosis and pyroptosis are highly inflammatory types of programmed cell 

death which play a role in the innate antiviral response (Bertheloot et al., 2021). An 

upregulation of mixed lineage kinase domain-like pseudokinase (MLKL), a marker of 

necroptosis, was observed at 4 days post-infection in OKCs, suggesting that 

necroptosis had likely been induced at this stage of infection (Fig. 5H). The expression 

of gasdermin D, a key mediator of pyroptosis, was elevated throughout the 

experiment, peaking at day 2 post-infection (Fig. 5I). 

 

Discussion 
It remains controversial whether active replication of SARS-CoV-2 takes place 

in the kidneys of COVID-19 patients with AKI. Several groups have failed to find viral 

particles or RNA in autopsy samples (Gaillard et al., 2020; Peleg et al., 2020; 

Santoriello et al., 2020), which provide information only about the terminal stage of 

infection. Others have detected the presence of a viral load in the kidney via methods 

such as RT-qPCR, in situ hybridization, immunohistochemistry, transmission electron 

microscopy and isolation of live virus (Braun et al., 2020; Diao et al., 2021a; Farkash 

et al., 2020; Hanley et al., 2020; Liu et al., 2021; Puelles et al., 2020; Su et al., 2020). 
The absence of an appropriate model is the principal reason for the lack of 

knowledge on the early renal effects of COVID-19 (Nadim et al., 2020). In humans, 

SARS-CoV-2 infection tends to progress asymptomatically or with mild symptoms 

before deteriorating into a severe form (Y. Wang et al., 2020). Therefore, only late 

samples are available, without the possibility to pinpoint the starting point of renal 

infection. We present a model for elucidating the nature of early infection of the kidney 

that has the potential to overcome these limitations. 

Hamster organotypic kidney cultures reflected the native structure of the kidney 

(Fig. 1) and could be maintained in culture for at least 4 days (Fig. 2). While their 

mitochondrial metabolic activity has decreased by day 4 (Fig. 2A, 2B and 2C), even at 

this timepoint good viability was maintained as suggested by the stable quantity of 

RNA extracted from OKCs and their GAPDH expression pattern (Fig. 2D and 2E). 

These indicators could potentially be improved via the optimization of the culture 

medium. Moreover, additional experiments are necessary to confirm the maintenance 

of the metabolic activity of OKCs at later timepoints.In vivo experiments have shown 

that hamster kidneys accumulate a viral load during SARS-CoV-2 infection (Chan et 

al., 2020). In line with these observations, we have shown that hamster OKCs are 



highly permissive and susceptible to SARS-CoV-2 infection and approach a peak viral 

load on day 1 post-infection, similarly to the dynamics observed in organotypic lung 

cultures but distinctly from those observed in organotypic cerebellum and brainstem 

cultures, where infection peaks at day 2 (Ferren et al., 2021).  

Our immunofluorescence staining results reveal the predominant infection of 

CD34+ endothelial cells already on day 1 post-infection (Fig. 5A1). SARS-CoV-2 

infection is able to provoke endothelitis in a range of organs, including the kidney. The 

presence of viral particles in glomerular endothelial cells in a kidney autopsy sample 

has also been confirmed via transmission electron microscopy (Varga et al., 2020). 

Thus, in hamster OKCs, SARS-CoV-2 could first target endothelial cells and later 

disseminate to other sites, including proximal tubules. In contrast, we did not observe 

any infection in podocytes (Fig. 4B and Fig. S1B). Endothelial cells would be the first 

renal cells to encounter viral particles in case of viremia in a living organism. 

Unexpectedly, this logical order of susceptibility is maintained in organotypic cultures.  

The early tropism of SARS-CoV-2 may also be influenced by the expression of 

viral entry factors (Khan et al., 2020), especially in an organotypic model. For a more 

robust explanation, measuring the expression of these factors at the cell surface (or in 

endosomes) as functional mature proteins in distinct hamster kidney cell types would 

be required. Possibly, infection of endothelial and other cells triggers an event allowing 

the propagation of SARS-CoV-2 to proximal tubular cells.  

 Acute tubular injury is the most common renal pathology observed in kidney 

autopsy samples of COVID-19 patients (Bouquegneau et al., 2021; Diao et al., 2021a; 

Farkash et al., 2020; Su et al., 2020). Although organotypic cultures are inoculated via 

placing a virus-containing droplet on top of the entire slice, infection of proximal tubular 

epithelial cells before day 4 post-infection appeared very rare (Fig. 4C and Fig. S1D). 

In contrast, after 4 days they have become the main infected cell population (Fig. 4 C). 

This suggests that the susceptibility and permissiveness of tubular epithelia is 

enhanced by additional factors expressed after the infection of other cell populations. 

All studies reporting proximal tubular injury in COVID-19 patients were based on 

samples obtained at advanced or terminal stages of infection. Our results may reflect 

the fact that tubular damage is a late event in pathogenesis, explaining why it may be 

difficult to predict it in patients. 

Despite the viral load peaking at day 1 post-infection, pro-inflammatory cytokine 

upregulation was not observed in hamster OKCs until day 3 for IL-1β (Fig. 4A), IL-18 



(Fig. 4B), IL-6 (Fig. 4C), and day 4 for CXCL10 and TNFα (Fig. 4D) (Fig. 4E). 

Moreover, a strong repression of IL-1β, IL-18 and IL-6 was observed on day 1 and 2 

post-infection. Interleukins from the IL-1 family, which include IL-1β and IL-18, can 

positively regulate IL-6 (J.-K. Lee et al., 2004; Tanaka et al., 2014). This may explain 

the synchronous upregulation of these three cytokines. In addition, the upregulation of 

pro-inflammatory cytokine expression on day 4 post-infection may be reflecting the 

dissemination of the virus into the proximal tubular epithelial cells revealed by 

immunofluorescence staining.  

MX1 and CXCL10 are interferon-stimulated genes (Haller et al., 2007; 

Majumder et al., 1998). CXCL10 can also be induced directly upon the sensing of 

PAMPs by Toll-like receptors (TLR) (C. Wong et al., 2009), as well as upon stimulation 

by IL-6. Indeed, in lungs, SARS-CoV-2 infection leads to the overexpression of IL-6, 

which then stimulates CXCL10 production (Coperchini et al., 2021). Here, while MX1 

becomes upregulated strongly on day 2 post-infection (Fig. 4F), CXCL10 expression 

does not increase markedly until day 4 (Fig. 4E), suggesting its independence from the 

interferon pathway in this specific context. However, it may simply reflect the two-step 

susceptibility of the model, where induction of IL-6 only occurs when enough virus 

infects proximal tubular cells, eventually leading to the late overexpression of CXCL10 

mRNA. In addition, IL-6 and CXCL10 expression may be further stimulated by type I 

IFN signalling (Anders et al., 2010). 

The delayed upregulation of MX1 (Fig. 4F), in turn, indicates a delayed IFN 

response. SARS-CoV non-structural protein 1 (nsp1) and structural proteins M and N 

have been reported to target the IFN signalling pathway by inhibiting STAT1 

phosphorylation (nsp1) and the formation of the TRAF3-containing complex (M and N 

proteins) (Narayanan et al., 2008; Siu et al., 2014). As a result, SARS-CoV infection 

causes a delayed type-I IFN response in mice that, together with the resulting 

accumulation of PAMPs, enhances pro-inflammatory cytokine expression 

(Channappanavar et al., 2016; Song et al., 2020). The N protein of SARS-CoV-2 has 

been shown to inhibit IFN signalling by interacting with STAT1/STAT2 (Mu et al., 

2020). SARS-CoV-2 may also interfere with the expression of IFN and pro-

inflammatory cytokines at the levels of translation and nuclear export of mRNA (Finkel 

et al., 2021). Interestingly, the peak IFN response mounted by OKCs challenged with 

SARS-CoV-2 was significantly less pronounced in comparison to that observed in 

organotypic lung and brainstem cultures (Ferren et al., 2021). Whether this potential 



weaker capacity of the kidney to mount an interferon response contributes or not to 

any virus associated pathogenesis remains to be further investigated. 

As subcapsular parietal initially infected cells die, they may relay the infection to 

proximal tubular epithelial cells, where repression of cytokine expression and IFN 

signalling no longer occurs. Such cyclical tropism would be expected in vivo since 

endothelial cells would be the first to encounter the virus. From capillaries, SARS-CoV-

2 could then propagate to the proximal tubules, as suggested by the high incidence of 

proximal tubular injury at the terminal stage COVID-19 (Khan et al., 2020; Nadim et al., 

2020). The sustained IFN response at later timepoints might also induce the 

upregulation of ACE2 (Fig. 5G) (Busnadiego et al., 2020; Ziegler et al., 2020). 

In our model, the upregulation of MLKL (Fig. 5H) indicative of cell death via 

necroptosis occurs concomitantly with the increase in TNFα expression on day  4 post-

infection (Fig. 5D). TNFα binding to tumour necrosis factor receptors (TNFR) is known 

to trigger necroptosis (Holler et al., 2000). In addition, necroptosis can be activated via 

direct sensing of PAMPs by TLRs (He et al., 2011) and cytosolic nucleic acid sensors 

(Schock et al., 2017). Day 4 post-infection is also the point where immunofluorescence 

staining reveals significant virus propagation into proximal tubules (Fig. 4C2 and Fig. 

S1D2). Possibly, proximal tubular epithelia are more susceptible to necroptosis than 

the initial targets of SARS-CoV-2 in hamster OKCs.  

Pyroptosis is induced by inflammasome sensors responsive to activation by 

nuclear factor kappa B (NF-κB) following TLR, TNFR and interleukin-1 receptor (IL-1R) 

sensing. While the expression of the pyroptosis mediator gasdermin D in OKCs 

precedes the upregulation of cytokines from the IL-1 family (Fig. 5A–B, 5I), pyroptosis 

itself results in the cleavage of cytosolic pro-IL-1β and pro-IL-18 into their active forms 

and their release from the cell (Baroja-Mazo et al., 2014; Kanneganti et al., 2006; K. 

Wang et al., 2020). This amplifies inflammation and may account for a positive 

feedback loop leading to IL-1β (Fig. 5A) and IL-18 (Fig. 5B) upregulation on day 3 

post-infection. 

To which extent observations made in hamster correspond to the pathogenesis 

of SARS-CoV-2 infection in human remains to be investigated. However, OKCs offer 

for the first time a window on the events of early infection at the organ level. Thanks to 

the current pandemic, the poor annotation of hamster genomes and the lack of 

molecular biology tools adapted to hamsters begin to be inverted, allowing for better 

and deeper characterization of host-pathogen interactions. The applications of OKCs 



could be extended to studying other human nephrotropic pathogens such as the Nipah 

virus, for which golden Syrian hamsters are an established model (K. T. Wong et al., 

2003) as well as other emergent viruses including Feline Morbillivirus (FeMV) (Choi et 

al., 2020; Luca et al., 2021) and bat nephrotropic Paramyxoviruses (de Souza et al., 

2021). Other human viruses capable of replicating in the kidney include 

cytomegalovirus, Epstein-Barr virus, adenovirus, and polyomavirus. Such infections 

are especially common in immunocompromised patients.  

Organotypic models have not been previously used to study kidney infection. 

The hamster OKCs described here are still at the initial stages of their development. 

Performing a detailed analysis of their metabolic activity beyond 4 days would permit 

optimizing the protocol for maintaining them in culture. With regards to SARS-CoV-2 

pathogenesis, the localization of virus entry factors and the full range of target cell 

populations in OKCs remain to be investigated. Monitoring infection progression and 

the innate immune response beyond 4 days post-infection could reveal the 

consequences of viral dissemination into the tubules.  

Numerous viral, bacterial, and fungal pathogens target the kidney. However, 

early stages of renal infections remain poorly characterized due to the impossibility to 

follow them in a non-invasive way. Organotypic kidney cultures are a viable and 

representative model for deciphering early events in pathogenesis. Their use could 

provide insights into issues that cannot be addressed with post-mortem or late biopsy 

samples while reducing the number of animals sacrificed per question. They could 

also be applied for early screening of drug candidates. It would therefore be of interest 

to examine their potential for early drug screening, and to extend their use to other 

hosts and infections. 
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Figure 1. Schematic representation of the anatomy of hamster organotypic kidney 

cultures. 
 



  



(A) A 500-nm thick organotypic kidney slice maintained on an air-liquid interface 

provided by a PTFE membrane was photographed in brightfield using a Nikon Eclipse 

Ts2R epifluorescence microscope. Scalebar = 1 mm. The renal capsule, cortex and 

medulla are identified and labelled. A nephron schematic is positioned in its 

physiological location and highlighted with a green rectangle. (B) The structure of a 

nephron, a functional unit of the kidney, showing the flow of the filtrate. (C) The 

structure of a renal corpuscle. (D) Organotypic kidney cultures were fixed in 4% 

paraformaldehyde, embedded in optimal cutting temperature solution and 

cryosectioned at 10 μm thickness. Sections were immunostained to visualize 

endothelial cells, podocytes and proximal tubular epithelial cells with (D1) anti-CD34 

(endothelial cells), (D2) anti-nephrin (podocytes) and (D3) anti-aquaporin1 (proximal 

tubular epithelial cells) primary antibodies. Scalebar = 1 mm. Images were 

reconstructed using the Stitching plugin in ImageJ (Preibisch et al., 2009). 
  



Figure 2. Viability of hamster organotypic slices in culture. 

 

 



 
(A) The workflow of the Seahorse XF Analyzer metabolic activity assay performed 

on 1 mm punches of 400-nm thick organotypic kidney cultures maintained on 

an air-liquid interface in the OKC medium for 0, 1 or 4 days prior to 

measurement. The oxygen consumption rate (OCR) of punches was 

quantified. The basal respiration rate was measured prior to any drug 

administration. Oligomycin was added to inhibit ATP production and to allow 

distinguishing between ATP-linked and proton leak respiration (results not 

shown). The uncoupling agent FCCP disrupted the proton gradient, while 

rotenone and antimycin A completely inhibited mitochondrial respiration. 

Altogether, this allowed quantifying the maximal respiratory capacity of 

punches. (Divakaruni et al., 2014). The calculation methods of the basal and 

maximal respiration are indicated with green arrows on the example of the 

curve corresponding to 4-day old punches. (B) The basal and (C) maximal 

respiration rates of organotypic kidney cultures. OCR on days 1 and 4 was 

compared to that of day 0 using ordinary one-way ANOVA. *, P < 0.05; **, P < 

0.01; ***, P < 0.001. (D) The concentration of RNA extracted from non-infected 

OKCs collected after 0 to 4 days of culture. (E) The expression of GAPDH in 

non-infected OKCs collected after 0 to 4 days of culture.   

 

  



Figure 3. Permissiveness of and progression in hamster organotypic kidney cultures. 
 
 

 
 

(A) Hamster organotypic cultures were infected with 1000 pfu of wild-type SARS-CoV-

2 (2019-nCoV/USA_WA1/2020) and collected every day from day 0 (2 hours post-

infection) to day 4 post-infection. The number of SARS-CoV-2 genomes was 

measured by quantifying the amount of SARS-CoV-2 nucleocapsid (NP) mRNA per μg 

of total mRNA via RT-qPCR and normalizing it by the expression of a housekeeping 

gene (GAPDH). (B) Hamster organotypic cultures infected with 10,000 pfu of SARS-

CoV-2_mNeon Green (icSARS-CoV-2-mNG) were imaged from day 0 to day 1 post-

infection using a Nikon Eclipse Ts2R epifluorescence microscope. Scalebar = 1 mm. 

The virus expresses mNeon Green after cell entry, rendering only successfully 

infected cells fluorescent. Non-infected slices, as well as infected slices at day 0 post-

infection, could be visualized only at exposure levels significantly higher than those 

permitting the visualization of slices with advanced infection and are therefore not 

shown. (C–D) Gene expression was quantified in non-infected OKCs and hamster 



organotypic lung cultures collected on the day of dissection via RT-qPCR as the 

number of mRNA copies per μg of total RNA and normalized by the standard deviation 

in GAPDH expression. (C) mRNA copy numbers of candidate SARS-CoV-2 entry 

factors per μg of total RNA. (D) Fold change of SARS-CoV-2 entry factor mRNA copy 

numbers per μg of total RNA in OKCs compared to organotypic lung cultures. 

  



Figure 4. Tropism and dissemination of SARS-CoV-2 in hamster organotypic kidney 

cultures. 

 



Organotypic kidney cultures infected with wild-type SARS-CoV-2 were fixed in 4% 

paraformaldehyde, embedded in optimal cutting temperature solution and 

cryosectioned at 10 μm thickness. Sections were immunostained with primary 

antibodies against SARS-CoV-2 nucleoprotein (NP) and renal cell population markers. 

Images were acquired using the Zeiss Axio Observer.Z1 microscope with confocal unit 

LSM980. Colocalization of cell type markers (red) with SARS-CoV-2 NP (green) is 

denoted with arrows. Scalebar = 100 μm. (A) OKC sections stained against SARS-

CoV-2 NP and CD34 (marker of endothelial cells) on (A1) day 1 post-infection at the 

edge of the slice and (A2) day 4 (A2) post-infection at the edge of the slice and in its 

center, demonstrating the spread of infection towards the center.  (B–C) OKC sections 

stained against SARS-CoV-2 NP and (B) nephrin (marker of podocytes), and (C) 
aquaporin-1 (marker of proximal tubular epithelial cells). 

  



Figure 5. Transcriptomic analysis of hamster organotypic kidney cultures challenged 

with SARS-CoV-2. 

 
Hamster organotypic kidney cultures were cultured uninfected or infected with 1000 

pfu of wild-type SARS-CoV-2 (2019-nCoV/USA_WA/2020) and collected every day 

from day 0 to day 4 post-infection. In both infected and non-infected slices, gene 

expression was measured via quantitative RT-PCR (RT-qPCR) as the number of 

mRNA copies per μg of total RNA and normalized by the standard deviation of 

GAPDH expression from its average across all days. To calculate the fold changes, 

values from infected slices were divided by the average values of non-infected slices 

from the corresponding day. (A to I) Fold change in the expression of (A) IL-1β, (B) IL-

18, (C) IL-6, (D) TNFα, (E) CXCL10 (F) MX1 (G) ACE2 (H) MLKL (I) gasdermin D from 



day 0 to day 4 post-infection. For each day, mRNA copy numbers per 1 μg of RNA of 

infected and non-infected samples were compared using the Mann-Whitney U-test. * = 

p < 0.05; ** = p < 0.01. 
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3) Tropisme précoce et dissémination du virus de la rougeole 
dans le CNS 

a. Article de vulgarisation : Interféron de type I et sélectivité de l’infection des 
cellules du système nerveux central par le virus de la rougeole 

 

Marion Ferren, Branka Horvat, Denis Gerlier et Cyrille Mathieu 

Publié dans Médecine/sciences, 2021 

Facteur d’impact : 0,818 

Cet article de vulgarisation scientifique reprend les conclusions de l’étude publiée par 
Welsch et al. en 2019 dans Journal of Virology274. Sur demande du journal 
« Medecine/sciences » j’ai présenté les résultats de cette étude différemment afin de 
les rendre plus accessibles à un public de médecins qui sont la cible principale de ce 
journal. Ayant apporté un support technique lors des révisions demandées pour la 
publication de l’article original j’ai saisi cette opportunité de pouvoir discuter les 
conclusions de cette étude. L’article est disponible en Annexe 1. 

Résumé de l’article : 

Dans les études post-mortem, les victimes de MIBE et PESS présentent des 
antigènes viraux du VR majoritairement dans les neurones et les oligodendrocytes et 
quelquefois dans les astrocytes et les microglies. L’objectif de cette étude a été 
d’étudier si le tropisme du VR dans le SNC dépend des mécanismes de l’immunité 
innée. Cette question a été adressée dans des cultures organotypiques 
d’hippocampes de souriceaux génétiquement modifiés exprimant le récepteur SLAM 
de façon ubiquitaire (souris SLAM) et de souriceaux exprimant SLAM et étant 
rendues génétiquement déficientes pour le récepteur à l’interféron (souris SLAM 
IFNARKO). Les cultures ont été infectées le jour de la coupe et 7 jours après la 
coupe et les étapes précoces de l’infection ont été analysées. Dans les cultures 
organotypiques de souris SLAM les neurones constituent la population contribuant 
majoritairement à l’infection tandis que dans les cultures de souris SLAM IFNARKO 
tous les types cellulaires contribuent à l’infection. Enfin, lors de l’infection des 
cultures 7 jours après la coupe on observe une perte de susceptibilité à l’infection par 
le virus de la rougeole dans les cultures provenant des deux lignées de souris. Cette 
perte de susceptibilité globale est corrélée à une induction inversement 
proportionnelle d’IFN-β et des marqueurs de l’activation globale des systèmes 
tissulaires de défense et de réparation (S100B) et de l’activation spécifique des 
astrocytes, indiquant la mise en place d’une astrogliose. Cependant, dans les 
cultures provenant des souris immunocompétentes SLAM l’analyse révèle la 
résistance des astrocytes et des cellules microgliales via la signalisation IFNAR. 

Ces résultats ont permis de mettre en évidence plusieurs caractéristiques des 
réponses inflammatoires liées aux interférons de type I, et de l’astrogliose impliqués 
dans la différence de susceptibilité des cellules à l’infection par le VR.  
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Cette étude a été réalisée avec le virus sauvage, or les séquences virales retrouvées 
dans les cerveaux de cas de MIBE et de PESS comportent des mutations associées 
à un phénotype hyperfusogène. Il serait donc intéressant de comparer ces 
observations avec des virus mutants porteurs de ces mutations. 

b. Revue : Les encéphalites rougeoleuses : vers de nouveaux traitements 
 

Marion Ferren, Branka Horvat et Cyrille Mathieu 

Publié dans Viruses, 2019 

Facteur d’impact : 5,048 

 

Résumé de la revue : 

L’objectif principal de cette revue (Annexe 2) était de faire l’état de l’art des 
encéphalites rougeoleuses et de faire le lien avec les traitements potentiels qui ont 
été testés dans ces contextes d’encéphalites ou qui pourraient être prometteurs. 
Pour illustrer le caractère hyperfusogène du VR conféré par les mutations dans la F 
retrouvées chez les patients souffrants de PESS (IC323-eGFP-F-T461I) ou de MIBE 
(IC323-eGFP-F-L454W) j’ai inclus des données originales obtenues après infection 
des cultures organotypiques de cervelet d’animaux plus ou moins susceptibles à 
l’infection en comparaison avec le virus sauvage. Des COC de souris n’exprimant 
pas de récepteur connu (C57BL/6 sauvage et IFNAR KO), des COC de souris 
SLAM-IFNAR KO et des COC de hamster ont été infectées par 1000 PFU de virus. 
L’infection a été suivie pendant 3 jours par microscopie à épifluorescence. Les 
images confirment la dissémination massive des virus portant les mutations L454W 
et T461I même en l’absence de récepteur connu tandis que le virus sauvage a 
besoin de l’expression du récepteur SLAM pour pouvoir se disséminer efficacement 
dans ce contexte d’infection neurale.  

  



- 134 - 
 

4) Traitements antiviraux contre le virus de la rougeole 

a. Article 3 : Des fragments uniques des chaines variables d’anticorps 
neutralisent l’infection par le virus de la rougeole in vitro et in vivo 

 

Cyrille Mathieu, Marion Ferren, Olivia Harder, Francesca T. Bovier, Tara C. Marcink, 
Camilla Predella, Fabrizio Angius, Jennifer Drew-Bear, Valerio N. Dorrello, Alex L. 
Greninger, Anne Moscona, Stefan Niewiesk , Branka Horvat et Matteo Porotto 

 
Publié dans Cellular & Molecular Immunology, 2021 
Facteur d’impact : 11,53 
 
Malgré l’existence d’un vaccin efficace contre la rougeole il est nécessaire de 
développer des traitements pour prévenir la transmission de l’infection au sein des 
populations non-vaccinées et pour traiter les personnes immunodéprimées. Dans 
cette étude nous avons identifié plusieurs anticorps neutralisants monoclonaux de 
souris (mAbs) qui ciblent la protéine de fusion du VR dans son état de préfusion. Ces 
anticorps se sont montrés efficaces pour inhiber la fusion et l’infection virale in vitro 
des souches IC323 et G954 (isotypes D8 et B3). A partir de l’anticorps le plus 
efficace, nommé 77.4, nous avons conçu un fragment unique des régions variables 
en fusionnant celles des chaînes lourdes et légères en scFv (single-chain antibody 
fragment). Le scFv conserve la capacité d'inhiber la fusion et empêche l'infection in 
vitro par le VR. De plus, son administration intranasale en pré-traitement dans des 
rats des cotonniers prévient l'infection par le VR in vivo. Un effet synergique avec le 
peptide inhibiteur de fusion HRC4 a également été mis en lumière. Bien que le 
peptide HRC4 n’induit aucune toxicité in vivo l’utilisation synergique du scFV et du 
HRC4 permettrait non seulement de diminuer les doses administrées et donc de 
réduire les coûts mais surtout d’inhiber la fusion de 2 façons différentes, en 
neutralisant la F en pré-fusion et en empêchant le repliement de la F après son 
déclenchement. La combinaison de HRC4 avec le scFv permettrait ainsi de prévenir 
l’éventuelle émergence de mutants d’échappement. 
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Single-chain variable fragment antibody constructs neutralize
measles virus infection in vitro and in vivo
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Despite the availability of an effective measles virus (MeV) vaccine
and efforts to increase vaccine coverage by the WHO, UNICEF, and
their partners, MeV has not been eradicated, and the estimated
global measles death rose from 89,780 in 2016 to 207,500 in
2019.1 Because there is an effective measles vaccine, antiviral
development for measles has not been prioritized, but recent
outbreaks have highlighted the need for drugs to prevent
transmission in unvaccinated populations and to protect and
treat immunocompromised individuals. We identified several
neutralizing mouse monoclonal antibodies (mAbs) that target
the MeV fusion (F) protein in its prefusion state2 and inhibit
fusion and viral infection. We engineered a single-chain variable
fragment (scFv) from the most potent anti-MeV F mAb. The scFv
retains the ability to inhibit fusion and prevents infection in vitro,
and intranasal administration of the scFv antibody construct
prevents infection in vivo.
MeV infects activated SLAM/CD150-expressing immune cells

in the respiratory tract, from which the virus invades immune
tissues.3 Upon attachment of MeV to cell surface receptors,
entry is mediated by the MeV receptor-binding (H) and F
proteins, which comprise the H/F viral fusion complex on the
surface of the virus3–5 (Fig. 1a). Viral infection can be blocked at
several steps during entry. MAbs that block H-receptor
interaction and thereby interfere with entry have been
described.6 Entry can also be inhibited by interfering with the
refolding step whereby the F protein attains a stable postfusion
state—the process that drives membrane fusion during viral
entry. This step relies on interaction between the complemen-
tary heptad repeat (HR) regions at the N- and C-termini of the
protein (HRN and HRC). In previous studies, we demonstrated
the potential of HR-targeting peptides as antiviral agents
in vivo.6 Several mAbs with neutralizing activity against MeV F
have been identified,7,8 and for one of these mAbs (mAb 186),
neutralization potency correlated with recognition of the
prefusion state of F.9 However, mutation at F position 70
resulted in a naturally occurring mAb 186 escape mutant7,8

(Fig. 1a and SFigs. 1–2); the IC323 strain has a K at F position 70,

while the F of the circulating strain G954 has an R at this
position and is not recognized by mAb 186 (see SFigs. 1–3).
We assessed viral neutralization by two mouse mAbs that target

the prefusion F protein (77.4 and Y503, SFig. 3H-K). From the most
potent antibody—77.4—we engineered an scFv by fusing the
variable regions of the heavy (VH) and light chains (VL) of mAb 77.4
(SFig. 4A). The scFv construct was expressed in eukaryotic cells and
affinity purified using a 6x histidine tag (see SI). The neutralizing
activity of the scFv is shown in Fig. 1b, c (62.5 μg/ml or 2280 nM
scFv is shown in 1 C; additional data are shown in SFig. 4). The scFv
inhibited viral infection (Fig. 1b, c) and specifically bound to MeV F
(SFig. 4E-F). Finally, we assessed whether the scFv blocked cell-cell
fusion mediated by either MeV IC323 or G954 H/F fusion
complexes using a beta-galactosidase (β-Gal) complementation
assay6 that measures the fusion of cells that express viral envelope
glycoproteins (MeV IC323 or G954 H/F) with cells that express
SLAM (Fig. 1d). The scFv inhibited cell fusion mediated by both the
IC323 and G954 H/F fusion complexes (Fig. 1d).
To assess anti-MeV prophylaxis by the scFv in vivo, we used

cotton rats as an infection model. The scFv antibody construct was
administered intranasally 24 and 12 h before infection. Four days
after infection, the animals were euthanized, and lung viral titers
were measured. Treatment with scFv significantly reduced lung
viral titers compared with those of untreated controls (Fig. 1e). We
assessed three doses (0.25, 0.5 and 1mg/ml) and observed that
the two highest doses of scFv completely inhibited lung infection.
The inhibition of infection in vivo after intranasal administration of
scFv suggests that targeting the prefusion state of MeV F protein
is a feasible anti-MeV strategy.
Next, we investigated the possibility of synergy between the

scFv construct, which targets the early prefusion state of F, and
HR-targeting antiviral peptides (HRC4) that target a later step, the
refolding of the F protein after activation (Fig. 1f, g). Fusion of cells
that express viral envelope glycoproteins with cells that express
Nectin-4, a second MeV receptor, was quantified as shown in
Fig. 1d. The results were analyzed with Combenefit software to
obtain the additive curve based on the curves of the two
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inhibitors alone and to compare this with the result of the
inhibitors added together (see also SFig. 5), revealing significant
synergy between scFv and HRC4 for inhibiting viral fusion. Similar
results were obtained when we assessed the combined effects of
mAb 77.4 and HRC4 on viral fusion (see SFig. 6).
Grafting the variable region to a single-chain antibody would

reduce the size of the inhibitor and may permit the construct to
cross the blood-brain barrier to address central nervous system
manifestations of disease. Intranasal administration of the scFv
construct was sufficient to neutralize MeV infection, suggesting that
these modifications may be tolerated without loss of efficacy.
Targeting viral entry is an ideal approach to prevent transmission of
respiratory viruses.10 Future strategies will entail either combination

of the two entry inhibitors or conjugation of HRC4 and scFv (or a
single-chain antibody) into a single bifunctional inhibitor.
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b. Inhibition de l’infection par des virus de la rougeole mutants neuropathogènes 
par un fragment unique des chaines variables d’anticorps 

 

Les encéphalites rougeoleuses de type MIBE et PESS sont incurables et entrainent 
systématiquement la mort des patients. Le développement de traitement permettant 
de stopper la progression de l’infection par le VR dans le SNC est donc un enjeu de 
taille. Pour compléter l’étude prometteuse sur le scFv, j’ai donc testé l’efficacité du 
scFv en cultures organotypiques de cervelet de souris IFNARKO infectées par le 
virus mutant hyperfusogène portant la mutation L454W dans la F retrouvée chez des 
patients souffrant de MIBE, MeV-IC323-eGFP-F-L454W. Les COC ont été traitées un 
jour après infection par le scFv et par le peptide HRC4 (figure 14). Le scFv a permis 
de diminuer la dissémination virale en inhibant plus de 60% de l’infection après 4 
jours d’infection. Ce résultat est particulièrement encourageant car les anticorps 
correspondants n’ont aucune efficacité antivirale lors des précédents tests dans le 
même tissu sans doute à cause de leur taille les empêchant d’accéder aux couches 
internes de la culture (résultats ANR NITRODEP-2013-2017).  

L’effet synergique entre le peptide HRC4 et le scFv a été testé dans ce même 
contexte de tissu cérébral, dans des COC infectées par le virus sauvage ou par le 
virus mutant hyperfusogène MeV-IC323-eGFP-F-L454W (figure 15). Le virus 
sauvage n’est pas capable de se disséminer dans les COC de souris IFNAR KO en 
absence du récepteur SLAM, ainsi l’expérience a été réalisée en COC provenant de 
souris SLAM IFNAR KO exprimant SLAM de façon ubiquitaire. Les résultats 
confirment l’effet synergique de HRC4 et du scFv pour inhiber l’infection par le virus 
sauvage dans ce contexte. En revanche un effet synergique n’a pas pu être vérifié 
pour le virus mutant portant la mutation L454W dans la F. En effet, le peptide HRC4 
est particulièrement efficace pour bloquer l’infection par ce virus et il faudrait à 
l’avenir répéter cette expérience en diminuant la dose de HRC4, 50 nM au lieu de 
250 nM par exemple, afin de pouvoir observer cet effet synergique. La dose de virus 
pour réaliser l’infection pourrait aussi être réduite à 100 PFU au lieu de 1000 PFU 
pour permettre une collection des échantillons lorsque l’infection est encore en phase 
ascendante.  

La taille du scFv reste trop grande (approximativement 30 kilodaltons) pour traverser 
passivement la barrière hématoencéphalique mais son efficacité a pu être vérifiée ex 
vivo. Les résultats obtenus sont prometteurs pour ralentir l’infection par des mutants 
hyperfusogènes du VR dans le SNC. La structure du scFv peut être optimisée afin 
d’être encore réduite et conjuguée au peptide HRC4 déjà très puissant pour bloquer 
l’infection du VR. La présence de la molécule de cholestérol dans le peptide HRC4 
permettrait au scFv de cibler le cerveau.  
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Figure 14 : Le scFv issu de l’anticorps monoclonal mAb77.4 bloque en partie 
la dissémination de MeV IC323-eGFP-F-L454W en cultures organotypiques 
de cervelet (COC) de souris IFNARKO. 

Les COC provenant de souris IFNAR KO ont été infectées avec 1000 PFU par le 
mutant hyperfusogène MeV IC323-eGFP-F-L454W. Les COC ont ensuite été traitées 
quotidiennement à partir du jour 1 jusqu’au jour 4 après infection, soit par le scFV 
dérivé de mAb77.4 (10μg/ml) soit par le peptide inhibiteur de fusion HRC4 à 1μM, ou 
par un véhicule (Non traitées, NT). A) les images ont été obtenues à 3 et 4 jours post 
infection (dpi) par microscopie à épifluorescence (échelle = 1mm). B) et C) Quatre 
jours après infection les COC ont été collectées et l’ARN total a été extrait. Le 
nombre de copies de N du virus de la rougeole par μg d’ARN total et le pourcentage 
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d’inhibition de l’infection des cultures traitées comparées aux cultures non-traitées 
ont été obtenus par RT-qPCR (n=4 minimum). L’analyse statistique a été obtenue 
par un « one sample t-test » (***p<0.001). SCA = Single-chain antibody. 

 
Figure 15 : Le scFv issus de l’anticorps monoclonal mAb77.4 en 
combinaison avec le peptide HRC4 a un effet synergique pour bloquer la 
dissémination du virus de la rougeole en cultures organotypiques de 
cervelet (COC) de souris. 

Les COC issues de souris A, SLAM IFNAR KO A) ou B, IFNAR KO ont été infectées 
avec 1000 PFU par le virus sauvage A, MeV IC323-eGFP-F-WT, ou par le mutant 
hyperfusogène B, MeV IC323-eGFP-F-L454W. Les COC ont ensuite été traitées 
quotidiennement à partir du jour 1 jusqu’au jour 4 après infection, par le scFV dérivé 
de mAb77.4 (10μg/ml), par le peptide HRC4 à 250nM, ou par un véhicule (Non 
traitées). Les COC ont été collectées 4 jours après infection et l’ARN total a été 
extrait. Le nombre de copies de N du virus de la rougeole par μg d’ARN total et le 
pourcentage d’inhibition de l’infection des cultures traitées comparées aux cultures 
non-traitées ont été obtenus par RT-qPCR (n=4 minimum). L’analyse statistique a 
été obtenue par un one sample t-test (***p<0.001). 
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II. Hyperfusogénicité et infection du SNC par le virus 
de la rougeole 

 

 

1) Impacte de la déstabilisation de la F dans l’invasion du SNC 

a. Etude de l’impact des mutations dans la F et la H de souches du virus de la 
rougeole issu de cas SSPE dans la machinerie de fusion 

 

Les résultats obtenus dans ce paragraphe ont été publiés dans Journal of Virology 
en 2019 par Fabrizio Angius et collègues (Analysis of a Subacute Sclerosing 
Panencephalitis genotype B3 virus from the 2009-2010 South African Measles 
epidemic shows that hyperfusogenic F proteins contribute to Measles virus infection 
in the brain) (Annexe 3). Je suis co-auteure de cette publication et j’ai réalisé une 
partie des expériences publiées dans cette étude en 2018 juste avant de commencer 
cette thèse. L’article complet est disponible en Annexe. J’ai présenté ces résultats 
dans une communication orale lors d’un mini symposium sur la rougeole à Rochester 
en 2019 et dans un poster au congrès de la société américaine de virologie (ASV) en 
2019 à Minneapolis. Ces résultats permettent d’introduire la suite de cette partie sur 
l’étude de la machinerie de fusion des mutants hyperfusogènes du virus de la 
rougeole. 

 

A la suite d'une épidémie du virus de la rougeole en 2009 en Afrique du Sud des 
enfants ont développé des PESS. Dans le but d’étudier les caractéristiques des 
infections du SNC par le VR, nous avons analysé les séquences virales provenant 
d'échantillons de tissu cérébral d'un cas de PESS. Ces séquences ont été 
comparées à celles provenant de cas de MIBE précédemment obtenues à partir de 
patients infectés au cours de la même épidémie. 

Dans les deux cas, des substitutions d'acides aminés ont été identifiées dans 
l'ectodomaine de la protéine F et confèrent des propriétés de fusion améliorées. 
Parmi les mutations retrouvées dans la séquence F-PESS du patient sud-africain 
(G168R/E170G/S262G/A440P/R520C/L550P et X551G), la mutation S262G 
(position déjà associée à l'hyperfusogénicité avec une mutation S262R) située à 
l'interface de trois protomères, impliquée dans l'activation de la fusion, et la mutation 
X551G conférant la longue queue cytoplasmique peuvent conférer seules un 
phénotype hyperfusogène à la F sans avoir besoin d'aucune autre mutation. D’une 
façon générale, l’état de pré-fusion est généralement moins stable dans les isolats 
du SNC. L'analyse fonctionnelle du virus MeV_IC323 portant cette F-SSPE avec les 
7 mutations a confirmé qu'une souche PESS peut se disséminer de cellule à cellule 
dans les cellules Vero, en l'absence de récepteurs connus. 
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Nos résultats suggèrent que les altérations du complexe de fusion du VR qui 
favorisent la fusion et la propagation de cellule à cellule en l'absence de récepteurs 
MeV connus sont une propriété clé pour l'infection du cerveau. 

b. Article 4 : Caractéristiques moléculaires du complexe de fusion de virus de la 
rougeole favorisant l'infection et la propagation dans le cerveau 

 

Cyrille Mathieu, Francesca T Bovier, Marion Ferren, Nicole A P Lieberman, Camilla 
Predella, Alexandre Lalande, Vikas Peddu, Michelle J Lin, Amin Addetia, Achchhe 
Patel, Victor Outlaw, Barbara Corneo, Valerio N Dorrello, Thomas Briese, Diana 
Hardie, Branka Horvat, Anne Moscona, Alexander L Greninger et Matteo Porotto.  

Publié dans mBio, 2021 

https://doi.org/10.1128/mBio.00799-21. 

Facteur d’impact : 7,867 

 

Résumé de l’article :  

La mutation L454W dans la protéine de fusion du VR a été retrouvée dans des 
séquences d’ARN issues de cerveaux de patients décédés d’une MIBE. Dans cette 
étude nous avons infecté des cultures organotypiques de cervelet de souris 
génétiquement modifiées IFNAR KO ou SLAM/IFNAR KO et des organoïdes de 
cerveau humain générés à partir de cellules souches pluripotentes induites humaines 
avec différents VR mutants au niveau du domaine HRC de la F.  

Remarquablement, le VR recombinant portant la mutation L454W tend à évoluer très 
rapidement en cellules Vero exprimant le récepteur SLAM humain (Vero hSLAM), 
sans la pression de sélection du SNC, et acquiert la double mutation L454W/E455G 
qui confère au virus un phénotype sauvage en rétablissant la stabilité de la F. A 
l’inverse, la mutation E455G présente partiellement (55%) dans ce virus L454W est 
contre-sélectionnée après passage en organoïdes de cerveau humain et en cultures 
organotypiques de souris IFNAR KO au profit de la mutation L454W seule. Les tests 
de fusogénicité et de stabilité thermique ont montré que la mutation E455G 
augmente considérablement la stabilité de F au point d’empêcher totalement la 
fusion tandis que la mutation L454W déstabilise la F et donc induit la fusion sans 
l’engagement de la protéine d’attachement H du virus, même en l’absence de 
récepteur. En revanche la double mutation L454W/E455G nécessite l'engagement 
de la H au récepteur afin de médier la fusion. Bien qu'elles résultent d'un artefact de 
laboratoire, cette mutation compensatoire fournit une preuve directe que les virus 
capables de fusionner en l’absence de récepteurs connus sont positivement 
sélectionnés dans le SNC. En effet, d’autres mutations associées à la mutation 
L454W déstabilisant encore plus la F sont également présentées dans cet article. De 
plus, dans un contexte neural, la propagation du virus portant la F L454W est 
totalement bloquée par un peptide dérivé du domaine HRC de la F visant à bloquer 
la fusion en capturant la protéine F dans son état métastable après avoir été 
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déclenchée. Ce résultat confirme que la dissémination dans le tissu cérébral est 
attribuable à la F. 

Dans cet article, nous montrons que les virus portant la F mutée L454W observée 
dans des cas de MIBE et la F mutée dérivée T461I dérivée de SSPE sont avantagés 
pour infecter et se propager de cellule à cellule dans des modèles d'infection du 
SNC. Seuls les virus porteurs d'un complexe de fusion dérégulé particulièrement 
instable ont été sélectionnés positivement dans le SNC. 
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ABSTRACT Measles virus (MeV) bearing a single amino acid change in the fusion
protein (F)—L454W—was isolated from two patients who died of MeV central nerv-
ous system (CNS) infection. This mutation in F confers an advantage over wild-type
virus in the CNS, contributing to disease in these patients. Using murine ex vivo
organotypic brain cultures and human induced pluripotent stem cell-derived brain
organoids, we show that CNS adaptive mutations in F enhance the spread of virus
ex vivo. The spread of virus in human brain organoids is blocked by an inhibitory
peptide that targets F, confirming that dissemination in the brain tissue is attribut-
able to F. A single mutation in MeV F thus alters the fusion complex to render MeV
more neuropathogenic.

IMPORTANCE Measles virus (MeV) infection can cause serious complications in immu-
nocompromised individuals, including measles inclusion body encephalitis (MIBE). In
some cases, MeV persistence and subacute sclerosing panencephalitis (SSPE),
another severe central nervous system (CNS) complication, develop even in the face
of a systemic immune response. Both MIBE and SSPE are relatively rare but lethal. It
is unclear how MeV causes CNS infection. We introduced specific mutations that are
found in MIBE or SSPE cases into the MeV fusion protein to test the hypothesis that
dysregulation of the viral fusion complex—comprising F and the receptor binding
protein, H—allows virus to spread in the CNS. Using metagenomic, structural, and
biochemical approaches, we demonstrate that altered fusion properties of the MeV
H-F fusion complex permit MeV to spread in brain tissue.

KEYWORDS viral fusion, central nervous system infection, host-pathogen interaction,
viral evolution

Despite the availability of an effective measles virus (MeV) vaccine, MeV has not
been eradicated and has caused 100,000 to 140,000 deaths globally every year

since 2010 (1–3). MeV eradication by vaccination is hindered in part by low vaccination
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coverage, in part related to hesitancy about vaccine safety (4). Since the current vac-
cine is a live attenuated viral vaccine, it cannot be used in most immunocompromised
people. Measles has been undergoing a global resurgence which may worsen since
the SARS-CoV-2 pandemic has led to reduced routine childhood vaccination coverage
and may expose more vulnerable individuals to infection (5).

MeV infection can result in fatal complications days to years after the acute phase
of the infection when it infects the central nervous system (CNS) (6–8). In a small per-
centage of cases, subacute sclerosing panencephalitis (SSPE) develops several years af-
ter the initial infection, characterized by persistent infection of the brain associated
with hypermutated MeV genomic RNA and viral transcripts and defective viral particle
assembly (9–11). Measles inclusion body encephalitis (MIBE) occurs in immunocompro-
mised patients weeks to months after infection with wild-type (WT) viruses and, in rare
cases, has followed previous versions of the attenuated MeV vaccine that are no longer
used (6, 12, 13). MIBE may be associated with viral fusion complexes that do not
require cell surface receptors, referred to as hyperfusogenic MeV fusion complexes (14,
15). To date, the mechanisms governing MeV infection and spread in the CNS remain
poorly understood, although CNS invasion seems to require the viral fusion (F) protein
and may be inhibited by fusion inhibitors (16–19).

MeV initially infects activated CD150(SLAM)-expressing immune cells in the respira-
tory tract, gaining access to the immune system (20). After reaching the draining
lymph nodes, MeV proliferates in CD150-expressing lymphocytes and proceeds to
cause viremia. Late in infection, MeV infects respiratory epithelial cells via nectin 4
expressed on the basolateral membranes of these cells; from this location MeV exits
the host’s respiratory tract and may be transmitted (21, 22). Infection of a cell by MeV
starts with attachment to cell surface receptors, and entry is then mediated by the con-
certed actions of the MeV receptor binding protein hemagglutinin (H) and F that form
a protein complex on the surface of the virus (23, 24). Infected cells synthesize F as a
precursor (F0) that is cleaved within the cell to yield the prefusion F complex, compris-
ing three C-terminal F1 subunits that are associated via disulfide bonds with three N-
terminal F2 subunits. On the surface of viral particles, this trimeric F structure is kineti-
cally trapped in a metastable conformation (16). F is primed for fusion activation when
H glycoprotein engages a target cell entry receptor (i.e., CD150 or nectin 4 for wild-
type strains) (20–22). After receptor engagement, H triggers the prefusion F protein to
undergo a structural transition, extending to insert its hydrophobic fusion peptide into
the host cell membrane. F then refolds into a stable postfusion 6-helix bundle struc-
ture, which brings the viral and target cell membranes together to initiate formation of
the fusion pore. This refolding is based on the interaction between two complemen-
tary heptad repeat (HR) regions located at the N- and C termini of the protein (HRN
and HRC). This refolding step can be inhibited by peptides corresponding to these HR
regions (25).

MeV bearing F proteins with mutations in the HRC domain have been isolated dur-
ing CNS infection in several patients (14, 15, 26, 27). A viral sequence recovered from
two patients who died from MIBE contained F with the mutation L454W (14), which
conferred thermal lability to the metastable F. We have previously shown that this F
mutation affects entry into target cells. Recombinant MeV (IC323 strain) expressing
green fluorescent protein and bearing the L454W F (MeV-IC323-EGFP-F L454W)
spreads in cells that lack a known MeV receptor. In cell-to-cell fusion assays, F bearing
the L454W mutation alone mediates fusion independently of the H protein (15). In con-
trast, other hyperfusogenic viruses are dependent on the H protein for membrane
fusion (28). The L454W mutation in F of the MIBE patients could have arisen de novo in
the CNS (14) or could have been present in the WT viral population and undergone
positive selection in the CNS. The origin of this virus could not be determined. One
report showed that a virus bearing L454W F can emerge under the selective pressure
of certain fusion inhibitors (29), indicating that viruses bearing this neuropathogenic F
protein can be found outside the CNS. In recent work, we showed that a virus bearing
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the L454W F outcompetes WT MeV in the lungs of cotton rats, is 10-fold more lethal in
a suckling hCD150 transgenic mouse model of MeV CNS infection, and infects the
mouse CNS faster than WT MeV (30).

In an effort to explain the CNS impact of the alteration in MeV F, we studied MeV
bearing CNS-adapted fusion complexes in two ex vivo models of CNS infection—mu-
rine organotypic brain cultures (cerebellum slices from suckling mice) and human brain
organoids (fetal 8- to 13-week stage of development). The hyperfusogenic variants
from cases of encephalitis spread more efficiently than WT MeV in these models. The
infection does not require any known measles receptor, and the extent of infection is
inversely correlated with the stability of the MeV F (WT or mutant) in its prefusion state.
Spread of virus is blocked by fusion inhibitors that inhibit the refolding of F. An innate
immune response is induced in both models, but this response does not block viral
spread. Viral evolution in these CNS models led—by distinct routes—toward similarly
labile and receptor-independent F proteins, highlighting the critical nature of these
features in regulating CNS infection.

RESULTS
Measles virus bearing the F glycoprotein bearing L454W is not stable in cell

culture.We and others have previously described mutations in the MeV F glycoprotein
(L454W, T461I, and N462K) associated with neuropathogenic measles strains that were
either isolated from patients or generated in laboratory settings (14, 15, 27, 30). These
mutations made the prefusion state of the F protein less stable. To explore the molecu-
lar determinants for altered stability, these mutations were mapped onto structures of
the prefusion conformation of MeV F (PDB 5YXW; [16]). The three mutations (L454W,
T461I, and N462K) are all located within the HRC domain. Based on the prefusion struc-
ture, the side chain of L454 binds within a cleft comprising T314 within the same pro-
tomer and L457 within an adjacent protomer (Fig. S1A). The larger tryptophan (W) side
chain in the L454W mutant could cause steric hindrance with disruption of this interac-
tion. The T461I and N462K mutations occur in a well-ordered a-helical region of the
HRC domain (Fig. S1B). The side chain of T461 resides within a cleft between L354 and
L355, and T461I would likely lead to steric clashes between these residues. The side
chain of N462 hydrogen bonds with the side chain of S352 in an adjacent helix, and
N462K would likely disrupt this H-bond interaction. These three mutations occur in the
portion of the HRC domain where the head and stalk regions of the prefusion confor-
mation meet. Interactions at this junction are likely to be important for stabilizing the
prefusion state, and consequently, mutations in this region could lead to decreased
stability of the MeV-F prefusion structure (15).

The MeV F L454W was found in viruses from two separate clinical cases. The mutation
decreases the stability of the fusion protein, producing a hyperfusogenic phenotype that
allows MeV to spread in Vero cells even in the absence of known receptors. In order to
assess the impact of the mutation on viral fitness, we generated a recombinant infectious
clone of MeV IC323-EGFP bearing F L454W and grew the recombinant virus in Vero-
CD150 cells at either 37°C or 32°C (the lower temperature stabilizes the F protein in its
prefusion state [15]). In the course of this process of generating recombinant viruses bear-
ing the L454W F by reverse genetics, a process expected to be routine, an unexpected set
of mutations emerged. For both viral preparations, titers remained low, reaching only
2� 105 PFU/ml at 32°C and;5� 105 PFU/ml at 37°C, compared to WT virus stocks, which
generally grow to over 5.106 PFU/ml. We previously noted that the mutant grows to
lower titers than WT virus at 37°C (30), suggesting that the F protein harboring the
L454W mutation is detrimental for viral growth in cell culture. Next-generation sequenc-
ing of these two viral stocks rescued from the same initial plasmid but grown at different
temperatures for 3 passages revealed two different viral quasipsecies (31, 32); in addition
to the L454W that was present in 100% of the sequences, a G506E mutation emerged at
32°C with an allele frequency of ;36%, and an E455G mutation emerged at 37°C with an
allele frequency of ;22% (see Table 1). The E455G mutation can be observed in Fig. 1,
but G506 is not resolved in the available crystal structures. The G506 resides toward the

Ex Vivo Spread of MeVCNS Adapted Viruses ®

May/June 2021 Volume 12 Issue 3 e00799-21 mbio.asm.org 3

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/m
bi

o 
on

 1
4 

Se
pt

em
be

r 2
02

1 
by

 1
93

.5
4.

11
0.

61
.



TA
B
LE

1
A
lle
le
fr
eq

ue
nc

ie
s
of

th
e
in
d
ic
at
ed

vi
ra
lq

ua
si
sp
ec
ie
s
in

O
BC

an
d
in

hu
m
an

b
ra
in

or
ga

no
id
s
in
fe
ct
ed

w
it
h
th
e
in
d
ic
at
ed

vi
ru
se
s

A
lle

le
fr
eq

ue
n
ci
es

(%
)f
or
:

O
B
C
at

7
d
p
if
or
:

B
ra
in

or
g
an

oi
d
s
at

10
d
p
if
or
:

B
ra
in

or
g
an

oi
d
s
at

20
d
p
if
or
:

In
p
ut

vi
ru
s

Sa
m
p
le
C
M
00

5
Sa
m
p
le
C
M
00

6
Sa
m
p
le
C
M
00

7
Sa
m
p
le
C
M
00

8
In
p
ut

vi
ru
s

FA
10

FA
11

66
%

L4
54

W
,3
4%

L4
54

W
/G
50

6E
3%

L4
54

W
,9
7%

L4
54

W
/G
50

6E
11

%
L4
54

W
,8
9%

L4
54

W
/G
50

6E
4%

L4
54

W
,9
6%

L4
54

W
/G
50

6E
22

%
L4
54

W
,7
8%

L4
54

W
/G
50

6E
62

%
L4
54

W
,3
8%

L4
54

W
/G
50

6E
4%

L4
54

W
,9
6%

L4
54

W
/G
50

6E
23

%
L4
54

W
,7
7%

L4
54

W
/G
50

6E
Sa
m
p
le
C
M
01

7
FA

11
FA

11
1
H
RC

4
FA

11
1
3g

FA
11

FA
11

FA
11

78
%

L4
54

W
,2
2%

L4
54

W
/E
45

5G
96

%
L4
54

W
,4
%

L4
54

W
/E
45

5G
78

%
L4
54

W
,2
2%

L4
54

W
/E
45

5G
10

0%
L4
54

W
,0
%

L4
54

W
/E
45

5G
10

0%
L4
54

W
,0
%

L4
54

W
/E
45

5G
98

%
L4
54

W
,2
%

L4
54

W
/E
45

5G
10

0%
L4
54

W
,0
%

L4
54

W
/E
45

5G
76

%
L4
54

W
,2
4%

L4
54

W
/E
45

5G
10

0%
L4
54

W
,0
%

L4
54

W
/E
45

5G
FA

10
FA

11
FA

11
FA

11
FA

11
0%

L4
54

W
,1
00

%
L4
54

W
/E
45

5G
8%

L4
54

W
,9
2%

L4
54

W
/E
45

5G
0%

L4
54

W
,1
00

%
L4
54

W
/E
45

5G
0.
1%

L4
54

W
,9
9.
9%

L4
54

W
/E
45

5G
1.
1%

L4
54

W
,9
8.
9%

L4
54

W
/E
45

5G
0.
1%

L4
54

W
,9
9.
9%

L4
54

W
/E
45

5G

Mathieu et al. ®

May/June 2021 Volume 12 Issue 3 e00799-21 mbio.asm.org 4

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/m
bi

o 
on

 1
4 

Se
pt

em
be

r 2
02

1 
by

 1
93

.5
4.

11
0.

61
.



end of the transmembrane (TM) domain, and mutation to a charged residue within this
membrane-embedded segment is very unusual. We are pursuing further studies to deter-
mine the structural and functional impact of this finding. We hypothesized that the insta-
bility of the L454W F variant favors the emergence of these two new mutations in cell cul-
ture. These unexpected mutations provided remarkable investigative tools as discussed
below.

Growth of MeV-IC323-EGFP-F L454W versus WT virus in murine organotypic
brain cultures (OBC) in the absence of known receptor. The viruses bearing F L454W
were isolated from the CNS, and we hypothesized that this mutation would be under
positive selective pressure in brain models. We previously used mouse cerebellar orga-
notypic brain cultures (OBC) from IFNAR1 knockout (KO) (IFNAR1KO) mice to assess viral
infection and spread in the absence of a type 1 interferon (IFN) response (33) (see
Fig. 2A). OBC from mice that express the human CD150 F1 transgene sustain WT virus
infection and spread (34), but the WT virus does not spread in the absence of known
MeV receptors (33, 35). In the experiment shown in Fig. 2B to E OBC were derived from
IFNAR1KO mice that do not express any known measles receptor. The WT virus (express-
ing enhanced green fluorescent protein, EGFP) fails to spread over 96 h (Fig. 2B and C).
In Fig. 2D and E OBC from IFNAR1KO mice were coinfected with 5,000 PFU of WT virus
expressing the red fluorescent protein (tdTomato) and MeV-IC323-EGFP-FL454W (a
mixed population containing the two F allele sequences—L454W and L454W/G506E—
that emerged in culture). Infection was monitored at 24 h (Fig. 2D) and 96 h (Fig. 2E).
While the WT virus did not (as expected) spread well in the OBC, the virus bearing
L454W (EGFP) infected and spread, and the G506E mutation allele frequency increased
from;36% to ;70%.

Blocking fusion inhibits spread of all variants. MeV vaccine strain infection stud-
ies have suggested that interfering with F protein function can reduce CNS spread (17).
We previously showed that a MeV F-derived dimeric cholesterol-conjugated fusion
inhibitory peptide (“HRC4”) blocks infection with WT MeV in vitro, ex vivo, and in vivo in
cotton rats and mice (30, 34, 36). The HRC4 peptide’s effect on virus dissemination
in IFNAR1KO OBC (no known MeV receptor [33]) after exposure to virus was

FIG 1 Location of substitutions within the F protein from CNS-adapted virus. (A) Schematic of MeV F
with fusion peptide (FP), N-terminal heptad repeat (HRN), C-terminal heptad repeat (HRC),
transmembrane (TM), and cytoplasmic (CT) domains indicated. (B) Ribbon diagrams of the prefusion
MeV F protein (MeV F; PDB 5YXW [16]). Five substitutions (M337L, L454W, E455G, T461I, and N462K)
in the F protein structure are shown.
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FIG 2 Infection with wild-type (WT) versus virus bearing the L454W F; the CNS-adapted virus outcompetes the
WT virus in organotypic brain cultures (OBC). (A) Schematic representation of OBC preparation from the organ,
slicing using a tissue chopper II device, and transfer of slices on insert for further culture and infection. (B and
C) OBC from IFNARKO murine brains were infected with 5,000 PFU/slice WT virus bearing EGFP (green
fluorescence). (D and E) OBC from IFNARKO murine brains were coinfected with 5,000 PFU/slice of WT virus
bearing tdTomato (red fluorescence) and MeV IC323-EGFP-F L454W (green fluorescence) at 5,000 PFU/slice and
monitored over 96 h. Photos were taken at 24 h (D) and 96 h (E). Scale bar = 500mm. (F to H) MeV F-derived
fusion inhibitor peptide (HRC4) inhibits the dissemination of MeV bearing L454W F in OBC. OBC from IFNARKO

murine brains were infected with MeV IC323-EGFP-F L454W at 5,000 PFU/slice for 4 days. OBC were treated at
the indicated concentrations or left untreated (NT control) by adding HRC4 fusion inhibitory peptide 24, 48,
and 72 h after initial infection. (F) Schematic of the procedure. (G) Total RNA was harvested from organotypic
slices at 4 days postinfection (dpi), and the level of MeV N gene expression was quantified by RT-qPCR. Results
are expressed as means 6 standard deviations of cultures from 5 different mice (**, P, 0.01; ***, P, 0.001
[Mann-Whitney-U test]). (H) Green fluorescence related to infection was observed 4 dpi by epifluorescence
microscopy in OBC treated at the indicated concentrations (scale bar = 500 mm). (I) Ex vivo virus bearing the
L454W F infection in fully immunocompetent OBC. OBC from C57BL/6 murine brains were infected with L454W

(Continued on next page)
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assessed in Fig. 2F to H. The amount of MeV N RNA copies—reflecting the viral load
present in the OBC at the end of the experiment—was quantified using reverse
transcriptase quantitative PCR (RT-qPCR). Figure 2G shows the significant 2-log
reduction in viral load in the cultures treated postinfection with 100 nM HRC4 pep-
tide (**, P = 0.008, Mann-Whitney U-test) and a 4-fold significant reduction in the
number of MeV N RNA copies in the group treated with 10 nM peptide (*, P = 0.03,
Mann-Whitney U-test), compared to the viral load in untreated samples. MeV
IC323-EGFP-F L454W virus invaded the OBC, forming extensive areas of fusion
throughout the culture 4 days after infection (Fig. 2H). The HRC4 peptide (100 nM
or 10 nM) blocks the spread of MeV-IC323-EGFP-F L454W over the same time period
(Fig. 2H). At the highest concentration used (100 nM), only isolated single infected
cells were observed. The lower concentration (10 nM) was partially inhibitory, with
a few focal areas of dissemination (Fig. 2H). The peptide was ineffective at concen-
trations below 10 nM (Fig. 2G and H). Since the fusion inhibitor was added 24 h af-
ter infection, these results indicate that the HRC4 peptides block cell-to-cell spread
in three-dimensional CNS-derived OBC, suggesting that MeV dissemination in brain
depends on MeV F protein. Even when using OBC from IFNAR1KO mice that express
the human CD150 (SLAM) receptor, peptide (100 nM) blocked dissemination of
both MeV IC323-EGFP-F L454W and WT (Fig. S2A).

Evolution of the L454W-bearing viruses in immunocompetent OBC. To explore
the determinants of MeV fitness in the CNS, we evaluated the evolution of the two
viruses bearing a double population of L454W F plus either L454W/E455G F or L454W/
G506E F. RNA virus populations, including MeV, are present as quasispecies which can
undergo rapid adaptation to their growth environment (31, 32). The MeV L454W F
stocks represent viral quasispecies in which the E455G and G506E variants are major
components. To assess the evolution of these viruses under the selective pressure of
growth in fully immunocompetent mouse CNS models, we derived OBC from WT mice.
OBC from C57BL/6 suckling mice were infected with MeV WT and the set of L454W F
viruses. We previously observed that WT virus did not spread in this model (35), and this
finding was confirmed here, but in contrast, both viruses bearing the L454W F spread in
the C57BL/6 OBC with similar levels of infection after 7 days (Fig. 2I). Infected OBC were
lysed at 7days for sequencing to assess the transcriptome, quantify viral RNA, and evalu-
ate viral evolution during infection. In C57BL/6 OBC, viruses bearing the L454W F induced
a gene expression pattern associated with intense interferon signaling compared to the
OBC infected with WT virus (with minimal spread), where the gene pattern was indistin-
guishable from that of uninfected OBC (see Fig. S3 for immune staining with specific neu-
ronal markers and Fig. S4A for differential gene expression analysis). Despite this strong
innate immune response, the spread of L454W F bearing-virus was not halted (see differ-
ence between viral genome in WT versus IFNARKO murine OBC in Fig. 2L). Viral sequence
analysis is presented in Table 1 and in the LAVA plots in Data Sets S1 and S2 in the sup-
plemental material (37). Table 1 and the murine OBC LAVA plot in the supplemental ma-
terial show the allele frequency for L454W/G506E in four samples (CM005-8) and for
L454W/E455G in one sample (CM017). The L454W/G506E input virus had an allele fre-
quency for the double mutant of ;36% that rose after 7 days in OBC to 97%, 89%, 96%,
and 78%. For the L454W/E455G, however, the input virus had an allele frequency for the
double mutant of;22%, and after ex vivo growth the double mutant decreased to;4%.

Infection of human induced pluripotent stem cell (hiPSC)-derived brain
organoids—CNS adapted variants versus WT virus. To validate the pattern of
immune gene response and explore the surprising finding that the L454W/G506E virus—

FIG 2 Legend (Continued)
F-bearing virus (using both viral preparations, one with the additional E455G in F and the one with G506E in F)
at 1,000 PFU/slice for 7 days. Pictures were taken at 4 days after infection as indicated. (L) L454W-bearing virus
growth in WT and IFNARKO OBC. OBC from WT or IFNARKO murine brains were infected with 1,000 PFU/slice
MeV IC323-EGFP-F L454W for 7 days. Total RNA was harvested from OBC at 4 days postinfection, and the level
of MeV N gene expression was quantified by RT-qPCR. Results are expressed as means 6 standard deviations
in cultures from at least 5 different mice (*, P, 0.05; ***, P, 0.001 [Mann-Whitney-U test]). Pictures where
reconstituted using the Stitching plugin with ImageJ software.
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originally identified as a laboratory adaptation—underwent positive selection in mouse
OBC, we used human brain organoids. For this human tissue model, we differentiated
hiPSC from two separate donors—one male (FA10) and one female (FA11)—into
brain organoids (38). Ninety-day old organoids were infected with viruses bearing
WT or L454W F and also for comparison with MeV bearing N462K F (a lab adaptive
mutation previously found to grow well in hamster brains) and T461I F (from an SSPE
case) (27) (see Fig. 1). Infection and spread of fluorescent virus were monitored over
a 10-day period (Fig. 3A and Fig. S1B show photos at day 10). To ensure that equal
amounts of virus were used, the inocula used in the human brain organoids were
assessed in parallel in Vero cells expressing CD150 (Vero-CD150) (Fig. 3B). All the viral
titers (PFU/ml) were similar, with the MeV L454W F being slightly lower. After
10 days, the human brain organoids were lysed for RNA sequencing to assess the
transcriptome, quantify viral RNA, and evaluate viral evolution during infection (Fig.
3C to E, Fig. S4C and D). The viruses bearing L454W F spread more than the virus
bearing the WT F (Fig. 3A and C) and were blocked by the HRC4 fusion inhibitor
added 24 h after infection (Fig. S2B and C). The MeV T461I F (SSPE patient) also
spread, but in contrast, the MeV N462K F (lab adapted) spread only slightly better
than WT virus (Fig. 3A and C).

The differential gene expression in uninfected or infected human brain organoids
(WT MeV or MeV L454W F) is shown in Fig. 3D. MeV L454W F was present at severalfold
higher reads per million (RPM) values than MeV WT (Fig. 3E). MeV L454W F induced a
gene expression pattern that was associated with interferon signaling, compared to
organoids infected with WT virus and control samples (P= 2.6� 10217, see Fig. S4C and
D for the differential gene expression analysis). This difference seems likely related to
the differences in viral growth, since it seems to correlate with viral genome count
regardless of the specific F mutation. Fig. S4C shows the gene expression in organoids
infected with the MeV variants shown in Fig. 3A). For both sets of human brain organo-
ids, the highest gene-level expression coefficient correlated with the youngest fetal de-
velopment stages (8 to 13 postconception weeks) and with brain tissues derived from
the amygdala (Fig. S5A) with specific CNS markers (Fig. S6), as noted previously (39,
40). The developmental stage was not affected by infection. Pathway analysis of differ-
entially expressed genes common to the two human brain organoid infection series
confirmed that a strong interferon response was evoked by measles infection in
human brain organoids (Fig. S5B).

Viral sequence analysis from growth in human brain organoids is presented in
Table 1 and the LAVA plots (see supplemental material). For the infection with MeV
L454W/G506E, the input virus had an allele frequency for the double mutant of ;38%,
and this increased to ;96% in FA10 and ;77% in FA11 brain organoids (see Table 1
and human brain organoid LAVA plots in the supplemental material). For the MeV
L454W/E455G, the input virus had an allele frequency for the double mutant of ;22%,
and during infection of a second set of brain organoids (derived from FA11 iPSC), the
allele frequency of the E455G F decreased to lower than 2% (see Table 1 and human
brain organoid LAVA plots in the supplemental material). MeV WT did not show any
alteration (see Table 1 and human brain organoid LAVA plots in the supplemental
material).

Additional mutations in the L454W F background stabilize the prefusion state
of the F protein. Since positive selection of G506E F and negative selection of E455G F
were observed in both murine OBC and human brain organoids, we compared the
functional properties of these F proteins bearing the additional mutations, both alone
and in combination with L454W. All the F proteins bearing mutations that were
selected in the CNS can mediate cell-to-cell fusion when expressed on transfected cell
surfaces, without receptor (Fig. 4A and C). The L454W/G506E F was still significantly
less stable than WT F in our functional assays, while the L454W/E455G F was more sta-
ble than WT F (Fig. 4B). The hallmark of the neuropathogenic variants is the ability to
fuse without a known viral receptor, and the L454W/G506E F can mediate fusion with-
out any of the known receptors (CD150/SLAM or nectin 4). However, the L454W/E455G
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FIG 3 CNS-adapted MeV variants spread efficiently in human pluripotent stem cell (hiPSC)-derived brain organoids. (A) Two
separate sets of 90-day-old human brain organoids (derived from two hiPSCs, FA10 and FA11) were infected with recombinant
MeV viruses (with either EGFP or tdTomato fluorescent protein) bearing the indicated MeV fusion (F) proteins. For each virus, 3
separate wells each containing 2 to 4 organoids were infected (5,000 PFU/well). The brain organoids were monitored over time,
and the fluorescence shown here reflects the infection after 10 days. Bar = 1,000mm. (B) Viral titer of the inoculum used for
infection was assessed on Vero CD150 cells (PFU/ml, log). (C) Total RNA was harvested from the human brain organoids at 10 days
postinfection, and the level of MeV N gene expression was quantified by RT-qPCR. (D) RNA-Seq analysis of WT versus L454W F-
bearing virus infection in brain organoids (data from three separate experiments). Seven replicates of uninfected and MeV-
infected brain organoids were transcriptionally profiled (n = 6 uninfected, n= 5 WT, n= 2 L454W F-bearing virus). (E) RPM values

(Continued on next page)
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F, bearing the E455G mutation that dramatically decreased in frequency during growth
in brain organoids, does not mediate fusion without a known receptor.

Based on the finding (Fig. 4A to C) that the frequency of E455G decreased during
growth in pressure in organoids and that this mutation conferred a receptor depend-
ency on the L454W F, we hypothesized that a homogenous viral population of MeV
L454W/E455G F behaves like WT MeV in the organotypic brain slices and in brain orga-
noid models and that E455G would be subject to negative selection pressure in these
neural models. We thus attempted to generate recombinant viruses bearing either the
L454W/E455G F or the E455G F to analyze their growth and spread in brain organoids.
The recombinant virus bearing L454W/E455G F grew similarly to WT virus in Vero-
CD150. However, a recombinant virus bearing the singly mutated E455G F could not
be recovered, suggesting that it is detrimental in culture. To determine whether the
double mutant’s phenotype resembles that of the WT, we coinfected with WT F (red)-
and L454W/E455G F (green)-bearing viruses in OBC as shown in Fig. 2D. Figure 4D
shows the extent of viral spread 96 h postinfection. In clear contrast to the results
shown Fig. 2D (where the MeV L454W F invaded the entire OBC and WT infection was
limited) the coinfection resulted in similar (limited) spread for both MeV WT and MeV
L454W/E455G F viruses. Infection with fluorescent MeV L454W/E455G F in 90-day-old
human brain organoids was monitored for 10 days (Fig. 4E). To ensure that infection
was performed with the intended amount of virus (5, 000 PFU/well), the inocula used in
the human brain organoids were assessed in parallel in Vero-CD150 cells (Fig. 4G). The
MeV L454W/E455G F had only limited spread in both FA10 and FA11 hiPSC-derived brain
organoids after 10 days (Fig. 4E) but infected and destroyed Vero-CD150 cell monolayers
in 2 days (Fig. 4G). After 10days, the human brain organoids were lysed for RNA sequenc-
ing to assess the transcriptome, quantify viral RNA, and evaluate viral evolution and differ-
ential gene expression during infection (Fig. 4F, Fig. S3C and D, Fig. S5A and supplemen-
tal material). The amount of viral genome of the infection from MeV L454W/E455G F was
similar to what we observed for the WT virus (Fig. 3). After 10days, the double mutation
remained stable in the brain organoids derived from hiPSC FA11, but an ;8% reversion
to E455 in the brain organoids derived from hiPSC FA10 was observed (Table 1 and
human brain organoid LAVA plots in the supplemental material). We therefore differenti-
ated another set of brain organoids from hiPSC FA11 and infected them with MeV WT,
MeV L454W F (the mixed population of MeV L454W F and MeV L454W/E455G F), and
MeV L4545/E455G F, each in triplicate. At 20 days postinfection the brain organoids were
lysed, and RNA was extracted for viral sequencing (Table 1). The WT virus underwent only
a change in the P gene (R77C) with an allele frequency of;30% in all three samples. The
results for the MeV L454W F-bearing virus (mixed population of MeV L454W F and MeV
L454W/E455G F) were different among the triplicate samples. In two samples, the E455G
mutation was totally eliminated. In the third sample, E455G remained at ;24%. The dou-
ble mutant MeV L454W/E455G F remained stable with minor changes (the single-popula-
tion L454W increased 0.1% to 1.1.%).

In light of the surprising finding that an F-stabilizing mutation like G506E (Fig. 4)
does not necessarily interfere with CNS adaptation, we searched for evidence of such a
phenotype in vivo. A clinical sample isolated from the original MIBE cohort that
revealed the L454W mutation in F (14) bore an additional mutation in F (M337L). We
assessed the effect of M337L on fusion and stability of F, both singly and in combina-
tion with L454W (Fig. 4A–C). The expressed M337L F did not mediate fusion in the ab-
sence of receptor, and its prefusion state was more stable than that of WT F. The
M337L/L454W F promoted fusion in the absence of receptor and was significantly less
thermostable than WT F. Evolution in vivo led—through a different mutated residue—

FIG 3 Legend (Continued)
for MeV for each sample are depicted in the same order as for the heatmap in panel D. Raw counts were normalized across all
samples, and differential expression analysis was performed. The 50 genes with the lowest adjusted P value between MeV IC323-
EGFP-F L454W and uninfected are depicted in the heatmap, colored by log2 fold change of each sample relative to the mean
normalized counts for each gene.
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FIG 4 Fusion activity and thermal stability of MeV fusion (F) proteins bearing the indicated
mutations. (A) Cell-to-cell fusion between HEK293T cells coexpressing the indicated MeV F proteins 1
MeV WT hemagglutinin (H) and HEK293T cells (no known measles receptor) was assessed by a B-gal
complementation assay. The values on the y axis are expressed as relative luminescence unit (RLU)
averages (with standard error, SE) of results from three independent experiments. ****, P , 0.0001 (2-
way analysis of variance [ANOVA]). (B) HEK293T cells were transfected with MeV F protein bearing the
indicated mutations and incubated at 37°C for 24 h and then raised to 55°C for the indicated times (x
axis). The values on the y axis represent the percentages of prefusion conformation specific antibody
binding to the indicated F proteins (compared to the WT F protein at time zero). The values are the
average of three independent experiments. ****, P , 0.0001 (2-way ANOVA). (C) Fusion mediated by
cells coexpressing MeV H and F proteins bearing the indicated F mutation in the presence of nectin
4, CD150, or no receptor compared to WT F (100%). HEK293T cells were transfected with MeV F
protein bearing the indicated mutations and incubated at 37°C for 24 h and then raised to 55°C. The
time (minutes) at 55°C that decreases the fraction of prefusion epitope to 50% (TS50) and to 10%
(TS10) is indicated compared to the WT F at time zero (100%). Data are averages from three
experiments 1/2 SE. (D) OBC from IFNARKO murine brains were coinfected with 5,000 PFU/slice of WT
virus bearing tdTomato (red fluorescence) and MeV-IC323-EGFP-F L454W/E455G (green fluorescence)
and monitored over 96 h. Photos were taken at 96 h. Pictures where reconstituted using the Stitching
plugin with ImageJ software. Scale bar = 500mm. (E) Two separate sets of 90-day-old human brain
organoids (derived from two hiPSCs, FA10 and FA11) were infected with recombinant MeV viruses
bearing the L4545W/E455G F. Three separate wells containing 2 to 4 organoids were infected (5 000
PFU/well). The brain organoids were monitored over time, and the fluorescence shown here reflects
infection after 10 days. Bar = 1,000 mm. (F) Total RNA was harvested from the human brain organoids

(Continued on next page)
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to a similar functional alteration to that caused by G506E in F. These results reflect a
CNS-specific pattern of adaptation.

DISCUSSION

In a South African MeV outbreak, 8 HIV-infected patients died of MeV CNS manifes-
tations (41). The fusion complexes of MeV isolated from the CNS of patients with MIBE
are altered so that F is activated without a known entry receptor (15). The F proteins of
the isolates from two separate patients contain one specific amino acid alteration at
position 454 (L454W) that increases F’s ability to mediate fusion with any heterotypic
attachment protein and markedly decreases F’s thermal stability (15). An unexpectedly
informative set of mutations emerged from the process of generating recombinant
viruses bearing the L454W F by reverse genetics. The standard methods carried out at
37°C resulted in a mixed population of viruses bearing either L454W F or L454W/
E455G F. Lowering the temperature of viral production to 32°C to stabilize the F
resulted in a population containing both L454W and L454W/G506E. While E455 is
located in the HRC domain of F (see Fig. 1), the residue G506 is in the transmembrane
domain and is not resolved in the available crystal structures of MeV F. Placing a
charged residue into the transmembrane domain would likely have a drastic impact on
protein folding and activity, and yet this mutation was positively selected in our ex vivo
models. The HRC mutation E455G increases the stability of F, and the L454W/E455G F
(in contrast to L454W) requires engagement of H (MeV receptor binding protein) to
the receptor in order to mediate fusion. This second HRC domain mutation thus con-
fers a requirement for H-receptor interaction during infection, onto the receptor-inde-
pendent L454W F. The G506E transmembrane domain mutation slightly restored F’s
stability; however, the double mutant L454W/G506 F is still less stable than the WT and
mediates fusion in the absence of a known receptor. Although arising as a result of a
technical process, these compensatory mutations provided direct evidence that viruses
that can fuse without known receptors are positively selected in the CNS.

Fusion-inhibitory peptides inhibit MeV L454W F infection in murine OBC and human
brain organoids, in support of the role of F-mediated fusion in CNS spread. Therapies
designed to stabilize the prefusion F are in an advanced stage of development for a
related virus, respiratory syncytial virus (42). For MeV, in previous work, a small F-targeting
molecule (3G) that inhibited WT MeV infection in vitro was identified using WT MeV F for
screening, and resistance to this inhibitor quickly arose via mutation at position 462
(N462K), one of the mutants we analyzed here (43–47). The mutated F was inherently
destabilized but retained in the prefusion state in the presence of the inhibitor 3G (43,
44). The 3G inhibitor did not block spread of MeV L454W F in the human brain organoids
(Fig. S2B and C). Another fusion inhibitor, FIP (29), which has a mechanism of action simi-
lar to that of 3G (16, 29), has also been shown to exert selective pressure for the emer-
gence of L454W F. We asked whether the selective pressure of FIP would favor MeV
L454W F over the double mutant MeV L454W/E455G F in immortalized cells, thereby sug-
gesting that its instability is a disadvantage in culture. We grew viruses bearing L454W
and L454W/E455G F in the presence of FIP, and the allele frequency of L454W/E455G
decreased from ;22% to ;10%. FIP provided a selective pressure that reduced the pop-
ulation of the double mutant. This virus stock bearing L454W F and 10% double mutant
was then used to infect Vero cells that bear no known receptor, and the double mutant
population rose again, indicating that the lack of receptor is not the primary or only nec-
essary selective pressure to maintain the unstable F phenotype.

Recombinant MeV bearing the L454W/E455G F behaved similarly to WT virus, in
that infection in brain organoids was limited, and in the 10- to 20-day span of two sep-

FIG 4 Legend (Continued)
at 10 days postinfection, and the level of MeV N gene expression was quantified by RT-qPCR. (G) Viral
titer of the viral inoculum used for infection was assessed on Vero CD150 cells (PFU/ml). Photos show
the extent of infection after 2 days (PFU/well are indicated). Pictures were reconstituted using the
Stitching plugin with ImageJ software.
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arate experiments resulted in partial negative selection of the E455G mutation. It is
possible that a longer infection could result in complete elimination of the E455G
mutation or introduction of additional mutations. Despite several attempts, a virus
bearing purely E455G F could not be recovered, and we gather that the increased sta-
bility of the E455G F may be detrimental to fitness. The factor(s) that leads to positive
selection of viruses bearing the L454W F over the L454W/E455G F in ex vivo models
remains to be explored.

The MeV bearing an N462K F, which is far less stable than WT F and grows well in
cultured cells, surprisingly, was not well suited to growth in human brain organoids.
The double mutant MV L454W/G506E F seems to have reached a “balance” that makes
it fit for both culture conditions. We previously described a virus from an SSPE case in
which the consensus F (SSPE F) had 6 amino acid changes (G168R, E170G, S262G,
A440P, R520C, L550P) (48). The SSPE F was less thermally stable than the WT F and
could mediate fusion in the absence of a known receptor. When we assessed the effect
of the mutations individually, we observed that no mutation alone could confer the
fusion property. Some of the mutations increased the stability of the prefusion F (e.g.,
E170G), while others decreased it (e.g., S262G). We speculate that in vivo evolution
leading to the fully CNS-adapted SSPE F may have occurred in the clinical case.

Deep sequencing of one of the clinical samples from the patient cohort where the
L454W mutation in F was first identified revealed the presence of several other muta-
tions in the F protein. One of these (M337L) had an allele frequency similar to that of
L454W, and the F protein bearing M337L/L454W matched the fusion phenotype of the
F bearing the L454W/G506 mutations, suggesting in vivo viral evolution toward a simi-
lar functional phenotype of F to that observed in the brain organoids. Distinct muta-
tions that arrive at a similarly labile and receptor-independent F may be positively
selected in the CNS. Mapping the M337L mutation onto the prefusion structure of MeV
F (Fig. S1) reveals that this residue could form hydrophobic interactions with L256 and
L257 to stabilize the prefusion conformation of MeV F.

MeV is a uniquely human pathogen, and there is no in vivo model that faithfully
reproduces the CNS sequelae of MeV infection. The best model for acute measles infec-
tion is the nonhuman primate; however, in rhesus monkeys, cynomolgus macaques,
and squirrel monkeys, no CNS manifestations have been described (21, 49–55). The
murine organotypic brain culture and the human brain organoid models described
here contain the four major types of CNS cells (see Fig. S3 and S6) and offer the advant-
age that viral spread can be monitored in real time (35). Infection in human brain orga-
noids reveals that the single L454W mutation in MeV F is sufficient to drive human
CNS infection. Infection of human brain organoids induced an innate immune
response that correlated with the intensity of infection but did not prevent spread of
the MeV variants with hyperfusogenic F proteins.

Infection of mouse OBC also produced an innate immune response, and in these
OBC, viral titers were reduced compared to those of IFNAR1KO OBC (Fig. 2L), suggesting
that the innate antiviral response in the immunocompetent OBC slowed viral spread
(Fig. S4A and B). The increased innate antiviral response to the L454W F MeV variant, in
both human brain organoids and murine cerebellar OBC, is likely related to the higher
viral titer and spread, given that most of the upregulated genes are type I interferon-in-
ducible genes (i.e., MX1, OAS, IFIT1, etc.) (56). However, we did not have the opportu-
nity to compare these findings to infection with other viruses, and this is an area for
future investigation. An enhanced type I IFN response in viral encephalitides has been
observed to correlate with the severity of CNS infection (57), and we speculate that the
L454W F MeV variant may induce a brisk innate immune response by infecting a larger
area of CNS tissue.

In human cases of MeV infection of the CNS, it is unclear how MeV gains access to
this site. The pathway may rely on lymphocytes that cross the blood-brain barrier (BBB)
(58), on infection of endothelial cells of the BBB (59, 60), or on nectin 1-positive cells
from the CNS capturing membranes and cytoplasm from the surface of adjacent cells
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via a transendocytosis mechanism (61). To date, such mechanisms do not explain how
cell-to-cell spread occurs within the CNS. Alterations in the viral fusion complex have
been linked to CNS adaptation and neuropathogenesis (27). The timing of these altera-
tions (whether they occur within the CNS or facilitate CNS infection) is also unclear.
Here, we show that viruses bearing the MIBE-derived L454W F and the SSPE-derived
T461I F are advantaged in infecting and spreading from cell to cell in models of CNS
infection. Only the viruses bearing a dysregulated fusion complex were positively
selected in the CNS.

MATERIALS AND METHODS
Ethical statement. All ex vivo experiments with mice were performed by C.M. and M.F. (accredited

by the French veterinary service) according to the French National Charter on the ethics of animals.
Animals used for ex vivo tissues in this study were directly euthanized by decapitation according to the
AAALAC recommendations and according to French Ethical Committee (CECCAPP) regulations, accredi-
tation no. CECCAPP_ENS_2014_034. All experiments involving human cells were approved by the
Columbia University Institutional Review Board (IRB) and Embryonic Stem Cell Research Oversight
(ESCRO) committees.

Peptides and chemicals. MeV F-derived fusion inhibitory peptides were previously described (36).
Briefly 36-amino acid (aa) peptides derived from the heptad repeat region at the C terminus of the MeV
F protein were synthesized. Dimeric cholesterol conjugated (HRC4) forms of the peptides were used in
this study. N-(3-cyanophenyl)-2-phenylacetamide (also known as 3G) was commercially acquired from
ZereneX Molecular Limited (United Kingdom). The purity of 3G was tested by high-pressure liquid chro-
matography (HPLC) and shown to be .95% pure.

Plasmids and reagents. The genes of MeV IC323 H and F proteins were codon optimized, synthe-
sized, and subcloned into the mammalian expression vector pCAGGS. Plasmids encoding nectin 4,
CD150, were commercially acquired.

Cells. HEK293T (human kidney epithelial), 293-3-46 (62, 63), Vero, and Vero-SLAM/CD150 (African
green monkey kidney) cells were grown in Dulbecco’s modified Eagle’s medium (DMEM; Life
Technologies, Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS; Life
Technologies, Thermo Fisher Scientific) and antibiotics at 37°C in 5% CO2. The 293-3-46 and Vero-SLAM/
CD150 culture media were supplemented with 1mg/ml Geneticin (Thermo Fisher Scientific).

Recombinant virus production and analysis. MeV IC323-EGFP (64) is a recombinant MeV express-
ing the gene encoding EGFP. All variants with the mutations T461I, N462K, L454W, and L454W/E455G
were generated in the MeV IC323-EGFP background using reverse genetics (using the plasmid encoding
MeV IC323-EGFP, kindly provided by Yanagi, Kyushu University, Fukyoka, Japan). MeV IC323-TdTomato
was generated by replacing the EGFP expression cassette with the sequence coding for tdTomato red
fluorescent protein. MeV IC323 recombinant viruses were rescued in 293-3-46 cells as previously
described (63). Production of the virus bearing the L454W was performed at either 37°C or 32°C. All
viruses were propagated and titrated in Vero-SLAM/CD150 cells.

Structural modeling. Twenty models were produced for the wild-type (WT) measles virus fusion gly-
coprotein (MeV F) using the protein homology server Phyre2 (65). Bad local geometries of each model
for prefusion and postfusion states of MeV F were manually fixed using the program XtalView (66). The
resulting models were subsequently refined using CNS-1.3 (67) against the electron density of 5EVM for
the prefusion state. The same methodology was used for the production of models for all MeV-F mutant
proteins. All structural figures were produced using PyMol (http://www.pymol.org/).

Beta-Galactosidase (Beta-Gal) complementation-based fusion assay. The Beta-Gal complementa-
tion-based fusion assay was performed as previously described (15). Briefly, HEK293T cells transiently
transfected with the constructs indicated above and the omega reporter subunit were incubated for the
indicated period with cells coexpressing viral glycoproteins and the alpha reporter subunit (36).

Cell surface staining with F-conformation-specific MAbs. HEK293T cells transiently transfected
with viral glycoprotein constructs were incubated overnight at 37°C in complete medium (DMEM, 10%
FBS). Then, 20 h posttransfection, cells were transferred to 55°C for the times indicated in the figures.
Thereafter, cells were incubated with mouse monoclonal antibodies (MAbs) that specifically detect MeV
F in its prefusion conformation (1:1,000) (44, 68, 69) for 1 h on ice. Cells were washed with phosphate-
buffered saline (PBS) and then incubated for 1 h on ice with Alexa-488 anti-mouse secondary antibody
(1:500; Life Technologies). Cells were washed with PBS and then fixed for 10min on ice with 4% parafor-
maldehyde (PFA) with a 1:1,000 dilution of DAPI (49,6-diamidino-2-phenylindole; Thermo Fisher) for
60min. Plates were washed, 0.01% sodium azide was added, and plates were imaged via the use of an
IN Cell Analyzer. The percentages of positively recognized cells were determined using Cell Profiler.

Organotypic cerebellar culture preparation and treatment postinfection. Cerebellar slices were
prepared from IFNAR1KO (and SLAM/CD150tg-IFNAR1KO) or C57BL/6 mice and maintained in culture as
detailed elsewhere (33). Briefly, cerebella were isolated from the brains of 7-day-old mice and cut with a
McIlwain tissue chopper (WPI-Europe) to obtain 350-mm-thick progressive slices. The brain slices were
then dissociated in cold Hibernate-A/5 g/liter D-glucose/1� kynurenic acid buffer and laid out on
Millipore cell culture insert membranes (Millicell cell culture insert, 30mm, hydrophilic polytetrafluoro-
ethylene). Slices were subsequently cultured in GlutaMAX minimal essential medium supplemented
with 25% horse serum, 5 g/liter glucose, 1% HEPES (all Thermo Fisher Scientific), and 0.1mg/liter human

Mathieu et al. ®

May/June 2021 Volume 12 Issue 3 e00799-21 mbio.asm.org 14

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/m
bi

o 
on

 1
4 

Se
pt

em
be

r 2
02

1 
by

 1
93

.5
4.

11
0.

61
.



recombinant insulin (R&D Systems) at 37°C in 5% CO2 in a humidified atmosphere. The medium was
changed every day after the slicing procedure. Slices from 5 mice were infected on the day of slicing
with the indicated recombinant viruses (5.103 PFU/slice from IFNAR1KO and 100 PFU/slice from SLAM/
CD150tg x IFNAR1KO mice). Cultures were then treated daily from day 1 to day 4 either with serial dilu-
tions of HRC4 fusion inhibitor in neurobasal medium or with vehicle (untreated condition; “NT”). Then,
2ml of 10,000 nM, 1,000 nM, or 100 nM HRC4 was added on top of each of the 5 slices in each well. After
several minutes, the drops containing the peptides were completely absorbed and reached the lower
compartment of the system that contains the feeding medium. The final concentration in the culture
medium (1ml) was 100 nM, 10 nM, or 1 nM. At each time point, slices were collected, RNA extracted, and
RT-qPCR performed as previously described (34).

Human brain organoid differentiation. Human brain organoids were generated as previously
described (38) from two iPSC lines (FA0000010 and FA0000011, for brevity called FA10 and FA11).
Briefly, cells were dissociated into single cell suspension with Accutase (Stem Cell Technologies; catalog
[cat.] no. 7920) and seeded at 4,500 cells/well in 96-well low-attachment U-bottom plates, using embry-
oid body (EB) medium (DMEM/F12; Thermo Fisher Scientific; cat. no. 11330-032) supplemented with
20% knockout serum replacement (Thermo Fisher Scientific; cat. no. 10828-028), 3% embryonic stem cell
(ES)-quality batch-tested fetal bovine serum (Thermo Fisher Scientific; cat. no. 10439024), 1% Glutamax
(Thermo Fisher Scientific; cat. no. 35050-038), 1� nonessential amino acids, 0.1mM 2-mercaptoethanol,
4 ng/ml basic fibroblast growth factor (bFGF; R&D Systems; cat. no. 233FB01M), and 50 mM Y-27632.
Fresh medium was replaced every other day until day 6. On day 6, EB medium was replaced with neural
induction (NI) medium (DMEM/F12, 1� N2 supplement, 1� Glutamax, 1� nonessential amino acid
[NEAA], and 1mg/ml heparin [Sigma-Aldrich; cat. no. H3149]), and the organoids were transferred to
60-mm or 100-mm low-attachment plates. The organoids were allowed to form neuroepithelium tissue
until day 11 to 14, with medium changes every other day. Between day 11 and 24, the organoids were
coated with Matrigel droplets and allowed to gel by keeping them at 37°C for 30min. Matrigel-coated
organoids were transferred to differentiation medium (1:1 DMEM/F12:neurobasal, 0.5% N2 supplement,
2% B27 supplement without vitamin A [Life Technologies; cat. no. 12587010], 0.25% insulin solution
[Life Technologies; cat. no. 12585014], 50 mM 2-mercaptoethanol, 1% Glutamax, 0.5% NEAA, 1% penicil-
lin-streptomycin), for 4 days. After 4 days, organoids were transferred to differentiation medium contain-
ing B27 supplement with vitamin A (Thermo Fisher Scientific; cat. no. 17504-044). Brain organoids were
cultured for an additional 60 days with medium changes every 7 days and used for experiments at
90 days.

Immunofluorescent staining. Murine organotypic brain cultures (OBC) from 7-day-old SLAM mice
were fixed for 1 hour in 4% paraformaldehyde (PFA), washed in 1� Dulbecco’s phosphate-buffered sa-
line (DPBS), dehydrated, clarified in xylene, and embedded in paraffin. Slices 10mm thick were dewaxed
thrice for 3 min in xylene and rehydrated following this protocol: ethanol 100% twice for 3 min, ethanol
95% for 3 min, ethanol 70% for 3 min, ethanol 30% for 3 min, and PBS 1� (twice for 3 min). Antigen
unmasking was performed in sodium citrate buffer (at 100°C for 20min) and slowly cooled down to
room temperature (RT). The slices were permeabilized and blocked in 1� DPBS-3% BSA-0.3% Triton X-
100 (permeabilization and block solution) for 1 h at RT. Slices were incubated in the permeabilization
and block solution containing the primary antibodies overnight at 4°C. After 3 washes (for 5 min each)
in 1� DPBS, slices were incubated in the permeabilization and block solution containing the secondary
antibodies (1:750) and the DAPI (1:1,000) for 1 h at RT. After 3 washes in 1� DPBS, slices were mounted
with Fluoromount-G aqueous mounting medium (SouthernBiotech; catalog no. 0100-01). Images were
taken with the microscope set at epifluorescence (Eclipse Ts2R Nikon) and analyzed using ImageJ
software.

Human brain organoids were picked from culture and embedded in optimum cutting temperature
compound (OCT; Tissue Tek) and then cryosectioned (5 to 8mm thickness). Brain organoid sections were
thawed at room temperature for 5 min, fixed in 4% PFA for 10 min and permeabilized with 0.25% Triton
X-100 in PBS for 20 min. Subsequently, the slides were blocked with 10% donkey serum in PBS for at
least 1 h. All the steps were performed at RT unless stated otherwise. Sections were incubated overnight
at 4°C with primary antibodies. After 3 washes for 5 min each on gentle rocking, in 0.025% Triton X-100
in PBS, sections were stained with fluorescently conjugated secondary antibodies for 1 h. Cell nuclei
were stained with DAPI (1:1,000; Sigma-Aldrich), and the sections were mounted with Vectashield
mounting medium (Vector Laboratories, Inc., Burlingame, CA), covered, and imaged with DMi8 (Leica
Microsystems, Buffalo Grove, IL).

Antibodies used for immunofluorescent staining. See Table 2 for a list of antibodies.
Tiled images. For Fig. 2B to E, H and I and Fig. 4D and G, the fluorescence signal emitted was

acquired from several different fields. Then, the images were analyzed with the Stitching plugin for
ImageJ (70), which reconstructs images/stacks from an arbitrary number of tiled input images/stacks,
yielding the best overlap in terms of the cross-correlation measure. In Fig. S7, the individual pictures
used for Fig. 2I and Fig. 4G are presented.

Brain organoid RNA-Seq and analysis. RNA from uninfected and infected brain organoids was
extracted using Direct-zol RNA MicroPrep (Zymo) and submitted to the JP Sulzberger Columbia Genome
Center for library preparation and sequencing. Strand-specific RNA-Seq libraries were prepared using a
poly-A enrichment and were sequenced on an Illumina NovaSeq instrument with paired-end 2� 100-bp
reads. After quality and adapter trimming, transcript abundance quantification was performed using
Kallisto v0.44.0 (71) with GRCh38 as the reference genome.

To understand the brain organoid developmental stage, we used the BrainSpan data set (79). Since
BrainSpan offers normalized reads per kilobase per million (RPKM) expression values based on Gencode
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v10 annotations, we mapped R1 sequencing reads to GRCh37 annotation of the human genome using
Bowtie2 (72) and quantified gene-level RPKM levels using featureCounts (73). Genes were filtered based
on an arbitrary gene-level RPKM sum of greater than 1,000 across all 539 RNA-Seq experiments (524
BrainSpan, 15MeV infections). All-by-all correlation matrices of log2-transformed RPKM values with a
pseudocount of 1 were generated in R v3.6.2. The top 100 BrainSpan samples with the highest correla-
tion coefficients with uninfected FA10 brain organoid replicate 1 were pulled, and a heatmap of correla-
tion coefficients was generated using pheatmap (https://github.com/raivokolde/pheatmap).

Differential gene expression analysis was performed using the Kallisto transcript abundances and
the R Bioconductor package DESeq2 (74). The code for analysis is available at http://www.github.com/
greninger-lab/MeV-brain-organoids. Low-count filtering was performed on genes with an average of
less than one count per sample. Batch effects and biological differences between organoids were incor-
porated into the design formula as confounders, and normalization and differential expression analysis
was performed using DESeq2 with default parameters. The expression of the 50 genes with the lowest
Benjamini-Hochberg adjusted P value between MeV IC323-EGFP-F L454W and uninfected organoids was
plotted on a heatmap generated using the R package pheatmap, with bar graphs generated in the R
package ggplot. Enrichment of differentially expressed genes (padj, ,0.0001, absolute value log2 fold
change,.1) between MeV IC323-EGFP-F L454W and those uninfected in KEGG pathways was evaluated
using the R package ReactomePA (75). To calculate the reads per million (RPM) values for MeV reads,
each sample was aligned against the NC_001498 MeV reference sequence using Bowtie2 with default
parameters (72). MeV RPM values were calculated using the number of mapped reads in the resulting
BAM file.

RNAseq of mouse brain slices. RNA extracted from brain slices was prepared and sequenced as for
organoids, as described above. Reads were pseudoaligned with Kallisto v0.44 to mouse reference tran-
scriptome mmGRCm38. Differential expression analysis was performed in DESeq2, incorporating batch
effects into the design formula. An expression heatmap was generated as for brain organoids, described
above. MeV RPMs were calculated as described above.

Brain organoid genome-specific RT-qPCR. Specific reverse transcription targeting the MeV genomic
strand was performed with the SuperScript III first-strand synthesis system (Thermo Fisher), according to
the manufacturer’s instructions, on 500ng of total RNA using reverse primer for human GAPDH and forward
(FW) 59 tagged-MeV primer 59-gcagggcaatctcacaatcaggAAAACTGGTGTTCTACAACAA-39 containing MeV
sequence of the antigenomic strand with a TAG sequence from Nipah virus. The obtained cDNAs were then
diluted 1:10. qPCRs were then performed as described previously (76) using MeV reverse (Rev) 59-
TGAAGGCCACTGCATT-39 and Tag FW 59-gcagggcaatctcacaatcagg-39 primers. All results were normalized to
human GAPDH deviation.

Metagenomic Next-Generation Sequencing (mNGS) and variant calling. The mNGS was per-
formed as previously described (76). Briefly, RNA was extracted from 50 ml of viral culture using the
Quick-RNA viral kit (Zymo) and treated with TURBO DNase I (Thermo Fisher). cDNA was generated from
the DNase-treated RNA using Superscript IV reverse transcriptase (Thermo Fisher) and random hexamers
(IDT), followed by second-strand synthesis via Sequenase v2.0 DNA polymerase. The resulting double-
stranded cDNA was then purified with the DNA Clean & Concentrator kit (Zymo). Libraries were

TABLE 2 Antibodies used for immunofluorescent staining

Antibody and manufacturer Source
Murine organotypic brain cultures (OBC)
Rabbit polyclonal anti-NeuN; EMD Millipore Cat. no. ABN78
Rabbit polyclonal anti-calbindin D-28K (CB28K); Swant Cat. no. CB38
Mouse monoclonal anti-myelin basic protein (MBP101); Abcam Cat. no. ab62631
Rabbit polyclonal anti-iba1; Wako Cat. no. 016-20001
Rabbit polyclonal anti-glial fibrillary acidic protein (GFAP); Agilent Technologies, Dakonumber Cat. no. Z0334
Goat polyclonal anti-Olig2; R&D system Cat. no. AF2418
Alexa Fluor 555 donkey anti-mouse IgG (H1 L); Thermo Fisher Scientific Cat. no. A31570
Alexa Fluor 555 donkey anti-rabbit IgG (H1 L); Thermo Fisher Scientific Cat. no. A31572
Alexa Fluor 555 donkey anti-goat IgG (H1 L); Thermo Fisher Scientific Cat. no. A21432
4-,6/diamidino/2/phenylindole, DAPI; Thermo Fisher Scientific Cat. no. 62248

Human brain organoids
Rabbit anti-NeuN; Abcam No. ab177487
Rabbit anti-Olig1; Abcam No. ab68105
Rabbit anti-nestin; Abcam No. ab105389
Rabbit anti- anti-glial fibrillary acidic protein (GFAP); Cell Signaling No. 12389
Rabbit polyclonal anti-Olig2; Proteintech No. 13999-1-AP
Chicken anti-microtubule-associated protein 2 (MAP2); Abcam No. ab5392
Rabbit anti-Pax6; Biolegend No. 901301
Alexa Fluor 647 donkey anti-mouse IgG (H1 L); Invitrogen No. A31573
Alexa Fluor 594 goat anti-chicken IgG (H1 L); Invitrogen No. A11042
2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI); Sigma-Aldrich No. D9542
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constructed from 2 ml of cDNA using the Nextera XT kit (Illumina) and sequenced on 1� 192-bp
Illumina MiSeq runs.

Sequencing reads were adapter and quality trimmed using Trimmomatic v0.38 (77). Variants present
at a frequency greater than 10% and coverage greater than 10� were identified with LAVA (https://
github.com/greninger-lab/lava) using the MeV reference genome (GenBank accession no. NC_001498).
All variants were manually confirmed by mapping sequencing reads to the same MeV reference strain in
Geneious v11.1.4 (78). Those variants present in intergenic region between the matrix and fusion pro-
teins as well as in homopolymeric tracts were excluded from the analysis. Sequencing reads are available
under NCBI BioProject number PRJNA594952.

Statistical analysis. All other statistical comparisons were performed using the Mann-Whitney U-
test. All analyses were performed in GraphPad Prism v5 software. Statistical analysis of RNAseq data was
performed in R.
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c. Article 5 : Complexes de fusion du virus de la rougeole provenant d'isolats 
cliniques du système nerveux central : diminution de l’interaction entre 
l'hémagglutinine et les protéines de fusion 

 

Cyrille Mathieu, Tiago Nascimento Figueira, Amanda R. Decker, Marion Ferren, 
Tiziana F. Bovier, Eric M. Jurgens, Tara C. Marcink, Anne Moscona, Matteo Porotto 

bioRxiv 2021.06.18.449082; doi: https://doi.org/10.1101/2021.06.18.449082 

 

Les mutations retrouvées dans les séquences des F provenant d’infections du SNC 
par le VR chez des patients confèrent aux virus un complexe de fusion dérégulé et 
permettent aux virus hyperfusogènes de promouvoir la fusion en l’absence de 
l’interaction de la H avec un récepteur connu. Pour le mutant portant la mutation 
L454W dans la F l’expression même de la H s’est avérée facultative et ce virus est 
capable de fusionner en absence de H et en absence de récepteur.    

Pour aller plus loin, l’objectif de cette étude a été d’étudier l’interaction entre la H et la 
F portant des mutations dans le domaine HRC, en comparaison avec une F 
conférant un phénotype hyperfusogène également mais portant la mutation S262R à 
l’interface des 3 protomères dans la région de la tête de la structure pré-fusion de la 
F.  

J’ai réalisé les expériences d’analyse de la fusion reposant sur un test de 
complémentation de la -galactosidase. Des cellules 293T co-transfectées avec la F 
portant la mutation souhaitée, la H sauvage, et la sous-unité alpha de la -
galactosidase ont été mises en contact avec des cellules exprimant la sous-unité 
omega de la -galactosidase et le récepteur SLAM. Les cellules ont été traitées par 
un peptide inhibiteur de fusion (monomère non conjugué du domaine HRC) et la 
luminescence a été quantifiée 1 heure, 3 heures et 6 heures après traitement. Les 
résultats montrent que le peptide bloque complètement la fusion de la F portant la 
mutation L454W, même 6 heures après traitement, contrairement aux F sauvages et 
mutantes S262R.   

Les mutations du domaine HRC entrainent une diminution de l’interaction entre H et 
F. Une des conséquences est la perte de protection de la F par la H qui permet le 
déclenchement intempestif de la F en absence de récepteur. La fusion des virus 
portant ces mutations est toutefois plus lente. On peut expliquer ce phénomène par 
un repliement plus lent des F mutées en l’absence de l’effet de poussée de la H et 
par une réduction de l’interaction HRN-HRC. Lorsque la mutation L454W est 
associée à la mutation E455G, l’interaction entre la H et la F est restaurée et le virus 
portant cette double mutation retrouve alors un phénotype sauvage. De plus la F 
portant la mutation L454W, bien que hyperfusogène, entraine la fusion plus 
lentement que la F sauvage, laissant plus de temps aux peptides HRC inhibiteurs de 
fusion pour interagir avec le domaine HRN de la F et bloquer ainsi la fusion de façon 
efficace.  
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Ces observations sont associées à une diminution de l'interaction entre les protéines 
H et F pour les virus hyperfusogènes mutants du domaine HRC.  

Les données présentées dans cette étude suggèrent que la fusion en l'absence 
d'interaction avec le récepteur est l'effet combiné d'une diminution de la stabilité de F 
ainsi que d'une diminution de l'interaction de F avec H. 
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Abstract:26

Measles virus (MeV) viral entry is mediated by a fusion complex comprised of a27

receptor binding protein (hemagglutinin, H) and a fusion protein (F). The wild type H/F 28

complex requires interaction with specific proteinaceous receptors (CD150/SLAM and nectin-29

4) in order to be activated. In contrast the H/F complexes  isolated from viruses infecting the 30

central nervous system (CNS) do not require a specific receptor. A single amino acid change 31

in the F protein (L454W) was previously identified in two patients with lethal sequelae of 32

MeV CNS infection, and the F bearing this mutation mediates fusion even without the H 33

protein. We show here that viruses bearing the L454W fusion complex are less efficient than 34

wt virus at targeting receptor expressing cells and that this defect is associated with a35

decreased interaction between the H and the F proteins. 36

37

Importance: 38

Measles (Mev) infection can cause serious complications including measles inclusion body 39

encephalitis (MIBE) and subacute sclerosing panencephalitis (SSPE). MIBE and SSPE are 40

relatively rare but lethal. We have shown that the fusion complex of CNS adapted clinical 41

samples can spread in the absence of known receptor. We now provide evidence that HRC42

mutations leading to CNS adaptation come at a cost to the efficiency of viral entry. 43

44

Introduction: 45

Despite the availability of an effective measles virus (MeV) vaccine and efforts to 46

increase vaccine coverage by the WHO, UNICEF, and their partners, MeV has not been 47

eradicated and the estimated global measles death toll rose from 89,780 in 2016 to 207,500 in 48

2019(1). The SARS-CoV-2 pandemic and associated countermeasures reduced the incidence 49
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of other respiratory viral infections but also halted vaccination, increasing the risk of measles 50

outbreaks in the future(1).51

MeV is the most infectious virus known to humans, transmits via the air, and causes systemic 52

infection. The virus enters cells via two cellular receptors: CD150/SLAM expressed by 53

subsets of immune cells(2) and nectin-4 expressed by epithelial cells(3, 4). Central nervous 54

system (CNS) sequelae associated with active viral infection include subacute sclerosing 55

panencephalitis (SSPE) and measles inclusion body encephalitis (MIBE) (5-10).  These CNS 56

complications have been associated with viral evolution and specific CNS adaptation, 57

specifically with alterations in the viral fusion mechanism(11, 12).58

MeV  expresses two envelope glycoproteins that make up the fusion complex. The H protein 59

mediates receptor binding, followed by triggering of the F protein, which leads to merger of 60

the viral envelope with target cell membranes. We refer to the H/F pairs of MeV as the viral 61

fusion complex, since these proteins act in concert. F is synthesized as a precursor (F0) that is 62

cleaved within the cell to yield the pre-fusion F complex comprising three C-terminal F163

subunits associated non-covalently with three N-terminal F2 subunits. This trimeric F 64

structure is kinetically trapped in a metastable conformation, primed for fusion activation 65

upon engagement of the H glycoprotein by the cell-surface receptor (either CD150/SLAM or66

nectin-4)(2-4, 13-15). After receptor engagement by H, the pre-fusion F undergoes a structural 67

transition, extending and inserting its hydrophobic “fusion peptide” into the target cell. During 68

entry, F refolds into a so-called “trimer of hairpins” (or 6-helix bundle) post-fusion structure 69

that brings together the N-terminal heptad repeat (HRN) and the C-terminal heptad repeat 70

(HRC), and the viral and cell membranes fuse(16-23). Peptides derived from the HRC region 71

of the F2 ectodomain inhibit paramyxovirus entry with varying activity(19, 24-32). We and 72

others have shown that fusion complexes from CNS isolated clinical samples are dysregulated 73

and do not require H-receptor interaction for mediating fusion(8, 10, 33, 34), and for a 74
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specific mutated F (L454W) even the presence of the H was dispensable for cell-to-cell fusion 75

in transfected cells(8, 10, 34). Here we investigated whether this phenotype was correlated 76

with dimished H-F interaction and we highlight that fusion in the absence of receptor 77

interaction is the combined effect of a decrease in the stability of F as well as a decrease in F’s 78

interaction with H.  79

Results: 80

Measles virus F glycoprotein from neuropathogenic viruses  81

MeV F glycoproteins with specific single residue alterations (S262R, L454W, T461I,82

and N462K)  have been associated with neuropathogenic measles strains that were either 83

isolated from patients or generated in laboratory settings (9, 12, 34, 35). We mapped these 84

mutations onto x-ray structures of the pre-fusion (36) conformations of F (Fig.1A), 85

highlighting the locations of these mutations in MeV F. The S262R mutation occurs at the 86

interface of three protomers in the head region of the pre-fusion structure. The mutation from 87

Ser to Arg at residue 262 results in a clash within each monomer in the existing crystal 88

structure . These microenvironmental changes are likely to affect the conformational stability 89

of the F. The other three mutations (L454W, T461I, and N462K) were located within the C-90

terminal heptad repeat domain (HRC). In the pre-fusion structure, the L454W mutation would 91

also perturbs the current pre-fusion structure.  The T461I and N462K mutations occur in a 92

well-ordered α-helical region of the HRC domain. These three mutations (L454W, T461I, and 93

N462K) occur in the portion of the HRC domain where the head and stalk regions of the pre-94

fusion conformation meet. Interactions at this region may be important for stabilizing the pre-95

fusion state and mutations in this junction would affect stability of the MeV-F prefusion 96

structure, as our previous data have shown (12, 34).97

98

99
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Impact of hyperfusogenic mutations in F on H-F interaction100

We previously suggested that the ability of HRC mutants to fuse in the absence of 101

known receptors could be at least partly due to reduced interaction between H and F(34). The102

interaction between F and H and the impact of mutations in the HRC domain (i.e., L454W, 103

T461I and N462 may be affected by thermal instability – obscuring the effect of the specific 104

mutations -- we included the highly unstable mutant F-S262R (11, 12, 33, 35) which interacts 105

efficiently with H.  H-F interaction was assessed with both the cleavable F proteins (Fig. 2A)106

and the cleavage site mutant (CSM) version of these F proteins (Fig. 2B), to distinguish 107

between effects on the F0 and the F1 form of F.  Results are presented as the average of 3 108

separate experiments ± SD (Fig.2C). Densitometric analysis was used to normalize the results 109

to total protein content and to convert the data to graphs (average of 3 separate experiments ±110

standard deviation; Fig. 2C). There is significant reduction in the amount of F1 co-111

immunoprecipitated with H for the HRC hyperfusogenic mutants (i.e. , L454W, T461I and 112

N462K) compared to the wt F (P = 0.0023, P = 0.0030 and P = 0.0014, respectively; two-way 113

ANOVA with multiple comparisons against wt F, corrected with the Dunnett hypothesis test). 114

For the other hyperfusogenic mutant, F S262R, there was more co-immunoprecipitated F1115

protein when compared to the HRC mutants. There were no differences in co-116

immunoprecipitation of F0. Thus, mutations in HRC associated with a hyperfusogenic 117

phenotype decrease the ability of H to interact with the active F1 form of F.118

119

Viral evolution leads to compensatory mutation 120

MeV bearing the L454W F protein, when grown at 37oC in cell culture, acquired a 121

compensatory mutation (E455G) that re-balanced F’s stability and dependence on H and 122

cellular receptor for mediating fusion (12). The E455G mutation is shown in Fig. 3A, alone 123

and in combination with L454W. Tryptophan (W454) contains a bulky aromatic sidechain 124
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when compared to leucine (L454), while glutamic acid (E455) is larger than glycine (G455). 125

We determined whether the E455G mutation restored H-F interaction (Fig. 3).  H-F126

interaction for wt ,L454W, E455G, and L454W/E455G F proteins  is shown in Fig. 3 .127

Densitometric analysis was used to normalize the results to total protein content and to 128

convert the data to graphs (average of 3 separate experiments ± SD; Fig. 3C).  The wt versus 129

the L454W F was significantly different (as seen in Fig.2), however the mutant E455G F and130

the double mutant L454W/E455G F co-immunoprecipitated similarly to the wt F. The E455G 131

compensatory mutation in the HRC domain of the F resulted in a wt phenotype.  We 132

previously showed that E455G restored F’s stability (as measured by sensitivity to thermal 133

activation) and restored F’s dependence on H-receptor interaction for fusion(12). Fig. 3 134

reveals that E455G also reestablished interaction of H with the active F1 form of F. 135

136

Loss of H-F interaction delays viral entry.137

One of the consequences of the loss of interaction between F and H is the loss of 138

protection of F from spontaneous triggering(37). Additionally, hyperfusogenic MeV F HRC139

mutants proteins are less stable in their pre-fusion state, as measured by their temperature 140

sensitivity, compared to the wt F protein. The hyperfusogenic F proteins mediate fusion even 141

in the absence of either CD150/SLAM or nectin-4 receptors(10, 34). We have shown that this 142

decreased F stability, however, results in viruses that are inactivated at lower temperatures 143

than wt virus (10), because F transitions to its post-fusion state more readily, rendering the 144

viral particle non-infectious. We asked whether the destabilizing mutations in F of the 145

neuropathogenic variants affect viral entry into SLAM-expressing cells (38). To do so, we 146

used an assay developed for a related paramyxovirus, human parainfluenza virus 3 (HPIV3). 147

For HPIV3 we have shown that the kinetics of F protein activation and viral entry modulate 148

the potency of HR derived peptides(37, 39), and therefore this modulation can be used as a 149
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tool to quantitate F activation and entry. Applying this strategy to MeV, we determined the 150

sensitivity of MeV F to inhibition by MeV HR derived peptides, using a previously described 151

dimeric HR lipopeptide, HRC4. In Fig. 4A, 1 M of HRC4 peptide was added at time points 152

from 0 to 2 hours during infection of Vero-SLAM cells. Peptide addition at time zero 153

inhibited 100% of infection for all the viruses (wt and the three viruses bearing the mutated F 154

proteins). Peptides added after 1 hour decreased inhibition to 30% for wt virus, meaning that 155

most of the wt virus had already entered, while the mutants bearing F T461I and N462K were 156

50% inhibited and the mutant bearing F L454W was 70% inhibited. After 90 min, the peptide 157

continued to inhibit the mutants (from 20 to 30% of viral entry). No inhibitory effect was 158

observed after 2 hours. This experiment reveals that for wt viruses, the window of HRC4 159

inhibitor sensitivity is significantly shorter than that of the viruses bearing the mutated Fs. The160

longer time of inhibitor susceptibility of the HRC mutant Fs suggests that wt H-F is more 161

efficient for entry in the presence of receptors.   162

163

Easier triggering of HRC hyperfusogenic mutants correlates with longer time to completion 164

of fusion.165

For HPIV3, fusion requires engagement of the receptor binding protein (the 166

hemagglutinin neuraminidase, HN) beyond initial triggering of the F protein. This 167

engagement of HN is essential for F’s function until membrane merger (37). A similar 168

mechanism of ongoing activation of the fusion process by receptor-engaged H could explain 169

our observations for MeV. We showed that constant interaction with F by receptor-engaged H170

may allow wt H-F to fuse even in the presence of F-targeted anti-MeV peptides (40).  As 171

above, we also previously showed that for HRC peptide fusion inhibitors, adding a lipid 172

moiety improves antiviral potency over time(40). In this case a cholesterol-conjugated dimeric 173
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peptide (HRC4) was inhibitory as long as 6h after in vitro (41). Without a lipid moiety 174

(HRC1), peptide was effective only at early time points after infection.  175

We hypothesize that the loss of of H-F interaction affects both the triggering of HRC 176

mutants and their ability to fuse in the presence of inhibitor. In Fig. 4B we assessed weak 177

peptide inhibitor (HRC1) for inhibition of wt and mutant F fusion. The assay measures the 178

fusion of cells that express viral envelope glycoproteins (MeV IC323 H/F) with cells that 179

express the MeV receptor SLAM. HRC1 peptide inhibited fusion at early time points (1h, Fig. 180

4 B). As expected, this inhibition decreased below 70% after 3h and below 40% for the wt F 181

and S262R F respectively after 6h. In contrast, for the H/L454W F fusion complex, HRC1 182

peptide inhibited over the time course of this fusion assay, significantly better than for the wt183

complex (**p value, Mann-Whitney U-Test). A parallel assay was performed with the HRC4 184

peptide, which completely inhibited fusion of all MeV Fs (Fig. S1). 185

HRC peptides are thought to stabilize F protein intermediates during the fusion process 186

after insertion into the target cell membrane but before refolding to the post-fusion state.  The187

stabilization of the transient intermediate state of F by HRC peptides was used to identify 188

discrete steps in the fusion process (37, 42). In Fig. 4C we determined whether the HRC1 189

fusion blockade for the HRC mutated F occurs at the same transitional state. Red blood cells 190

(RBCs) were allowed to interact with cells expressing the MeV F hyperfusogenic mutants 191

along with a chimeric receptor binding protein expressing the MeV H stalk and the globular 192

head of HPIV3 HN. This chimeric protein can engage the sialic acid receptor on the RBCs 193

and initiate MeV F-activation for the neuropathogenic F proteins (8, 34, 43). The read-out for 194

peptide inhibition is irreversible binding of the RBCs to the F-expressing cells and/or fusion. 195

This assay provides a measure of the efficiency with which HRC1 binds and retains F in its 196

transitional intermediate state, preventing membrane merger (Fig.4C). 293T cells co-197

expressing the chimeric receptor binding protein MeV H-HN and MeV F (hyperfusogenic 198
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mutants) were incubated with RBCs at 4 °C, then transferred to 37 °C in the presence of 199

HRC1 peptides (1 M). Zanamivir, a small molecule sialic acid analog that blocks HN-200

receptor interaction was added after 1 h to disengage cells that were bound by HN-globular 201

head engagement alone. Note that wt F was not used in this assay since it is too stable to be 202

activated under these conditions. The proportion of RBCs either free, reversibly bound by 203

HN-receptor interaction (and therefore released by zanamivir), irreversibly bound by F protein 204

bridging (following insertion of the fusion peptide in the target cell membrane), or fused was 205

quantified. For all three MeV F HRC mutants the larger majority of the cell population 206

remained irreversibly bound and very little fusion was observed, confirming the ability of 207

HRC1 to block F in its transitional state after insertion of the fusion peptide in the target cell 208

membrane. In contrast, the percentage of irreversibly bound cells decreased to 30% 209

concomitantly with an increase in fusion up to 50% for the S262R hyperfusogenic mutant,210

confirming that this F can “override” inhibition by the peptide. The HRC1 peptide stabilizes 211

the intermediate fusion state for all the F proteins that bear mutations in the heptad repeat 212

domain.  Taken together, these results confirm that while the reduction in H-F interaction 213

allows HRC hyperfusogenic mutants to fuse in the absence of receptor — which seems to be a 214

benefit in the CNS— it also decreases their fusion compared to wt virus in presence of 215

receptor by reducing complete fusion after triggering. Outside the CNS, this reduced fusion is 216

a disadvantage.  217

218

Discussion219

The altered HRC region of the CNS-adapted MeV F proteins produced viruses that can fuse 220

and infect without known receptors for H.  While H-F interaction is essential for fusion and 221

infection by wt MeV, these F proteins (L454W, T461I and N462K; fig 1A) interact less with222

H but nevertheless mediate infection in vitro (L454W, T461I and N462K) (10, 34), in models 223
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of CNS infection (L454W, and T461I)(12)  and in vivo (L454W) (10) more effectively than 224

wt virus in the absence of SLAM or Nectin-4 receptors. As anticipated based on previous 225

data(10, 12, 34), the hyperfusogenicity conferred by the alterations in the MeV F HRC region 226

affects both functional and physical interactions with H. The E455G revertant restored wt-like 227

properties in the context of the L454W-bearing F , and when introduced singly into the F 228

protein led to an extremely stable F(12) . We speculate that introducing W454 into the 229

prefusion F stalk results in local destabilization that enhances F activation, even in the 230

absence of receptor. The nearby mutation G455 may alter the structure sufficiently to restore 231

the “wt” properties. When the viral quasispecies formed by L454W and L454W/E455G F 232

bearing viruses is cultivated in human brain organoids , the L454W/E455G F bearing virus is 233

eliminated within 10 days confirming that the L454W F bearing virus is fit for growth in CNS234

tissues(12). The virus bearing the S262R mutation in F is neuropathogenic in vivo (11, 35),235

and we observed no significant differences in H-F interaction.  A S262G mutation in F (along 236

with several other mutations) was found in virus from a SSPE clinical case (8). Thus, while 237

destabilizing the F protein significantly improves MeV’s ability to spread in the brain, the loss 238

of H-F interaction may not be necessary for CNS adaptation. 239

MeV H-F interaction is key for the steps after F insertion in the target membrane, to 240

complete fusion. The viruses bearing F mutations that lead to CNS spread are more 241

susceptible to fusion inhibitory peptides(10). We attribute this, at least in part,  to the fact that 242

the H does not continue to activate F after initial triggering.   243

In  Fig. 5 we propose  models of viral infection with wt MeV and the CNS adapted 244

variants, incorporating the findings in this work as well as work from others. A common 245

pattern for neuropathogenic F variants is decreased stability of F (as assessed by sensitivitiy to 246

heat) and a fusion complex that mediates cell-to-cell fusion in the absence of either 247

CD150/SLAM or nectin-4(8, 10, 12, 34, 44). These properties confer an infectivity cost, since 248
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they are significantly slower to complete the fusion process after inital triggering. These 249

features together with lower viability (10) make these viruses adapt to cell-to cell transmission 250

after initial infection but also likely mean that they are less transmissible. 251

252
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Figure legends257

258

Figure 1 – Crystal structure of the trimeric measles F (PDBID:5YXW) in the prefusion state. 259

Monomer is shown in pink. Zoomed in view shows close proximity of residues L454, T461, 260

and N462 near the top of the prefusion F stalk. Left-most panels show potential orientations of  261

mutations W454, I461, and K462 as modeled by pymol with minimal sculpting to reduce 262

steric clashes. Three substitutions (L454W, T461I and N462K) in the HRC domain in 263

neuropathogenic strains are shown. The residue S262 (mutated here to R) was previously 264

described in the hyperfusogenic F variant. 265

266

267
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268

Figure 2 – The effect of hyperfusogenic MeV F HRC domain mutations  on MeV H 269

functional and physical interactions with F0 and F1. (A-B) Cell lysates from 293T cell 270

cultures co-expressing MeV H-6xHis and F wt, L454W, T461I, N462K or S262R proteins 271

were immunoprecipitated with an anti-6xHis antibody. Cleavable (A) and non-cleavable (B) 272
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forms of F were included in the experiment. Precipitates were analyzed by western blotting 273

using anti-MeV F HRC and anti-6xHis (top panels) while cell lysates were blotted using anti-274

MeV F HRC (bottom panels). (C) Densitometry measurements of co-immunoprecipitated 275

MeV F protein detected through western blot analysis. Protein content was normalized for the 276

total F protein in cell lysates and the immunoprecipitated H protein. Results are the average of 277

three independent replicates. Error bars correspond to the standard deviation. **, P ≤ 0.01.278

279
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280

281

Figure 3 – The effect of F protein’s E455G compensatory mutation on H protein’s 282

interaction with F0 and F1.(A) Prefusion F crystal structure (PDBID: 5YXW). (B) Zoomed 283

in views near the top of the prefusion F stalk region with E455 (top left) and L454/E455 284

(bottom left) shown as spheres. Mutations G455 (top right) and W454/G455 (bottom right) 285

were substituted in pymol with minimal sculpting to reduce steric clashes. (C and D) Cell 286

lysates from 293T cell cultures co-expressing MeV H-6xHis and F wt, L454W, E455G, or 287

L454W/E455G proteins were immunoprecipitated with an anti-6xHis antibody. Cleavable (B)288

and non-cleavable (C) forms of F were included in the experiment. Precipitates were analyzed 289

through western blotting using anti-MeV F HRC and anti-6xHis (top panels) while cell lysates 290

were blotted using anti-MeV F HRC (bottom panels). (D) Densitometry measurements of co-291

immunoprecipitated MeV F protein detected by western blot analysis. Protein content was 292
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normalized for the total F protein in cell lysates and the immunoprecipitated H protein. There 293

was no statistical difference (unpaired T-test) between the levels of F0 that were co-294

immunoprecipitated for each allele. There was also no statistical difference between F(wt) and 295

either allele that contained E455G (single and double mutant) for F1 levels. However, the 296

difference between the F(wt) and F(L454W) F1 that co-immunoprecipitated with H was 297

extremely statistically significant (P = 0.0007). Error equals +/- SEM. N = 3 biological 298

replicates 299

300

301
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302

Figure 4 – HRC hyperfusogenic mutants fuse less in presence of entry receptor- (A)303

Inhibition by MeV HRC4 peptides added at different times after infection reveals differences 304

in the rate of F activation. Vero-SLAM cells were infected with wt or the indicated viruses at 305

a multiplicity of infection of 6.7 × 10−4. The MeV HRC4 fusion inhibitory peptide was added 306

at the time points noted to a final concentration of 1 μM. Cells were overlaid with agarose at307

90 min and plaques were stained and counted at 36 h. The percent inhibition of viral entry, 308

normalized to 100% inhibition at time zero, is shown as a function of the time of peptide 309

addition. Data points are means (± standard error) for triplicate experiments. - (B) Fusion of 310

MeV H/F co-expressing cells with SLAM-bearing cells in the presence of unconjugated 311
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peptides (HRC1 at 1 μM) was quantitated at 1 h , 3h or 6 h  using a β-galactosidase 312

complementation assay. Results are presented as percent reduction in luminescence (y axis) 313

compared with no treatment. Each point is the mean (± standard error) of results from 3 to 5 314

separate experiments (**, P < 0.01; ***, P < 0.001 [Mann-Whitney-U test]). (C) Role of 315

receptor binding protein (H-HN) after F has inserted its hydrophobic fusion peptide into the 316

target cell: progression to membrane merger in the presence of H-F interaction. If H-F317

interaction is functional, processed F is activated to the stage of fusion peptide insertion 318

captured by unconjugated peptides, and then proceeds to membrane merger. Monolayers of 319

cells co-expressing H-HN and processed F proteins (as indicated on the axis) were allowed to 320

bind to receptor-bearing RBCs at 4°C. Unbound RBCs were washed away, and cells were 321

incubated with standard HRC1 peptides (1 μM) at 37°C for 60 min. The values on the y axis 322

reflect the quantity of RBCs that were released by H-HN neuraminidase (striped bar), 323

reversibly bound by H-HN-receptor interaction (white bar), irreversibly bound (gray bar), or 324

fused (black bar). The values are means (±standard deviations) of results from triplicate 325

samples and are representative of the experiment repeated at least four times. 326
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327

Figure 5 – Model for the hyperfusogenic entry mechanism of neuropathogenic MeV 328

mutant strains. (A) The wt MeV entry mechanism is characterized by the concerted action of 329

the H and F glycoprotein complex. Upon H-mediated CD150/SLAM or Nectin-4 receptor 330

recognition, and subsequent F triggering, both H and F undergo a series of conformational 331

changes that guide fusion of the cell membrane and viral envelope. H anchors the virus to the 332

cell surface and activates the F to insert its fusion peptide trimers into the cell membrane and 333

undergo a conformational transition, the driving force for lipid mixing and fusion. (B) The334

hyperfusogenic phenotype of neuropathogenic MeV variants is associated with single amino335

acid mutations in F (L454W, T461I and N462K). Altered association with H triggers the 336

mutated F into unstable fusogenic conformations. The lower energy barrier between the pre- 337
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and post-fusion (6HB) conformations leads to premature structural transitions of F and 338

consequent viral attenuation/inactivation. Yet, the mutated F can insert into non-targeted cell 339

types, such as neurons, promoting MeV aberrant infection. (C) The coordinated structural 340

transitions of H and F promote entry by wt MeV after receptor engagement (left panel). In 341

hyperfusogenic MeV variants, with loss of H-to-F interaction, entry kinetics are slower, with a 342

lag between the F pre- and post-fusion conformations (right panel). This feature enhanges 343

susceptibility to F-specific fusion inhibitory peptides acting at this stage.  344
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345

FIG S1. Fusion of MeV H/F co-expressing cells with SLAM-bearing cells in the presence of 346

unconjugated peptides (HRC4, dimer peptide with cholesterol, 1 μM) was quantitated at 1 h 347

(A) 3h (B) or 6 h (C), using a β-galactosidase complementation assay. Results are presented 348

as percent reduction in luminescence (y axis) compared with no treatment. Each point is the 349

mean (± standard error) of results from 3 to 5 experiments. 350

351
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Materials and Methods 352

Peptides: MeV F derived fusion inhibitor peptides HRC1 and HRC4 were previously 353

described (40). Briefly 36aa long peptides derived from the heptad repeat region at the C-354

terminal of the MeV F protein were synthesized (using the wt sequence or the L454W 355

sequence). Monomeric unconjugated (HRC1) or dimeric cholesterol conjugated (HRC4) 356

forms of the peptides were used in this study.357

Plasmids and reagent. The genes of MeV IC323 H and F proteins were codon optimized, 358

synthesized, and sub cloned into the mammalian expression vector pCAGGS. Plasmids 359

encoding nectin 4 and CD150/SLAM were commercially acquired. 360

Cells. 293T (human kidney epithelial) and Vero-SLAM (African green monkey kidney) cells 361

were grown in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Invitrogen) 362

supplemented with 10% fetal bovine serum (FBS) and antibiotics in 5% CO2. The Vero-363

SLAM culture medium was supplemented with Geneticin.  364

HRC4 Peptide time addition related inhibition. Dulbecco's Modified Eagle's medium 365

(DMEM) containing the indicated viruses (MeV IC323-EGFP, MeV IC323-EGFP-F L454W, 366

MeV IC323-EGFP-F T461I,  MeV IC323-EGFP-F N462K all these viruses are from(34)) was 367

used to infect sub-confluent VERO-SLAM cells in 6 well plates (100pfu/well) for 2h at 32°C. 368

MeV HRC4 dimeric fusion inhibitory peptide (1μM) was added to the medium at time points 369

from 15 to 120 min after the beginning of infection. After 2h of incubation with the virus, 370

medium was replaced with medium containing Avicel. Viral titers were assessed after 3 days 371

of incubation at 32°C by immune staining.372

Beta-Galactosidase (Beta-gal) complementation-based fusion assay. The beta-gal 373

complementation-based fusion assay was performed as described previously(34). Briefly, 374

293T cells transiently transfected with the constructs indicated above and the omega reporter 375
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subunit were incubated for the indicated period with cells coexpressing viral glycoproteins 376

and the alpha reporter subunit in presence or not of MeV F HRC derived peptide (40). 377

RBC fusion assay. RBC fusion assays were performed on HEK 293T cells transiently 378

expressing MV H_Y17H HPIV3_T193A chimerae (43) and the indicated MeV Fs. Cell 379

monolayers were washed three times with serum-free medium, placed at 4°C with 1% RBC in 380

DMEM for 30 min, then treated with the indicated peptide and placed at 37°C. Zanamivir was 381

added at a final concentration of 10 mM and the cells were incubated at 4°C,   rocked, and the 382

liquid phase was collected in V-bottomed 96-well plates for measurement of reversibly bound 383

RBCs. The cells were then incubated at 4°C with ACK-Lysing buffer, and the liquid phase 384

was collected in V-bottomed 96-well plates for measurement of irreversibly bound RBCs. The 385

cells were then lysed in lysis buffer and transferred to flat-bottom 96 well plates for 386

quantification of fused RBCs. The amount of RBCs in each of the four compartments 387

(released, reversibly bound, irreversibly bound, and fused) was determined by measurement 388

of absorption at 410 nm. 389

Co-Immunoprecipitation. 293T cells were seeded in biocoated 6-well plates (Corning) at 390

5x105 cells/well and incubated for 24h, at 37o C. Cells were transfected with plasmid vectors 391

encoding for MeV H-6xHis, MeV F (wt, L454W, T461I, N462K ,E455G, L454W/E455G and 392

S262R) and mCherry (6:4:1 mixtures; 2.2 μg/well) using Lipofectamine® 2000 (Invitrogen), 393

according to the manufacturer’s recommendations. Transfected cultures were grown at 32o C, 394

overnight, in the presence of HRC1 peptide (1 M), to minimize cell-cell fusion. mCherry 395

fluorescence was used to monitor cell transfection efficiency after 18h. Prior to cell lysis, cell 396

protein expression was synchronized with cycloheximide (Sigma, 0.1 mg/mL), followed by 397

membrane protein cross-linking with 3,3'-dithiobis(sulfosuccinimidyl propionate) (Sigma; 1 398

mM), at low temperature. The cross-linking reaction was quenched with 20 mM Tris, 150 399

mM NaCl, pH 7.5. Cells were lysed with 50 mM HEPES, 100 mM NaCl, 0.05 g/mL dodecyl 400
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maltoside, pH 7.5, supplemented with complete protease inhibitor cocktail (Roche). Lysates 401

were centrifuged at 16000 g for 10 min to remove nuclei and cell debris, and the supernatant 402

was collected for immunoprecipitation and total protein content analysis. MeV H-6xHis 403

protein was immunoprecipitated from cell lysates using Dynabeads® (Thermo, 1 mg/mL) 404

coated with a 6xHis tag-specific antibody (mouse monoclonal, Thermo, MA1-21315).  405

For Fig.2: Co-immunoprecipitated and cell lysate proteins were analyzed by western blotting, 406

using primary antibodies specific for MeV F HRC (rabbit polyclonal, Genscript, 503028-1) 407

and 6xHis tag (rabbit polyclonal, Thermo, PA1-983B), followed by an HRP-conjugated anti-408

rabbit secondary antibody (Kindle Biosceiences, R1006). Western blots were developed using 409

the SuperSignal West Femto substrate (Thermo) and imaged on a KwikQuantTM Imager UV 410

(Kindle Biosciences).  411

For Fig. 3: Co-immunoprecipitated and cell lysate proteins were analyzed by western 412

blotting, using primary antibodies specific for MeV F HRC (rabbit polyclonal, Genscript, 413

503028-1) and 6xHis tag (rabbit polyclonal, Thermo, PA1-983B), followed by414

WesternBreeze Chromogenic Immunodetection Protocol for detection.  415

416
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2) Pathogénicité des mutants hyperfosogènes du virus de la 
rougeole dans les voies respiratoires 
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Résumé de l’article : 

La mutation L454W dans la F du virus de la rougeole (VR) a été précédemment 
identifiée chez deux patients présentant des séquelles mortelles d'une infection du 
SNC au VR. Il a été montré que cette mutation seule entrainait la dérégulation de la 
machinerie de fusion virale en permettant la fusion des membranes en l'absence de 
récepteurs connus du virus de la rougeole. En 2017, Ha. MN et collègues 1 ont 
retrouvé cette même mutation dans le contexte de l’échappement au traitement par 
des petites molécules inhibitrices de fusion qui augmentent la stabilité de la F telles 
que le FIP, l’AS-48 et le 3G (respectivement Carbobenzoxy-d-Phe-l-Phe-Gly, 4-Nitro-
2-Phenylacetyl Amino-Benzamide, N-[3-cyanophenyl]-2-phenylacetamide). Alors que 
les peptides dérivés du domaine HRC tel que HRC4 bloquent la fusion après 
l'activation de la F, les molécules mentionnées plus haut telles que le FIP, l’AS-48 et 
la 3G stabilise l'état de préfusion de la protéine F en s’insérant dans une poche entre 
la tête et la tige de la conformation en pré-fusion de la F. Ces molécules s’avèrent 
inefficaces pour stabiliser la F du mutant neuroadapté portant la mutation L454W et 
comportent un risque de sélectionner des mutants neuroadaptés du VR. 

Puisque cette mutation a pu émerger sous pression de sélection d’un traitement nous 
nous sommes donc demandé si un virus portant cette mutation pouvait infecter des 
animaux par voie respiratoire. En effet, les données de la littérature suggèrent que 
les mutations d’adaptations du VR au SNC sont défavorables à la propagation inter-
hôtes.  

Ici nous avons posé l’hypothèse selon laquelle, malgré un complexe de fusion viral 
dérégulé, un virus de la rougeole adapté au SNC pourrait, en dehors du contexte 
cérébral, infecter et se propager dans un hôte après une infection intranasale. L’idée 
sous-jacente étant de vérifier si un tel virus perd ou non son pouvoir pathogène et 
donc si sa « non-circulation » repose davantage sur son incapacité à ressortir du 
SNC. Nous avons donc investigué cette piste en infectant deux modèles animaux par 
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voie intranasale avec le virus portant la mutation L454W dans la F. Nous avons 
montré que les souris génétiquement modifiées exprimant le récepteur SLAM de 
façon ubiquitaire et les rats des cotonniers peuvent être facilement infectés par ce 
mutant neuroadapté via les voies respiratoires. Ce virus a été retrouvé dans les 
poumons et dans le cerveau de ces deux modèles et s’est avéré plus pathogène que 
le virus sauvage. De plus, l’administration du peptide inhibiteur de fusion dimérique 
conjugué au cholestérol dérivé du domaine HRC (HRC4) par voie intranasale a 
permis de protéger 100% des animaux infectés par le mutant L454W confirmant ainsi 
la grande efficacité du HRC4 ce pour bloquer la fusion du variant viral L454W, in 
vitro, indépendamment de la présence du récepteur d’entrée.  
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Measles Virus Bearing Measles Inclusion Body Encephalitis-
Derived Fusion Protein Is Pathogenic after Infection via the
Respiratory Route
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ABSTRACT A clinical isolate of measles virus (MeV) bearing a single amino acid al-
teration in the viral fusion protein (F; L454W) was previously identified in two pa-
tients with lethal sequelae of MeV central nervous system (CNS) infection. The muta-
tion dysregulated the viral fusion machinery so that the mutated F protein mediated
cell fusion in the absence of known MeV cellular receptors. While this virus could
feasibly have arisen via intrahost evolution of the wild-type (wt) virus, it was recently
shown that the same mutation emerged under the selective pressure of small-
molecule antiviral treatment. Under these conditions, a potentially neuropatho-
genic variant emerged outside the CNS. While CNS adaptation of MeV was
thought to generate viruses that are less fit for interhost spread, we show that
two animal models can be readily infected with CNS-adapted MeV via the respi-
ratory route. Despite bearing a fusion protein that is less stable at 37°C than the
wt MeV F, this virus infects and replicates in cotton rat lung tissue more effi-
ciently than the wt virus and is lethal in a suckling mouse model of MeV en-
cephalitis even with a lower inoculum. Thus, either during lethal MeV CNS infec-
tion or during antiviral treatment in vitro, neuropathogenic MeV can emerge, can
infect new hosts via the respiratory route, and is more pathogenic (at least in
these animal models) than wt MeV.

IMPORTANCE Measles virus (MeV) infection can be severe in immunocompromised
individuals and lead to complications, including measles inclusion body encephalitis
(MIBE). In some cases, MeV persistence and subacute sclerosing panencephalitis
(SSPE) occur even in the face of an intact immune response. While they are rela-
tively rare complications of MeV infection, MIBE and SSPE are lethal. This work ad-
dresses the hypothesis that despite a dysregulated viral fusion complex, central ner-
vous system (CNS)-adapted measles virus can spread outside the CNS within an
infected host.

KEYWORDS central nervous system infections, in vivo infection, pathogenesis, viral
fusion
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D
espite the availability of a measles virus (MeV) vaccine and ongoing efforts by the
Measles Initiative to increase vaccine coverage, MeV has not been eradicated and

has caused 100,000 to 140,000 deaths globally every year since 2010 (1–3). MeV
eradication by vaccination is complicated by several biological and societal factors,
including incomplete protection in the presence of maternal antibodies (4) and de-
creasing vaccination rates, often related to parental concerns over safety (5). These
factors contribute to the recent resurgence of MeV infection in Europe and the United
States (6).

MeV initially infects activated SLAM/CD150-expressing immune cells in the respira-
tory tract and thereby enters the lymphatic circulation (7). Viral replication occurs in
SLAM/CD150-expressing lymphocytes in draining lymph nodes and is followed by
viremia. Late in infection, MeV infects respiratory epithelial cells after attaching to
nectin-4 expressed on the basolateral membranes of these cells and exits the host for
interhost transmission from the respiratory tract (8, 9).

Cellular infection by MeV starts with attachment to cell surface receptors, followed
by entry that is mediated by fusion between the viral and host membranes. Both initial
steps rely on the concerted actions of the MeV receptor binding (H) and fusion (F)
surface glycoproteins, which together make up the viral fusion complex (10, 11). F is
synthesized as a precursor (F0) that is cleaved within the infected cell prior to egress to
yield the prefusion F, which exists as a homotrimer composed of three C-terminal F1
subunits associated via disulfide bonds with three N-terminal F2 subunits. The newly
produced viral particles bear the trimeric F structure kinetically trapped in a metastable
conformation on the surface of the viral membrane (12). In this metastable conforma-
tion, F can be activated to mediate fusion when the H glycoprotein engages a target
cell surface entry receptor (SLAM/CD150 or nectin-4 for wild-type [wt] strains) (7–9).
Upon receptor engagement, H triggers the prefusion F protein to undergo a confor-
mational change, extending to expose the hydrophobic fusion peptide that inserts into
the host cell membrane. Following insertion, F refolds into a stable postfusion 6-helix
bundle structure, bringing the viral and target cell membranes together to initiate the
formation of the fusion pore. The propensity of F to refold to the postfusion state relies
on the interaction between two complementary heptad repeat (HR) regions at the N
and C termini of the protein (HRN and HRC, respectively). This step of fusion can be
inhibited by peptides corresponding to these HR regions (13).

Days to years after the acute phase of infection, central nervous system (CNS) MeV
infection can lead to fatal complications (14–16). Subacute sclerosing panencephalitis
(SSPE) develops in a small percentage of immune-competent patients several years
after initial infection. SSPE is characterized by persistent infection of the brain and
hypermutated MeV genomic RNA and viral transcripts, as well as defective viral particle
assembly (17–19). Measles inclusion body encephalitis (MIBE) occurs in immunocom-
promised patients days to months after infection or vaccination with the live-
attenuated MeV vaccine (15, 20, 21) and has been suggested to be associated with
hyperfusogenic viral fusion complexes that can mediate viral entry in the absence of
known MeV receptors (22, 23). Mechanisms governing MeV infection and spread in the
CNS remain poorly understood, although CNS invasion seems to require the F protein
and thus may feasibly be targeted by fusion inhibitors (12, 24–26).

MeV CNS infection by viruses bearing F proteins mutated in the HRC domain has
been observed (22, 23, 27, 28), but growth of these viruses outside the CNS was
thought to be impaired (29). Viral isolates from two patients with fatal MIBE contained
F with an L454W mutation (22) that increased the thermal lability of the F protein in its
metastable state. We previously showed that the L454W mutation in F affects cell entry
and that recombinant MeV IC323-F L454W expressing green fluorescent protein spread
in cells that lack a known MeV receptor. In cell-cell fusion assays, transfection with
L454W F alone mediates fusion independently of the H protein (23). This is in distinc-
tion to other hyperfusogenic MeV isolates that depend on H for membrane fusion (30).

Virus bearing L454W F that was isolated from patients could either have arisen de
novo in the CNS or have been present in the circulating wild-type viral population;
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either way, this mutation appears to have undergone positive selection in the CNS. The
virus’s origin could not be determined. A recent report showed that a virus bearing
L454W F emerges under the selective pressure of certain small-molecule fusion inhib-
itors, including fusion inhibitory peptide (FIP) (31). These findings raised the question
of whether a virus bearing this neuropathogenic F protein can be found outside the
CNS and spread within an individual. To address this question, we assessed the L454W
F variant virus in vivo, using an engineered virus expressing enhanced green fluorescent
protein (EGFP) with the mutated F on the background of the IC323 wt MeV strain (MeV
IC323-EGFP-F L454W) and an identical control engineered virus bearing wt F. In cotton
rat lungs, MeV IC323-EGFP-F L454W replicates better than the wt virus. The lethal dose
for MeV IC323-EGFP-F L454W virus in a suckling transgenic mouse model is significantly
lower than for wt virus but similar to the wt virus, and infection can be blocked by
fusion inhibitory peptides. The F L454W mutation thus enhances viral growth in cotton
rat lung tissue and correlates with increased pathogenicity in mice. We pursued the
striking finding that this neuropathogenic MeV with a dysregulated fusion complex is
pathogenic outside the CNS and can infect two animal models by the respiratory route.

RESULTS

F glycoproteins from neuropathogenic measles viruses. We and others have
previously described several mutations in the MeV F glycoprotein (L454W, T461I, and
N462K) in neuropathogenic MeV strains either isolated from patients or generated in
laboratory settings (22, 23, 28). These mutations were associated with decreased
thermal stability of the prefusion metastable state of the F protein. We mapped these
mutations onto structures of the prefusion (MeV F; PDB identifier [ID] 5YXW [12]) and
postfusion (modeled on HPIV3 F; PDB ID 1ZTM [32]) conformations of MeV F (Fig. 1). The
three mutated residues (L454W, T461I, and N462K) were all located within the
C-terminal heptad repeat domain (HRC). In the prefusion structure, the L454Wmutation
causes steric hindrance within the same protomer. The T461I and N462K mutations
map in an �-helical region of the HRC domain. These three mutations occur at the
portion of the HRC domain where the head and stalk regions of the prefusion
conformation meet. Interactions at this junction are likely to be important for stabilizing
the prefusion state, and consequently, mutations in this region would lead to de-
creased stability of the MeV F prefusion structure, as our data have previously sug-
gested (23).

Thermal stability and fusion inhibitor susceptibility of neuropathogenic MeV

variants. Hyperfusogenic variants of MeV F mutated in the HRC domain are less
thermostable than viruses with the wild-type F protein (23). To determine whether
viruses bearing the mutated F proteins are less stable than wt virus, thermal inactiva-
tion profiles were obtained (Fig. 2). Viruses (�1,000 PFU in 100 �l) were incubated at
various temperatures (from 4 to 55°C for the times indicated in Fig. 2). The viral titers
were not affected by 30 min at 4°C. At 37°C, the infectivity of only the F-L454W and
F-N462K variants decreased significantly (to 50% and 12%, respectively). This decrease
correlates with the lower thermal stability of these F proteins (23). Thirty minutes at
45°C abrogated the infectivity of the three mutant viruses by more than 90% compared
to that of the wt, which retained more than 40% of its original viral titer (P � 0.001,
two-way analysis of variance [ANOVA] with Bonferroni’s posttest). After 10 min at 50°C,
only the wt virus was still infectious, becoming noninfectious only after 10 min at 55°C.
These results confirm that the infectivity of recombinant viruses harboring the hyper-
fusogenic mutated F HRC correlates with the lower thermal stability of their respective
fusion proteins (23).

HRC4 fusion inhibitory peptide inhibits fusion and spread by the CNS-adapted

variants. We have shown that a dimeric cholesterol-conjugated fusion inhibitory
peptide (HRC4) blocks infection with wt MeV (G954, WTFb, and IC323 strains) in vitro,
ex vivo, and in vivo in cotton rats and mice (33, 34). Here, fusion inhibition by HRC4 was
assessed in an in vitro cell-cell fusion assay using 293T cell targets expressing either of
the two known MeV receptors (CD150/SLAM and nectin-4) (Fig. 3). We have noted
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this assay to be the most stringent in vitro quantitative measure of viral inhibition. For
these experiments, a small-molecule fusion protein inhibitor, N-(3-cyanophenyl)-2-
phenylacetamide (3G) was assessed in parallel with HRC4. In contrast to the HRC-
derived peptides, which block fusion after F activation, 3G stabilizes the prefusion state
of the F protein (35, 36). The latter mechanism of action is shared by a previously
described fusion inhibitory peptide (FIP; carbobenzoxy [Z]-D-Phe-Phe-Gly), an inhibitor
that elicited resistant viruses, including one bearing an L454W F (31); therefore, we
expected the L454W to be resistant to 3G.

Effector cells transfected with H and either wt F or F L454W were allowed to fuse
with target cells expressing CD150/SLAM, nectin-4, or no known receptor (mock
transfected) in the presence of the HRC4 or 3G fusion inhibitors. After 24 h, fusion was
evaluated using beta-galactosidase complementation (37). The 50% inhibitory concen-
tration (IC50) of HRC4 for MeV F wt was between 10 and 50 nM in the presence of the
SLAM/CD150 or nectin-4. The IC50 of HRC4 for MeV F L454W was below 0.2 nM in the
presence of the SLAM/CD150 or nectin-4 transfected cells, while in the presence of
mock-transfected target cells, we observed almost 100% inhibition even at the lowest
concentration tested (0.2 nM). Note that wt F did not mediate fusion with mock-

FIG 1 Location of substitutions within the F protein from CNS-adapted virus. (A) Schematic of MeV F
fusion peptide (FP) with N-terminal heptad repeat (HRN), C-terminal heptad repeat (HRC), transmem-
brane (TM), and cytoplasmic (CT) domains indicated. (B) Ribbon diagrams representing a crystal structure
of the prefusion conformation of MeV F (left, PDB 5YXW) and a model of a postfusion conformation of
F (right, based on the postfusion HPIV3 F; PDB 1ZTM). The HRN (blue, green, and cyan) and the HRC
(orange, brown, and yellow) domains are identified. Three substitutions (L454W, T461I, and N462K) in the
HRC domain in neuropathogenic strains that side residues of the indicated amino acid position are
represented as a sphere model. Color coding of substitutions: magenta, carbon; blue, nitrogen; and red,
oxygen.
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transfected cells. The IC50 of 3G for MeV F wt was around 10,000 to 20,000 nM in the
presence of the SLAM/CD150 or nectin-4. With 3G for MeV F L454W in the presence of
the SLAM/CD150 or nectin-4 transfected cells, the IC50 was reached only at the highest
concentration used (100,000 nM). The IC50 dropped in the presence of mock-
transfected target cells to �50,000 nM. Thus, susceptibility to HRC-derived fusion
inhibitors was higher for the F L454W than for the wt F. For 3G, we confirmed the
previous findings that the L454W mutation in F confers resistance to this fusion
inhibitor (12, 31, 35, 36).

The antiviral activity of HRC4 and 3G was next assessed against MeV IC323-EGFP-F
L454W live virus infection (Fig. 4). Since the virus bearing L454W F spreads in the
absence of a known MeV entry receptor (23), we compared the inhibitory efficacies in
Vero cells expressing SLAM/CD150 (Vero-SLAM) and Vero cells that express no known
MeV receptor (Fig. 4). After a 90-min infection with either wt IC323-EGFP or IC323-
EGFP-F L454W viruses, cells were treated with the compounds and visualized at several
time points (24, 48, and 72 h). Without treatment, the two viruses spread and formed
large syncytia after 48 h in Vero-SLAM cells. In Vero cells (without receptor), MeV wt did
not spread, while MeV IC323-EGFP-F L454W formed syncytia that were smaller than
those formed in the presence of CD150/SLAM. The 3G posttreatment at 2,000 nM
resulted in a reduction of syncytium size formed by wt MeV in Vero-SLAM cells but had
no significant effect on the F L454W mutant in either cell type. HRC4 peptide treatment
blocked both viruses in the presence or absence of receptor. The finding that HRC4 but
not 3G inhibits MeV IC323-EGFP-F L454W suggests that HRC4 minimizes viral spread by
inhibiting activated F from proceeding to fusion. Additional data are shown in Fig. S1
in the supplemental material.

Pathogenesis and protection against lethal infection with MeV IC323-EGFP-F

L454W in vivo. Growth of MeV IC323-EGFP-F L454W in lung tissue was assessed in
cotton rats (Fig. 5A). Cotton rats were infected intranasally with 105 50% tissue culture
infective dose (TCID50) of recombinant MeV IC323 bearing the wt F or the mutated
L454W F. Four days postinfection, the animals were sacrificed and the lung viral titers
were assessed. There were significantly more infectious particles in the lungs of animals
infected with the hyperfusogenic mutant (L454W F) than in those infected with the wt
virus (P � 0.001, Mann-Whitney U test).

As a complementary infection model, we assessed wt MeV IC323-EGFP and MeV
IC323-EGFP-F L454W infection in a SLAM transgenic suckling mouse model of MeV
lethal encephalitis that we have previously used for wt MeV infection (33) (Fig. 5B).
Suckling mice were infected intranasally with either 5,000 or 10,000 PFU of wt MeV
IC323-EGFP. Half of the animals died with the lowest dose (4 of 8) and only 1 of 7
animals survived the highest viral dose, suggesting that 5,000 PFU was approximately

FIG 2 Thermal stability of MeV IC323 viruses bearing wild-type and mutant F proteins. Viruses bearing
the indicated F proteins (x axis) were incubated at the indicated temperatures and times. The y axis
represents the percentage infectivity (on Vero SLAM) compared to viruses incubated at 4°C. Results are
expressed as means � standard deviations from 3 separate experiments performed in triplicates. ***,
P � 0.001 by two-way ANOVA with Bonferroni’s posttest.
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the 50% lethal dose (LD50) for the wt virus. Suckling mice were infected with 500 PFU
of the MeV IC323-EGFP-F L454W variant (Fig. 5C). This dose led to 80% lethality within
12 days, suggesting that this dose was above the LD50. To better understand whether
F L454W mutation would confer the ability to MeV to propagate faster in vivo, we
intranasally coinfected SLAM transgenic suckling animals with 1,000 PFU of both MeV
IC323-tdTomato-F wt and the MeV IC323-EGFP-F L454W variant. After 4 days, we only
detected EGFP (by immune staining) in lungs, in meninges, and in neural cells in brain
parenchyma (i.e., ventricle, cortex, and cerebellum areas) in all animals (Fig. 5D to G).
Infection with MeV IC323-tdTomato-F wt was not detected after 4 days, a result that is
consistent with the late infection observed with other wt MeV (38) These results
suggest that virus bearing the F L454W mutation infects better and spreads more
efficiently in both lung and CNS than the wt in this animal model.

Intranasal administration of HRC4 fusion inhibitory peptides protected SLAM trans-
genic suckling mice from fatal CNS infection with wt MeV (33). To evaluate the efficacy
of HRC4 prophylaxis against MeV IC323-EGFP-F L454W in vivo, an infection was per-
formed with 5,000 PFU of virus either with or without intranasal administration of HRC4
peptide 24 h before and 4 h after infection (33) (Fig. 6). Although 5,000 PFU infection
was 100% lethal for untreated mice between day 7 and day 14 after infection, all
infected animals that were treated with HRC4 24 h before and 4 h after infection
survived. Thus, the pretreatment with HRC4 resulted in 100% survival (P � 0.0001,
Mantel-Cox test) despite the very high viral inoculum, and the treated animals had no
clinical manifestations.

DISCUSSION

Central nervous system (CNS) complications may occur soon after acute MeV
infection in the case of acute encephalomyelitis or years after infection, as a result of
viral persistence in SSPE. SSPE has recently been noted to be more common than

FIG 3 Inhibition of cell fusion of cells transiently expressing MeV F and MeV receptors. HEK 293T cells were
cotransfected with either MeV IC323-WT F (A, C) or MeV IC323-F L454W (B, D), �-subunit of �-galactosidase, and
wt IC323 MeV H. Transfected cells were subsequently overlaid 3 h posttransfection with HEK 293T cells expressing
the indicated receptors (nectin-4, SLAM/CD150, or no receptor; only for F L454W, since wt F does not mediate
fusion in the absence of receptor) and the �-subunit of �-galactosidase in the presence of decreasing concentra-
tions of HRC4 (A, B) or 3G (C, D). Cells were then incubated overnight to permit fusion. Resulting luminescence from
�-galactosidase activity was quantified using Tecan Infinite M1000 Pro. Results depict means and standard errors
of the means (SEMs) from two (3G) or three (HRC4) biological replicates of three technical replicates each. Dotted
lines indicate 50% inhibition.
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FIG 4 Inhibition of viral spread. Effect of fusion inhibitors on the areas of plaques formed by the MeV wt (A) and CNS-adapted variant virus bearing
the L454W F (B) in infected Vero or Vero SLAM cells. The indicated fusion inhibitors were added after the 120-min adsorption period. Pictures were
taken 24, 48, and 72 h postinfection using a ZOE Fluorescent cell imager (Bio-Rad) (bars, 100 �m). Areas of infection in pixels were measured using
ImageJ software on images randomly acquired from separate experiments. ns, not significant; *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001
(two-way ANOVA, n � 3 at least).
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previously thought and may occur in up to 1 in 600 children infected under 1 year of
age (1). The third form of MeV-induced CNS disease, progressive infectious encephalitis
or measles inclusion body encephalitis (MIBE), occurs in immunosuppressed patients
several months after MeV infection (22, 39, 40). Acute encephalomyelitis does not seem
to be associated with active viral growth in the CNS, while both SSPE and MIBE are
associated with viral propagation in the CNS.

In a recent South African MeV outbreak (2014), 8 HIV-infected patients died of fatal
MeV CNS manifestations (41). The F protein component of the MeV virus fusion
complex recovered from the CNS of patients who suffered fatal MIBE is altered, so that
F is activated in the absence of a known receptor for H (23). The usual balance
maintained by F between stability of the prefusion state and activation is skewed
towards activation in these isolates. The F proteins from two separate patient isolates

FIG 5 In vivo infection with virus bearing the L454W F. (A) Cotton rats (n � 8) were infected intranasally with MeV
IC323-EGFP and MeV IC323-EGFP F L454W F viruses and were euthanized at 4 days postinfection. MeV titration of
lung homogenates showed that L454W F bearing virus grew to a significantly higher titer than wt virus in cotton
rats (P � 0.001 by the Mann-Whitney U test). The limit of viral detection was 102 median tissue culture infective
dose per gram of tissue (TCID50/g). (B) CD150/SLAM suckling mice were infected intranasally with either 5,000
(n � 10) or 10,000 (n � 7) PFU of MeV IC323-EGFP. (C) CD150/SLAM suckling mice were infected intranasally with
500 PFU of MeV IC323-EGFP-F L454W (n � 5). Cryosections of lungs (D) and brain areas (E to G) collected from
CD150/SLAM suckling mice (n � 3) coinfected intranasally with 1,000 PFU of both MeV IC323-tdTomato and MeV
IC323-EGFP-F L454W (at day 4 postinfection) were stained using anti-GFP (green) and anti-tdTomato (red)
antibodies. Nuclei were counterstained with DAPI (blue). (D) Lung section. (E) Brain ventricle area (white arrows
indicate the infection in meninges). (F) Cortex parenchyma. (G) Cerebellum. Scale bars, 100 �m.
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from the outbreak contained one specific amino acid alteration at position 454 (L454W)
that increased fusion even in the absence of H and markedly decreased the thermal
stability of F (23). Alterations in the fusion complex have been linked to CNS adaptation
and to increased neuropathogenesis (28).

MeV is a uniquely human pathogen, and none of the currently available in vivo
models completely represent the CNS sequelae. The best current model for acute
measles infection is the nonhuman primate. However, in studies in rhesus, cynomolgus,
and squirrel monkeys, CNS manifestations have not been described (8, 42–48). We
showed here that MeV bearing the MIBE-derived L454W F infects two animal models of
MeV infection via the respiratory route. In cotton rat lungs, the mutant virus grew at
even higher titers than the wt virus, indicating that L454W F may confer an advantage
in this model. The lethal dose in suckling mice for L454W F bearing virus was lower than
500 PFU, in contrast to a lethal dose of around 5,000 PFU for wt virus. These two animal
models suggest that the virus bearing the L454W F is pathogenic in vivo.

Previous experiments with MeV F proteins bearing mutations at position T461I and
S103I/N462S/N465S—found in virus isolates from patients with SSPE—showed that
these mutations permit the spread of virus in the CNS after intracranial inoculation in
small animal models lacking known MeV receptors (28, 29). However, those viruses did
not spread after intraperitoneal inoculation (29). In this study, intranasal infection of
suckling SLAM transgenic mice led to viral spread in the CNS. This difference might be
explained by factors, including the specific virus used, the animal model, receptor
expression, and/or infection route. Our results in suckling CD150/SLAM receptor trans-
genic mice show that the MeV bearing F L454W can infect via the natural route of MeV
infection, reach the CNS, and cause lethal disease. The wt virus in this model requires
a significantly higher viral load and more time to achieve CNS infection and lethality.
Host-to-host transmission was not assessed here, but the lower thermal stability of the
viruses bearing the unstable F suggests that these viruses may be at a disadvantage for
transmission, as they may more readily become inactivated before reaching the correct
target cells. Future work will assess the pathogenicity of the L454W mutation in the
context of the original B3 strain, where this mutation was initially found, with and
without the additional coding and noncoding mutations found in the clinical samples
(22, 23).

There are no specific therapies for acute complications of MeV or for persistent MeV
CNS infections (24, 26, 49–51). For MeV cerebral infection, the only available antiviral
therapy is ribavirin, which is unlikely to offer significant benefit. Ribavirin prophylaxis in
a mouse model of MeV infection resulted in only 60% survival (52), in contrast with
HRC4 peptide prophylaxis, which resulted in 100% survival in a similar model (34). A
peptide-based prophylactic approach prevents lethal infection in CD150/SLAM trans-

FIG 6 Fusion inhibitory peptides protect from lethal infection with virus bearing the L454W F in vivo.
SLAM suckling mice were infected intranasally with 5,000 PFU of MeV IC323-EGFP-F L454W. A subset of
animals infected with 5,000 PFU (n � 9) was treated with HRC4 peptide intranasally (6 mg/kg) the day
before and 4 h after infection (as we have previously done for wt virus [33]). The mock-infected group
received vehicle at the same time (n � 11). The Mantel-Cox test was used for the survival comparison
analysis. ***, P � 0.0007.
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genic suckling mice infected with wt MeV (33) and MeV bearing L454W F (Fig. 6). An
anti-MeV strategy that combines vaccines and antivirals would contribute to better
management of infected individuals and prevention and treatment of complications
and could support public health objectives, including that of global eradication (53, 54).

The CNS-adapted viruses we describe are sensitive to the fusion inhibitory peptides,
which act after the activation of conformational transformation in F. However, these
viruses are resistant to antivirals that stabilize the prefusion state of F (35). Therapies
designed to stabilize prefusion F protein are in an advanced stage of development for
a related virus, respiratory syncytial virus (55). For MeV, small molecules targeting
prefusion F have been identified, but resistance to these inhibitors quickly arose. For
3G—the inhibitor used in this study alongside the inhibitory peptides—resistance
occurred due to a mutation at position 462 (N462K) in F, one of the mutants we
analyzed here (35, 36, 56–58). The N462K F was inherently destabilized but was retained
in the prefusion state in the presence of inhibitor (35, 36). FIP was reported to have a
mechanism of action similar to 3G (12, 31), suggesting that MeV with L454W F may
emerge under the selective pressure of a fusion inhibitor (31), and MeV bearing the
L454W F was resistant to the inhibitory activity of 3G (Fig. 3 and 4; see also Fig. S1 in
the supplemental material). These findings suggest that an antiviral strategy based on
retaining F in its prefusion state, at least for MeV, may carry the risk of eliciting the
emergence of neurotropic variant viruses.

MATERIALS AND METHODS

Ethical statement. All in vivo experiments with mice were performed by C. M. and C. D. (accredited
by the French veterinary service) according to the French national charter on the ethics of animals, class
2, 3, and 4 genetically modified organisms (GMO) authorization number 5854. The in vivo protocol was
also according to French ethical committee (CECCAPP) regulations, accreditation number CECCAPP_
ENS_2015_011. All experiments performed in cotton rats were approved by the Institutional Animal Care
and Use Committee of The Ohio State University.

Peptides and chemicals. MeV F-derived fusion inhibitory peptide HRC4 was previously described
(33). Briefly, peptide dissolved in dimethyl sulfoxide (DMSO) was added to cholesterol-polyethylene
glycol 4 (PEG4)-bis-maleimide dissolved in tetrahydrofuran followed by addition of N,N-diisopro-
pylethylamine to the solution. The solution was left stirring at room temperature for 3 h and then purified
by C4 prep column (Phenomenex Jupiter C4 liquid chromatography [LC] column, 300 Å) using as eluents
0.1% trifluoroacetic acid in water (A) and 0.1% trifluoroacetic acid in acetonitrile (B) and the following
linear gradient: 30% to 80% in 20 min to 100% in 3 min, washing step at 100% for 5 min, flow 20 ml/min.
The product of lyophilization was a white powder confirmed by matrix-assisted laser desorption
ionization (MALDI) to be HRC4: HRC4 expected mass, 10076.4; HRC4 observed mass, 10075.4. N-(3-
cyanophenyl)-2-phenylacetamide (also known as 3G [35, 36]) was commercially acquired from ZereneX
Molecular Limited (UK). The purity of 3G was tested by high-pressure liquid chromatography (HPLC) and
shown to be �95% pure.

Cells. Vero and Vero-SLAM (African green monkey kidney) (7) cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen, Thermo Fisher Scientific) supplemented with 10% fetal
bovine serum (FBS) and antibiotics in 5% CO2. The 293-3-46 (59) and Vero-SLAM culture media were
supplemented with Geneticin 1 mg/ml (Thermo Fisher Scientific).

Recombinant virus production and analysis. MeV IC323-EGFP (60) is a recombinant virus gener-
ated by reverse genetics using a plasmid (kindly provided by Yusuke Yanagi, Kyushu University, Fukyoka,
Japan) coding for the IC323 MeV strain consensus sequence and containing an EGFP expression cassette
between the leader sequence and the N viral gene.

To generate the L454W variant, the mutated F fragment was generated by PCR, inserted into the
p(�)MeV_IC323-EGFP plasmid, and digested with the restriction enzymes NruI and PacI. For the MeV
IC323-tdTomato plasmid, the EGFP fragment was removed from the p(�)MeV_IC323-EGFP plasmid by
digestion with AscI and AatII and replaced by a PCR fragment encoding tdTomato. The PCR fragments
were inserted using the In-Fusion HD Cloning kit (TaKaRa). Modified plasmids were then amplified in
Escherichia coli Stellar bacterial cells, extracted using the NucleoBond Xtra plasmid Midiprep kit
(Macherey-Nagel), and sequenced.

MeV IC323 recombinant viruses were rescued in 293-3-46 cells as previously described (59). All
viruses were propagated and the titers determined in Vero-SLAM cells. Briefly, 2 � 105 293-3-46 cells
were seeded in 6-well plates. The following day, cells were transfected using a ProFection mammalian
transfection system, calcium phosphate kit (Promega) according to manufacturer’s recommendations
with 10 �g of plasmid encoding the full-length viral genome and 40 ng of pEMC-MeV-L. The next day,
supernatant fluids were replaced with DMEM supplemented with 10% FBS, incubated at 42°C for 3 h, and
replaced at 37°C in 5% CO2. Three days after transfection, cells were mechanically detached by pipetting
up and down and overlaid onto Vero-SLAM cells in a 10-cm culture dish. The cells were incubated for 3
to 4 days at 37°C in 5% CO2 until the appearance of syncytia. For the production of the initial passage
(i.e., P0), single syncytia were collected by scraping using a tip and pipetting in 20 �l and transferred onto
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fresh Vero-SLAM cells in a well of a 6-well plate. When syncytia covered approximately 80% of the well’s
surface, the cells and the supernatant fluid were collected by scraping and were frozen at 	80°C until
use (P0 production). The passage 1 (P1) stock was made by using 300 �l of the P0 to infect a 70%
confluent T150 flask of Vero-SLAM in 15 ml of Opti-MEM (2 h at 37°C). After 2 h, 15 ml of DMEM-10% FBS
was added to the culture, and cells were incubated for 2 to 4 days at 32°C in 5% CO2 until 70% to 90%
infection. The virus was collected in a small volume of Opti-MEM by scraping the cells and exposed to
2 cycles of freezing and thawing at 	80°C to lyse cells and detach the virus particles. Cell debris was
removed by centrifugation for 10 min at 400 � g, and the viral stock in the supernatant fluid was
aliquoted and kept at 	80°C. After titration, the passage 2 (P2) stock was made by infecting
Vero-SLAM at a multiplicity of infection (MOI) of 0.03 using the P1 viral stock and collected the same
way as for the P1.

Structural modeling. Twenty models were produced for the wild-type (wt) measles virus fusion
glycoprotein (MeV F) using the protein homology server Phyre2 (61) based on the postfusion structure
of hPIV3-F as a template (PDB ID 1ZTM) (62). The resulting models were subsequently optimized via
Dunbrack rotamer library and the REF15 scoring function through the PyRosetta (63, 64), resulting in a
model for the conformation of the postfusion MeV-F. The crystal structure is represented for the
prefusion MeV-F (PDB ID 5YXW) (12). All structural figures were produced using PyMol (http://www
.pymol.org/).

Infectivity of MeV variants. Aliquots of equal volumes of DMEM containing 1,000 PFU of virus (MeV
IC323-EGFP, MeV IC323-EGFP-F L454W, MeV IC323-EGFP-F T461I, and MeV IC323-EGFP-F N462K) were
incubated at a range of temperatures from 4 to 55°C for 5 to 30 min. The titers from samples were then
determined on Vero-SLAM cells in triplicates. Results are presented as means � standard deviations from
3 separate experiments.

�-Gal complementation-based fusion assay. To quantify cell-to-cell fusion, we used a fusion assay
based on alpha-omega complementation of �-galactosidase (�-Gal) that was previously described (37,
65). Briefly, 293T cells transiently transfected with the omega reporter subunit and the receptor plasmids
were incubated with cells coexpressing viral glycoproteins and the alpha reporter subunit in the
presence or absence of MeV F HRC4 dimeric fusion inhibitory peptide or 3G. Cell fusion, which leads to
�-Gal complementation, was stopped by lysing the cells, and the luminescence after adding the
Galacton-Star substrate (Applied Biosystems) was measured on an Infinite M1000 Pro (Tecan) microplate
reader.

Plaque enlargement assay. Vero or Vero-SLAM cells were plated in 12-well plates (2 � 105 cells/
well). The following day, cells were infected either with MeV IC323-EGFP or with MeV IC323-EGFP-F
L454W (100 PFU/well for Vero-SLAM and 500 PFU/well for Vero cells) for 2 h at 32°C. The medium was
replaced with medium containing 2% of methylcellulose Avicel/2� complete medium (1:1) and serial
dilutions of either N-(3-cyanophenyl)-2-phenylacetamide, referred to as 3G (35), or MeV F-derived HRC4
dimeric fusion inhibitory peptide (33, 34). After 24 h, 48 h, or 72 h, medium was removed, cells were
rinsed with phosphate-buffered saline (PBS), and pictures were obtained on a ZOE Fluorescent cell
imager (Bio-Rad). Areas of infection in pixels were measured using ImageJ software on images randomly
acquired from separated experiments (n � 3 at least; analyzed by two-way ANOVA).

In vivo experiments. (i) Mice. One-week-old SLAM transgenic (tg) mice, highly susceptible to MeV
infection (33, 38), were infected intranasally (i.n.) by inoculation of 5 �l of Opti-MEM (Thermo Fisher
Scientific) containing either 500 or 5,000 PFU of MeV IC323-EGFP-F L454W. Infection with MeV IC323-
EGFP F wt was performed with 5,000 or 10,000 PFU. Animals were treated with HRC4 i.n. (6 mg/kg) 24 h
before and 4 h after infection (5 �l of peptide). Mock groups received vehicle (Milli-Q water containing
10% DMSO). All animals were observed daily for 21 days, and those showing clinical signs, including
neurological symptoms, ataxia, or lethargy, were euthanized. SLAM tg mice (male and female, bred at the
Institute’s animal facility, PBES, ENS-Lyon) were handled in strict accordance with good animal practice
as defined by the French National Charter on the Ethics of Animal Experimentation.

(ii) Cotton rats. Inbred cotton rats (Sigmodon hispidus) were purchased from Envigo, Inc., Indianap-
olis. Both male and female cotton rats aged 5 to 7 weeks were used. For i.n. infection, 105 TCID50 of MeV
IC323-EGFP F wt or MeV IC323-EGFP-F L454W in PBS was inoculated intranasally to isoflurane-
anesthetized cotton rats in a volume of 100 �l. Four days after infection, the animals were euthanized by
CO2 inhalation, and their lungs were collected and weighed. Lung tissue was minced with scissors and
homogenized with a glass dounce homogenizer. Serial 10-fold dilutions of supernatant fluids were
assessed for the presence of infectious virus in 48-well plates using cytopathic effect (CPE) in Vero SLAM
cells as the endpoint. Plates were scored for CPE microscopically after 7 days. The TCID50 was calculated
as described previously (33).

Coinfection and immunofluorescence. One-week-old SLAM tg mice (n � 3) received 1,000 PFU of
both MeV IC323-tdTomato F wt and MeV IC323-EGFP-F L454W intranasally in 5 �l of Opti-MEM. After
4 days, the animals were euthanized by cervical dislocation, and the brains and lungs were collected.
Organs were fixed overnight in 4% paraformaldehyde (PFA), washed in 1� Dulbecco’s phosphate-
buffered saline (DPBS), placed in 30% sucrose, and frozen in cold isopentane on dry ice. Cryosections
(7-�m thick) were dried for 30 min at room temperature (RT) and permeabilized and blocked in 1�
DPBS-4% FBS-0.3% Triton X-100 for 20 min at RT. Sections were incubated in 1� DPBS-4% FBS-0.3%
Triton X-100 containing mouse anti-GFP (catalog number AB1218; Abcam) (1:500) and goat anti-
tdTomato (catalog number AB8181-200; Sicgen antibodies) (1:500) for 1 h at RT. After 3 washes (5 min
each) in 1� DPBS, tissue sections were incubated in 1� DPBS-4% FBS-0.3% Triton X-100 containing the
secondary donkey anti-rabbit conjugated with Alexa 488 and donkey anti-goat conjugated with Alexa
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555 antibodies (1:500 each) for 1 h at RT. Nuclei were counterstained with DAPI (4=,6-diamidino-2-
phenylindole).

Statistical analysis. The Mantel-Cox test was used for the survival comparison analysis. The two-way
ANOVA with Bonferroni’s posttest was used to compare the thermal stability of the different viruses and
to compare plaque enlargement in the presence or absence of receptor and/or antiviral compound. All
other statistical comparisons were performed using the Mann-Whitney U test. All analyses were per-
formed with GraphPad Prism 5 software.
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b. Tropisme initial de mutants hyperfusogènes du virus de la rougeole dans le 
système nerveux central 

 

L’objectif de cette partie est de déterminer le tropisme précoce de l’infection du 
système nerveux central par les mutants hyperfusogènes du VR en comparaison 
avec le virus sauvage. Pour répondre à cette question j’ai infecté des cultures 
organotypiques de cervelet de hamster avec différents VR recombinants MeV-IC323-
eGFP-exprimant la F sauvage (wt), ou la F avec des mutations dans la F identifiées 
dans des cas d’encéphalites PESS ou MIBE : F-T461I, F-L454W, F-L454W/E455G, 
F-G168R/E170G, F-G168R/E170G/S262G et F-S262G. Tous ces virus ont été 
reconstitués au laboratoire par génétique inverse et amplifiés en cellules Vero-SLAM 
à 32°C. Les plasmides utilisés pour générer ces virus ont été clonés à partir du 
plasmide codant pour le virus sauvage MeV-IC323-eGFP-F-WT. 

Tout d’abord la susceptibilité des COC à l’infection par ces mutants a été vérifiée. 
Les COC ont été infectées par 1000 PFU de virus le jour de la coupe. La 
dissémination virale a été suivie par microscopie à épifluorescence et a été quantifiée 
(réplication et transcription) par RT-qPCR (Figure 16). Quatre jours après l’infection, 
dans le cas des virus Fwt et F-L454W/E455G seules quelques particules sont 
rentrées dans quelques cellules (identifiables par la fluorescence de la GFP) sans 
parvenir à infecter les cellules voisines (Figure 16, A et D). Par contre, à 4 jours, les 
virus F-T461I et F-L454W se sont largement disséminés dans les coupes (Figure 16, 
B et C) et les virus F-G168R/E170G et F-G168R/E170G/S262G ont aussi formé des 
foyers d’infection bien que plus petits. Les quantifications des copies de N par μg 
d’ARN confirment ces observations avec notamment une augmentation de 2 log pour 
le virus F-L454W. (Figure 16, I). Ces résultats confirment que les mutations 
retrouvées dans les séquences virales isolées de cerveaux de patients souffrant de 
SSPE ou MIBE favorisent la dissémination virale dans le SNC en absence de 
récepteur connu alors que le virus sauvage ou un virus portant une mutation de 
compensation capable de rétablir la stabilité de la F (E455G) est incapable de se 
disséminer dans ces conditions. 

Dans le but de comparer le tropisme précoce des mutants hyperfusogènes avec le 
virus de la rougeole sauvage dans le SNC des COC de hamsters ont été infectées 
par 104 PFU avec les virus F-wt, F-L454W et F-T461I. Les premières cellules 
infectées ont été analysées par marquages immunofluorescents (Figures 17, 18, 19, 
20) et par cytométrie en flux. L’observation en microscopie à fluorescence a montré 
l’infection de neurones et d’astrocytes par le virus F-wt (Figure 17, B, C). De plus le 
marquage Tuj-1 (clone de l’anticorps marquant la beta-III-Tubuline), marqueur de 
neurones, colocalise rarement avec l’eGFP des cellules les plus infectées même si 
l’apparence des cellules porte à croire qu’il s’agit bien d’un neurone. Les zones de 
colocalisations sont visibles lorsque l’infection est très faible (Figure 17, C3, D3) et on 
peut émettre l’hypothèse que l’infection entraine une désorganisation du 
cytosquelette des cellules, expliquant une perte d’expression de la beta-III-Tubuline. 
Dans le cas de l’infection par les virus hyperfusogénes F-L454W et F-T461I les 4 
populations microglies, astrocytes, oligodendrocytes et neurones sont infectées 
(Figure 18 et Figure 19). Par contre l’absence de colocalisation de l’eGFP avec le 
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marquage NeuN représentant les neurones granulaires ou le marquage CB28K 
représentant les neurones de Purkinje indiquent que ces types de neurone seraient 
non permissifs au VR. Seuls les neurones exprimant la beta-III-tubuline semblent 
positifs à l’infection par les variants hyperfusogènes. Le fait que l’on retrouve de 
l’infection dans les 4 types cellulaires pour les virus hyperfusogènes F-L454W et F-
T461I n’est pas surprenant étant donné leur capacité à infecter indépendamment de 
l’expression des récepteurs d’entrée connus et que ces mutations ont émergé dans 
des cas d’encéphalites rougeoleuses chez l’Homme. Les résultats des marquages 
immunofluorescents sont résumés dans le Tableau 3 ci-dessous. Il est important de 
noter cependant que les résultats négatifs représentent l’absence d’observation de 
colocalisation de l’eGFP avec les types cellulaires marqués ne sont qu’une indication 
qualitative qui ne permet pas de garantir l’absence totale d’infection de ces types 
cellulaires.  

 

Tableau 3 : Infection des différents types cellulaires du SNC par des mutants 
du virus de la rougeole à un temps précoce après infection 

 IC323-eGFP-F-
WT 

IC323-eGFP-F-
L454W 

IC323-eGFP-F-
T461I 

Tubuline des neurones + + + 
Astrocytes + + + 
Oligodendrocytes - + + 
Microglies - + + 
Neurones granulaires - - - 
Neurones de Purkinje - - - 
(+) observation de colocalisation entre les cellules infectées et les cellules d’intérêt,  
(-) pas de colocalisation observée.  
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Figure 16 : Dissémination virale des virus mutants dans leur protéine F en 
cultures organotypiques de cervelet de hamster. 

Les cultures organotypiques de cervelet (COC) de hamster ont été infectées le jour 
de la coupe avec 1000 PFU de virus de la rougeole sauvage ou comportant des 
mutations dans la F. A-F) Photos des COC 4 jours post infection. Les cellules 
exprimant l’eGFP témoignent de la réplication virale. Les photos ont été prises par le 
mircroscope Nikon Eclipse Ts2R microscope à 200 millisecondes (ms) d’exposition 
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pour A, D, E, F et 50 ms d’exposition pour B et C et reconstituées en utilisant le plug-
in Stitching plug-in avec le logiciel ImageJ  494. G-L) Quantification des copies de N 
par μg d’ARN pour chaque virus à 0, 1 et 4 jours post infection (n=5). Barre d’échelle 
= 1mm. 
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Figure 17 : Tropisme précoce de l’infection par le virus de la rougeole 
sauvage en cultures organotypiques de cervelet de hamster. 

Les cultures organotypiques de cervelet (COC) ont été infectées par 104 PFU du 
virus IC323-eGFP-F-wt le jour de la coupe, traitées par 1μM de peptide inhibiteur de 
fusion à 24 heures post infection et fixées en formaldéhyde 4% à 48 heures post 
infection. A) Marquages immunofluorescents (IF) des microglies (iba1) et des 
oligodendrocytes (Olig-2). B) Marquages IF des astrocytes (GFAP) et des neurones 
granulaires. C) Marquages IF de la tubuline présente dans les neurones (Beta-III-
Tubulin, clone TUJ1), C1, C2, C3) et D1, D2, D3) zoom sur les zones de 
colocalisations de la fluorescence eGFP et du marquage Beta-III-Tubulin. La 
fluorescence verte correspond aux cellules infectées exprimant l’eGFP. Les images 
ont été prises avec le microscope Zeiss Axio Observer avec le système confocal 
LSM 980 et analysées avec le logiciel ImageJ. Les flèches pointent les zones de 
colocalisations entre les cellules infectées et le marquage d’intérêt. Barres 
d’échelles = 20μm. 
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Figure 18 : Tropisme précoce de l’infection par le virus mutant IC323-eGFP-F-
L454W en cultures organotypiques de cervelet de hamster. 

Les cultures organotypiques de cervelet (COC) ont été infectées par 104 PFU du 
virus IC323-eGFP-F-L454W le jour de la coupe et fixées en formaldéhyde 4% 24 
heures post infection. A) Marquages immunofluorescents (IF) des microglies (iba1) et 
des oligodendrocytes (Olig-2). B) Marquages IF des astrocytes (GFAP) et des 
neurones granulaires. C) Marquages IF des neurones de Purkinje (CB-28k) et de la 
protéine de myéline basique (MBP) des oligodendrocytes. D) Marquages IF de la 
tubuline présente dans les neurones (Beta-III-Tubulin, clone TUJ1). La fluorescence 
verte correspond aux cellules infectées exprimant l’eGFP. Les images ont été prises 
avec le microscope Zeiss Axio Observer avec le système confocal LSM 980 et 
analysées avec le logiciel ImageJ. Les flèches pointent les zones de colocalisations 
entre les cellules infectées et le marquage d’intérêt. Barres d’échelles = 20μm. 
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Figure 19 : Tropisme précoce de l’infection par le virus mutant IC323-eGFP-F-
T461I en cultures organotypiques de cervelet de hamster. 

Les cultures organotypiques de cervelet (COC) ont été infectées par 104 PFU du 
virus IC323-eGFP-F-T461I le jour de la coupe et fixées en formaldéhyde 4% 24 
heures post infection. A) Marquages immunofluorescents des microglies (iba1), B) 
des oligodendrocytes (Olig-2), C) des astrocytes (GFAP) et D) de la tubuline 
présente dans les neurones (Beta-III-Tubulin, clone TUJ1). La fluorescence verte 
correspond aux cellules infectées exprimant l’eGFP. Les images ont été prises avec 
le microscope Zeiss Axio Observer avec le système confocal LSM 980 et analysées 
avec le logiciel ImageJ. Les flèches pointent les zones de colocalisations entre les 
cellules infectées et le marquage d’intérêt. Barres d’échelles = 20μm. 
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Pour évaluer de façon quantitative la distribution des cellules infectées et la 
contribution des cellules du SNC au début de l’infection par les virus mutants F-
L454W et F-T461I une analyse par cytométrie en flux a été réalisée. Les cultures 
organotypiques de cervelet de hamster (COC) ont été infectées par 104 PFU. 24 
heures post infection, les cultures ont été dissociées par une digestion à la papaïne 
et les cellules vivantes ont été marquées en surface par des anticorps anti-GABA, 
anti-Glast, anti-GalC et anti-CD68 ciblant respectivement les neurones, les 
astrocytes les oligodendrocytes, et les microglies (Figure 20). L’analyse de la 
distribution de l’infection, c’est-à-dire le pourcentage de chaque type cellulaire parmi 
les cellules infectées montre que les virus F-L454W et F-T461I ciblent 
majoritairement les neurones avec plus de 55% de cellules infectées positives au 
marquage GABA (Figure 20, A). Les astrocytes sont la deuxième population 
cellulaire la plus ciblée par l’infection suivis des oligodendrocytes et des microglies 
pour F- L454W et des microglies puis des oligodendrocytes pour le F-T461I. La 
somme des pourcentages supérieure à 100% s’explique par le fait que la 
dissociation du tissu conduit à la libération de fragments myélinisés 
d’oligodendrocytes se collant à toutes les cellules, ce qui implique une surévaluation 
potentielle de cette population et une difficulté d’exclure finement ces faux positifs. 
De plus, à une moindre échelle, certaines cellules expriment les différents marqueurs 
utilisés ici à différents niveaux pouvant légèrement biaiser l’observation. Cependant 
la proportion de chaque catégorie de cellules est identique dans les contrôles non 
infectés et cette surévaluation de certaines populations n’est donc pas une 
conséquence de l’infection. 
Le pourcentage de cellules infectées au sein de chaque population cellulaire a été 
analysé également. Les résultats montrent que les microglies, bien que représentant 
seulement 0,5% des cellules totales contribuent grandement à l’infection avec plus 
de 30% d’infection des microglies infectées, aussi bien par le mutant L454W que par 
le mutant T461I (Figure 20, B). 
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Figure 20 : Evaluation de la distribution des cellules infectées et de la 
contribution des cellules du SNC au début de l’infection par les virus 
mutants IC323-eGFP-F-L454W et IC323-eGFP-F-T461I. 

Les cultures organotypiques de cervelet de hamster ont été infectées par 104 PFU 
des virus IC323-eGFP-F-L454W ou IC323-eGFP-F-T461I. 24 heures post infection, 
les neurones, les astrocytes, les oligodendrocytes, et les microglies ont été marqués 
pour une analyse en cytométrie en flux par des anticorps conjugués à des 
fluorochromes, anti-Gaba, anti-Glast, anti-GalC et anti-CD68, respectivement. A) La 
distribution de l’infection, c’est-à-dire le pourcentage de chaque type cellulaire parmi 
les cellules infectées a été quantifiée, et B) la contribution de chaque type cellules à 
l’infection, c’est-à-dire le pourcentage de cellules infectées au sein de chaque 
population cellulaire a été analysé également.  
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Les résultats de cette partie permettent de confirmer que le modèle de COC de 
hamster est un bon modèle pour étudier le tropisme initial par le VR et a permis de 
conclure que les mutants hyperfusogènes sont capables d’entrer dans tous les types 
cellulaires du SNC mais ciblent tout de même préférentiellement les neurones. La 
somme des pourcentages de cellules infectées au sein des populations cellulaires 
(distribution) est supérieure à 100% (environ 150% en moyenne) et est explicable par 
le fait que les oligodendrocytes myélinisent potentiellement tous les types cellulaires, 
entrainant des cellules doublement ou triplement positives. 

L’analyse de cytométrie en flux avec le virus sauvage n’a pu être réalisée car trop 
peu de cellules sont infectées 24 heures après infection, même en infectant les 
cultures avec 106 PFU.  

Les expériences de cytométrie en flux ont fait l’objet de la mise au point d’un cocktail 
d’anticorps permettant de réaliser les marquages de surface dans ce modèle. Nous 
avons été confrontés à la difficulté d’analyser des cellules neurales en cytométrie en 
flux de par leur morphologie et aux contraintes de l’espèce du hamster contre 
laquelle il n’existe presque pas d’anticorps commercialisés. Ce cocktail ainsi que le 
déroulement de l’expérience ont été conçus pour répondre également à un autre 
objectif sur le plus long terme consistant à comparer le tropisme précoce de 
l’infection du SNC par les Henipavirus dans ce même modèle. 
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III. Transposition du savoir moléculaire pour évaluer 
les différences d’encéphalitogenèse entre les 
Henipavirus 

 

 

1) Différences génomiques entre les Henipavirus 

En 2020 nous avons publié dans le journal « Emerging Infectious Deseases » une 
étude portant sur la caractérisation d’un isolat de NiV provenant d’une chauve-souris 
Preropus lylei au Cambodge en 2003 nommé CSUR381 495. L’article est disponible 
en Annexe 4. J’ai présenté ces résultats sous forme de poster au cours de la 
conférence internationale sur le virus Nipah en décembre 2019 à Singapour. 
L’objectif était de comparer la pathogénicité de cet isolat à NiV Mal et NiV Ban pour 
évaluer le risque d’épidémie du CSUR381 au Cambodge. 

Le génome de ce virus a été séquencé par RNA-Seq (MiSeq Nano v2, Illumina). Je 
suis intervenue pour obtenir les séquences des extrémités 5’ et 3’ en utilisant le 
système 5’ RACE pour une amplification des extrémités d’ADN complémentaire. La 
séquence complète a ainsi pu être publiée sur GenBank (numéro 
d’accession MK801755).  

Les résultats sont que l’isolat cambodgien appartient au même génotype que NiV 
Mal avec lequel il partage 97,7% d’identité nucléotidique. NiV Mal et CSUR381 sont 
très proches dans leur cinétique de réplication et leur permissivité dans différents 
types cellulaires. De plus, ces deux virus présentent une pathogénicité similaire lors 
de l’infection de hamsters dorés, ce qui ne justifie donc pas de qualifier l’isolat 
cambodgien de nouveau génotype. 

La même année j’ai également obtenu les séquences des extrémités 5’ et 3’ de 
l’isolat de HeV que nous utilisons au laboratoire et qui n’étaient pas encore publiées. 
Mes résultats associés aux résultats du séquençage RNA-Seq m’ont permis de 
publier la séquence complète du génome de la souche HeV/Australia/1994/Horse18 
(numéro d’accession MN062017.1). 

J’ai ainsi pu comparer les séquences des F des isolats de NiV Mal, NiV Ban et HeV 
utilisés au laboratoire. J’ai notamment détecté une différence au niveau de l’acide 
aminé 273 dans la région située entre le domaine HRN et HRC où l’on observe une 
sérine pour NiV Mal et HeV tandis que NiV B présente une glycine. Le résidu en 
position 42 dans le fragment F2 est une valine pour NiV Mal et une isoleucine pour 
NiV Ban et pour HeV. Les régions HRN sont identiques pour NiV Mal, NiV Ban et 
HeV. En revanche, dans le domaine HRC, en positions 479 et 478 les deux souches 
de NiV portent une arginine et une leucine respectivement alors que HeV porte une 
lysine et une isoleucine. L’impact de ces différences de séquences sur les 
différences de pathogénicité dans le SNC par ces 3 virus n’a pas encore été étudié. 
Enfin, des différences d’actions du peptide HRC inhibiteur de fusion (VIKI-PEG4-
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Cholestérol) dans des cultures organotypiques de cervelet de hamster face à ces 
trois virus (données non montrées) suggèrent l’importance de la F pour une 
dissémination dans le SNC. 

2) Les facteurs influençant l’infection du système nerveux 
central par les Henipavirus 

 
a. Article 7 : Comparaison de l’infection des Henipavirus dans le système 

nerveux central : tropisme précoce, entrée et machineries de fusion  
 

Marion Ferren, Alexandre Lalande, Olivier Reynard, Mathieu Iampietro, Branka 
Horvat, Cyrille Mathieu 

En préparation, 2022. 

 
Abstract: 

Nipah virus (NiV) and Hendra virus (HeV) are highly pathogenic zoonotic 
Henipavirus that exhibit great differences in pathogenicity and clinical symptoms, in 
receptor and tissue tropism, fusion machinery and replication mechanism. NiV 
Malaysia (NiV Mal) and NiV Bangladesh (NiV Ban) strains as well as HeV. In human, 
NiV Mal tends to induce more encephalitis while NiV Ban leads primarily to 
respiratory disease. HeV induces as many encephalitis and respiratory syndrome but 
is the least transmissible virus to human. 
The early stages of the central nervous system (CNS) infection by these three 
viruses remain poorly documented because most of the data come from post-mortem 
analyzes. Here we identified factors influencing the CNS invasion by these viruses. 
The initial tropism, the dissemination, as well as the involvement of viral surface 
glycoproteins were analyzed for NiV Mal, NiV Ban and HeV at the organic, cellular, 
and molecular levels. 
Organotypic cultures from hamster cerebellum, brainstem and lung are susceptible to 
the infection with these three viruses. We show that NiV Ban replicates faster than 
NiV Mal and HeV in CNS, however with more cytopathic effect rapidly limiting brain 
neuroinvasion. In these ex vivo cultures NiV Mal primarily targets granular neurons 
while NiV Ban and HeV infect neural cells more broadly without targeting a particular 
cell type. 
We analyzed the binding and the fusion of NiV Mal, NiV Ban et HeV in presence of 
binding receptors. Moreover, we identified EFNB1 as a low affinity receptor allowing 
the binding of these three viruses as well as viral entry. 
The comparative study of the organotypic culture infections by these respiratory 
viruses with high pathogenicity differences illustrated how the fusion machinery can 
influence the viral dissemination in the brain. 
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Henipavirus fusion machinery comparison and early 
tropism in the central nervous system 

 

Marion Ferren, Alexandre Lalande, Olivier Reynard, Mathieu Iampietro, Branka 
Horvat, Cyrille Mathieu 

 

Introduction 

The emerging zoonotic paramyxoviruses Nipah virus (NiV) and Hendra virus (HeV) 
cause lethal encephalitis, with case fatality rates ranging from 50 to 100% 1,2. Post 
mortem analysis clearly show the infection of the central nervous system (CNS). 
However, the early tropism of Henipavirus within neural cells remains poorly 
documented. 
HeV first emerged in 1994 in Australia 3 and NiV emerged in Malaysia in 1998 4. The 
main natural reservoirs of Henipavirus are Pteropodidae fruit bats 5,6. To date there is 
neither commercialized treatment nor vaccine available in human against these lethal 
infections with a global pandemic and bioterrorism potential 7,8. Thus, NiV and HeV 
are classified as biosafety level 4 (BSL4) pathogens and in 2015 the World Health 
Organization (WHO) listed NiV among the top 8 diseases and pathogens to prioritize 
for research and development in public health emergency contexts 9. All the data 
about the tropism of the infection within the CNS are from are originated from post 
mortem studies or late infection in animal models. 
Despite their high sequence relatedness, NiV isolates and HeV exhibit great 
differences in pathogenicity and clinical symptoms. Among NiV isolates, the 
Malaysian strain (NiV Mal) appears to be highly encephalitogenic with a case fatality 
rate about 40%. NiV Mal can cause relapse encephalitis for 7.5% of the surviving 
patient without any re-exposure to the virus but also asymptomatic infection leading 
to late onset encephalitis years after infection 10, suggesting a potential viral 
persistence in the brain already observed in other encephalitic Paramyxoviridae such 
as Measles virus and canine distemper virus (CDV). The Bangladesh strain (NiV 
Ban) can be transmitted human to human. Moreover, NiV Ban is slightly less 
neuropathogenic and 70 to 100% of the patients are principally dying from the severe 
acute respiratory syndrome. Other NiV isolates have been described in fruit bats only 
in Ghana and in Cambodia but no human cases have been clearly identified 11–13. 
Four of the 7 HeV infected patients died either from respiratory disease or either from 
acute encephalitis or for one case, from relapse encephalitis  14,15. In vivo, in human, 
in hamster and in non-human primates, NiV Mal seems to initiate the infection in the 
trachea and progresses down the respiratory tract while HeV infection started mainly 
in the small airways of the lungs 16,17.NiV Mal and HeV acute encephalitis cause 
cerebellar atrophy, brainstem lesions, cortical nervous transmission abnormalities 
and white matter damage 15,18,19. Surviving patients often showed neurological 
complication and motor dysfunctions 20. For both viruses, the acute encephalitis 
started with the infection of endothelial cells leading to syncytia formation and 
generalized vasculitis, mainly in the lung but also in the brain, the heart and kidney 
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as well as a parenchymal inflammation and necrosis un the lung 19,21. Then, the brain 
invasion is characterized by a direct neural infection in the brain that can be 
explained by the disruption of the blood brain barrier (BBB) due to the vascular 
inflammation or through infected dendritic cells crossing the BBB. Alternatively, 
another ways of infection through the olfactory nerve 22 or through the transinfection 
of neural cells from the circulating immune cells 23 have been validated in animal 
studies  but none of these hypotheses has been confirmed in human who always 
develop generalized vasculitis. Viral RNA and antigens are found in neurons and in 
rare cases, in ependyma and blood vessels of patients that develop acute 
encephalitis 15,19. 
For both NiV Mal and HeV, at the time of the relapses or late onset encephalitis, no 
systemic sign of infection is observed except in the brain; no vasculitis, no syncytia 
formation of endothelial cells and no inflammation of any other organ. NiV relapse or 
late onset encephalitis are characterized by large lesions with virus inclusions in 
neurons and in the neuropil, as a result of severe neuronal necrosis, gliosis, 
perivascular cuffing and inflammatory infiltrate. Viral RNA and antigens were found in 
neurons and also in glial and ependymal cells contrary to acute NiV infection and no 
demyelination has been observed 19. The case of relapsing HeV encephalitis 
displayed a meningitis, an inflammation of the cerebral cortex, a perivascular cuffing, 
glial proliferation, reactive blood vessels and neuronal loss, associate with the 
detection of viral RNA and antigens in neurons and some glial cells 15. 
Henipavirus infection starts by the fusion of the viral membrane with the cell host 
membrane. The glyocoprotein (G) binds to its receptor and allows the triggering of 
the pre-fusion F protein. The F undergoes a structural transition, extending and 
inserting its hydrophobic “fusion peptide” into the target cell. During entry, F refolds 
into a so-called “trimer of hairpins” (or 6-helix bundle) post-fusion structure that brings 
together the N-terminal heptad repeat (HRN) and the C-terminal heptad repeat 
(HRC), leading to the formation of the fusion pore between the viral and cell 
membranes. The G protein takes part at different level in this process: prior the 
binding to his receptor the G prevents the triggering of the F, after the binding the G 
triggers the F in the meta-stable conformation, and then pushes the F to accelerate 
the refolding of the F into the post-fusion stage.  
Ephrin-B2 (EFN B2) and Ephrin-B3 act as entry receptor for both NiV and HeV 24,25. 
The interaction between EFN B2 and EFN B3 with the monomeric soluble NiV Mal G 
and HeV G have been analyzed by surface plasmon resonance technology using a 
BIACORE 1000 with purified proteins or by quantifying the fusion after the 
transfection of F and G in presence of soluble monomeric EFN B2. EFN B3 has a 
lower affinity for NiV than EFN B2 26. It is speculated that the higher expression of 
EFN B3 in the brainstem could be linked with the severity of the neuron dysfunctions 
during NiV encephalitis 27. EFN B2 is expressed in microvascular endothelial cells 
and smooth muscle cells in arterial vessels 28. Within the brain, EFN B2 is mainly 
expressed in the cortex and neuroepithelial cells, but can also be detected in the 
olfactory bulb and the amygdala 29,30. EFN B3 expression is mostly restricted to the 
CNS. EFN B3 has been highly detected in the occipital lobe, the prefrontal cortex, 
and the amygdala. At a lower levels EFN B3 can also be found in the pons, the 
globus pallidus, the subthalamic nucleus, the temporal lobe, the hypothalamus, the 
corpus callosum and the hippocampus 29–31. Despite strong homology with Ephrin B2 
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and B3, Ephrin B1 (EFN B1) is not considered an entry receptor for NiV and HeV. 
Indeed, the two critical residues for the entry of the virus at position 121 and 122 
(leucine and tryptophan) are common to EFN B2 and B3 and differ for EFN B1 
(tyrosine and methionine). The data also show that EFN B1 binds 10 times less 
efficiently to NiV Mal G compared to EFN B2 26. 

To date, post mortem analysis performed in human and in animal models about the 
tropism of the Henipavirus infection within the CNS suggest that neurons are the 
major target for NiV Mal and HeV 32,33. However, very little is known about the 
Henipavirus initial tropism and dissemination within the CNS.  
Golden Syrian hamster is considered as a relevant small animal model that reflect 
the pathogenesis observed in human for several viruses 34 and more specifically for 
respiratory viruses that also target the CNS, such as NiV and HeV 32,35. Hamster 
cerebellar organotypic cultures have been characterized and are relevant for studying 
CNS infection by neurotropic viruses and screening antiviral drugs 36–38. These ex 
vivo cultures are particularly suitable to study the viral tropism at the beginning of the 
infection.  
In this study, we compare the binding, the entry and the stability of the F of three 
different Henipavirus as well as their behaviors in ex vivo organotypic cultures from 
hamster lung, cerebellum and brainstem cultures.  
 
 
Results 
 

1) Differences of susceptibility and viral dissemination in hamster 
organotypic lung, cerebellum and brainstem cultures 

 
 Part of the differences in pathogenesis may rely on variation in organ 
susceptibility to the infection. First, in order to further characterize the organotypic 
cultures the mRNA expression of the EFN B1, B2 and B3 receptors have been 
quantified by RT-qPCR in the cerebellum and the brainstem cultures (Figure 1, A). 
Consistent with the literature, fewer EFN B2 mRNA expression has been quantified in 
the brainstem than in the cerebellum cultures. However, EFN B3 mRNA expression 
in similar in both brain substructures and can be attributed to the fact that EFN B3 is 
known to be less express in the pons than in other brain area. Based on this, we 
compare the viral dissemination of NiV Mal, NiV Ban and HeV in the hamster 
organotypic lung, cerebellum and brainstem cultures. The number of N copies per μg 
of total RNA of the three viruses, reflecting the viral load in cultures, has been 
quantified daily by RT-qPCR from the day 0 to the day 4 post infection (dpi). All 
viruses replicate faster and higher in brain cultures than lung cultures with 10 to 1000 
times more N copies quantified per μg of RNA in the cerebellum and brainstem 
cultures compare to the lung (Figure 1, B). The viral growth has been expressed in 
fold change of the number of copies of N RNA at day 0 (Figure 1, C, D, E). 
Consistently with the pathogenesis, at 1dpi NiV Mal replicates significantly slower in 
the lung compared to NiV Ban and HeV (P values = 0.0159 and 0.0079, 
respectively). At 3 and 4 dpi the N copies numbers do not increase anymore for all 
viruses in the lung cultures, meaning that the maximum replication is reached (Figure 



- 226 - 
 

1, C). In the three substructures, the viral growth is faster for NiV Mal and HeV 
compared to NiV Ban. However, the total amount of RNA we have been able to 
extract from each sample of cerebellum (but not of the brainstem) was lower for NiV 
Ban from 2dpi to 4 dpi suggesting a cytopathic effect of the infection and cell death 
(data not shown).  
 

 
Figure 1: Viral dissemination of three Henipavirus in hamster organotypic 
cultures.  

A, EFN 1, EFN B2 and EFN B3 basal mRNA expression in hamster organotypic 
cerebellum and brainstem cultures were quantified by RT-qPCR (day 0 of culture) (n 
= 10 biologically independent animals). B, C, D, E, Hamster organotypic cultures 
were infected with 500 PFU of NiV Mal, NiV Ban and HeV. NiV N and HeV N mRNA 
copies per μg of total RNA were quantified by RT-qPCR in the lung, cerebellum and 
brainstem organotypic cultures at 90 min post infection and 1–4 days post infection 
(dpi) and normalized to the standard deviation for GAPDH mRNA (n = 5 biologically 
independent animals). B, comparison of the N mRNA copies per μg of RNA 
quantified at 24 hours post infection for NiV Mal, NiV Ban and HeV (n = 5 biologically 
independent animals). C, D, E, Viral growth expressed in fold change of N mRNA 
copies per μg of RNA compared to the input from the day 0. Error bars represent SD. 
Statistical analyses were performed using the Mann–Whitney test two-sided. *P < 
0.05.  

 

2) Differences in binding and viral entry between the three different 
Henipavirus 
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Infection starts with the attachment to the target cells, thus to evaluate the binding of 
NiV Mal, NiV Ban and HeV, viral particles labeled with Atto-488 were incubated for 
15min on ice with PGSA cells expressing EFNB1, EFNB2 or EFNB3. The percentage 
of cells bearing fluorescent viral particles was quantified by flow cytometry (Figure 2, 
A, B). The results showed that NiV Mal binding to all receptors is faster than NiV Ban 
and HeV binding. HeV binds only to 12,4% of cells, even in EFNB2 expressing cells. 
Interestingly, for all Henipavirus similar binding was observed on cells expressing 
only EFNB3 or EFNB1. In the EFNB1 expressing cells NiV Mal binds to 28,4% of 
cells and NiV Ban binds to 10,2% of cells. 
The kinetic of entry of NiV Mal, NiV Ban and HeV was also compared after several 
binding time-lengths (Supplementary Figure 1). CHO-PGSA-745 cells expressing 
EFNB1, EFNB2 or EFNB3 were infected with the three viruses on ice and the viral 
replication was quantified by RT-qPCR 24 hours post infection.  The results reflect 
the entry of the viruses that were able to bind during the indicated time. For all cell 
types, the kinetic showed a slower infection for NiV Mal compared to NiV Ban and 
HeV. In opposition to both NiV, HeV infection already reached the plateau when the 
binding with EFNB2 was only 5 min. Under these conditions, even if fewer viral 
particles have bound, the strong replication quickly saturates the system. 

Regardless the binding, the entry of the three Henipaviruses was analyzed. NiV Mal, 
NiV Ban and HeV were bound for 1 hour on ice with PGSA-745 cells expressing 
similar level of human EFNB1, EFNB2 or EFNB3 (Supplementary Table 1). Then, the 
cells were either treated directly with pronase in order to remove all bound viral 
particles from the cell surface and incubated at 37°C in presence of fusion inhibitory 
peptide to block further entry and dissemination 39 or incubated for 30min at 37°C to 
allow the entry of bound particles and then treated with pronase and incubated at 
37°C overnight in presence of peptide to prevent any viral dissemination (Figure 2, 
C). The percentage of infected cells reflecting the entry (and thus fusion) was 
quantified by intra cellular nucleoprotein staining by flow cytometry 24 hours post 
infection (Figure 2, D, E). In opposition with the binding results, NiV Ban and HeV 
entered better and faster than NiV Mal in presence of EFNB2 and EFNB3 expression 
and were able to infect up to 20% of EFNB2 expressing cells and up to 10% of 
EFNB3 expressing cells. Some infected cells were counted in the PGSA-EFNB1, 
especially for NiV Ban (4% of infected cells).  

Taken together these data show that NiV Mal is the fastest to bind but the slowest to 
fuse with the target cells while the slow binding of HeV is balanced by its especially 
fast fusion capacity. NiV Ban displays an intermediate phenotype. In addition, EFNB1 
is not described in the literature as an entry receptor for NiV and HeV. However, 
these results show that NiV Mal, NiV Ban and HeV are all able to use EFNB1 for 
binding and for entry at least to a low extend. The infection of CHO-K1 and CHO-
PGSA-745 cells in comparison with PGSA-EFNB1 and EFNB2 confirm that the entry 
shown here is specific (Supplementary Figure 2). 
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Figure 2 : Comparison of the viral binding and viral entry. A, Schematic of the 
procedure to evaluate the binding of NiV Mal, NiV Ban and HeV. Atto-488-labeled 
viruses were incubated for 15 min on ice with PGSA cells expressing EFNB1, EFNB2 
or EFNB3 at MOI=1. B, The percentage of cells bearing a fluorescent viral particle 
was quantified by flow cytometry. (n=5 biologically independent samples over 3 
independent experiments). C, Schematic of the procedure to evaluate the entry of 
NiV Mal, NiV Ban and HeV. Viruses were incubated for 1 hour on ice with PGSA cells 
expressing EFNB1, EFNB2 or EFNB3 to allow binding at MOI=0.3. The cells were 
then either treated directly with pronase in order to remove all bound viral particles at 
the cell surface and incubated at 37°C in presence of fusion inhibitory peptide or 
incubated for 30min at 37°C to allow the entry of bound particles and then treated 
with pronase and incubated at 37°C overnight in presence of peptide to prevent any 
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dissemination. D-E, The percentage of infected cells was quantified by flow cytometry 
24 hours post infection (n=4 biologically independent samples over 4 independent 
experiments). Error bars represent SD. Statistical analyses were performed using the 
Mann–Whitney test two-sided. *P < 0.05. 

 
Supplementary figure 1 : Binding and Entry of Henipaviruses in presence of 
EFNB1, EFNB2 or EFNB3 expression. A, Schematic of the experiment. Cells were 
infected with NiV Mal, NiV Ban and HeV on ice. The cells were immediately washed 
with cold PBS or incubated with the viral supernatants for 5, 15, 30 and 45 min on 
ice. The cells were washed 3 times and incubated at 37°C. 24 hours post infection 
the cells were collected in order to quantify the N copies of NiV or HeV per μg of ARN 
by RT-qPCR. The results reflect the entry among the viruses that was able to bind in 
the indicated time in presence of B, EFNB1 expression, C, EFNB2 expression or D, 
EFNB3 expression. (n=5 to 8 biologically independent samples over 5 independent 
experiments). Error bars represent SD. 
 

3) Differences in the fusion machinery of the Henipavirus 
Paramyxovirus surface glycoproteins are known to be sensitive to increase of 
temperature which affect infectivity. Here, the comparison of the thermal stability of 
viruses allows a better characterization of the fusion machinery. 104 PFU of viral 
supernatants were incubated for 5 or 15 min at 50°C, cool down, and titrated by 
TCID50. The decrease of infectivity by NiV Mal, NiV Ban and HeV was quantified by 
comparison to the non-heated viral supernatant kept at 4°C (Figure 3, A). 75% of the 
infection was already inhibited after 5 min incubation at 50°C for HeV while only 20 to 
40% of the infection was inhibited for both NiV Mal and NiV Ban, respectively (Figure 
3, B, C). After 15 min incubation at 50°C HeV was fully inactivated and 75% of NiV 
Mal and NiV Ban infections were inhibited. These results show that, at 50°C, the 
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fusion machineries of NiV Mal and NiV Ban are significantly more stable than HeV. In 
order to assess the thermal stability of the F independently of the G proteins a cell 
surface ELISA using an antibody that recognize the F in their prefusion conformation 
was performed. 293T cells were transfected with NiV Mal F, NiV Ban F and HeV F 
and the prefusion F were stained after 30 min incubation at 32°C or at 55°C (Figure 
3, D). The preliminary qualitative results analyzed using an epifluorescence 
microscope show, despite a similar level of transfection, a stronger reduction of the 
prefusion F staining for NiV Mal F and NiV Ban F compared to HeV F after 10 min 
incubation at 55°C. This data suggests that in absence of the protection of the G 
protein NiV Mal F and NiV Ban F are less stable than HeV F. On the contrary, HeV F 
seems to need the interaction with G in order to be triggered and to reach its post 
fusion conformation. This experiment will be repeated and a quantitative analysis will 
be performed using the spinning disk confocal microscope HCS Yokogawa CQ1 in 
order to confirm these data. In order to better characterize the exact role of G in the 
triggering of the F we will also repeat this experiment in presence of G in the same 
assay and in PGSA-745 cells that does not express any high affinity or secondary 
binding receptor. However, transfection of wild type HeV G does not allow its 
appropriate expression at the cell surface because of retention in the Golgi. We will 
have to use instead a plasmid encoding for the HeV G ΔCT32 lacking the 
cytoplasmic domain of the G which might induce a bias in the experiment. 
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Figure 3 : Differences in the thermal stability of the Henipavirus. A, Schematic of 
the experiment. 104 PFU of viral supernatants were incubated for 5 or 15min at 50°C, 
cool down, and tittered by TCID50. B, The decrease of the infectivity by NiV Mal, NiV 
Ban and HeV was quantified by comparison to the non-heated viral supernatant 
containing the exact same number of PFU. (n=7 to 10 biologically independent 
samples over 7 to 10 independent experiments). Error bars represent SD. Statistical 
analyses were performed using the Mann–Whitney test two-sided. *P < 0.05. C, 
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schematic showing the thermal stability of NiV Mal, NiV Ban and HeV with live 
viruses. D, E, F, G, H, I, J, 293T cells were transfected with NiV Mal F, NiV Ban F 
and HeV F and incubated at 32°C. 16 hours later, cells were incubated at 32°C or 
55°C during 10min and the F in the prefusion stages were stained by cell surface 
ELISA using the antibody SN hybridoma Nip GIP35 (1/500). Fluorescent staining was 
observed under the epifluorescence Nikon Eclipse Ts2R microscope. Scale bar 
20μm.  

 

4) NiV Malaysia preferentially targets neurons while NiV Bangladesh and 
HeV tropism is broader 

To determine the most susceptible cells to NiV Mal, NiV Ban and HeV infection, the 
viral tropism was evaluated 24 hours post infection in hamster OCC by 
immunofluorescent staining analyzed by confocal microscopy (Figure 4). For all 
Henipaviruses NiV N staining colocalized with NeuN- positive cells (Figure 4, A, D, 
G), confirming the infection of granular neurons. NiV N staining was commonly found 
in astrocytes (GFAP staining), and Oligodendrocytes (Olig-2 staining) in OCC 
infected with HeV and NiV Ban (Figure 4, B, C, H, I) but not in OCC infected with NiV 
Mal (Figure 4, E, F). We did not observe any infection of Purkinje neurons (using anti-
CB28K antibody, data not shown), suggesting that under the given conditions the 
viruses targeted specific neuronal subtypes but not all. The microglia will be stained 
in the future to assess their susceptibility in hamster OCC. The results are 
summarized in the Table 1. 

 

Table 1 : Summary of the Henipavirus infection in several central nervous 
system cell types in hamster organotypic cerebellum cultures at 1 day post 
infection 

 NiV Mal NiV Ban HeV 
Granular neurons + + + 
Oligodendrocytes - + + 
Astrocytes - + + 
Microglia Not done Not done Not done 
Purkijne neurons - - - 
 

 

Supplementary table 1 : EFN mRNA expression in PGSA-EFNB1, EFNB2 and 
EFNB3 cells 

mRNA copies/μg of 
RNA 

EFNB1 EFNB2 EFNB3 

PGSA-EFNB1 cells 1,1.106 BQL BQL 
PGSA-EFNB2 cells BQL 4,7.106 BQL 
PGSA-EFNB3 cells BQL BQL 8,4.106 
BQL = Bellow Quantification Limit 
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Supplementary figure 2 : NiV Malaysia replication in presence or in absence of 
known receptor. A-D, CHOK1, PGSA-745, PGSA-EFNB1 and PGSA-EFNB2, 
respectively, were infected with rNiV-eGFP at MOI=1. Pictures were taken one day 
post infection using a Zeiss Axiovert 100M microscope. E, 24 hours post infection the 
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RNA were extracted from the cells in order to quantify NiV N copies μg of ARN by 
RT-qPCR. Error bars represent SD. 
 



- 235 - 
 

 



- 236 - 
 

Figure 4 : Henipaviruses tropism in hamster cerebellum organotypic cultures 
one day post infection. Cultures were infected with 104 PFU of HeV, NiV Mal or NiV 
Ban and fixed with formaldehyde 4% 24 hours post infection. Cryosections of the 
cultures were stained with antibodies anti-NiV_N cross reacting with HeV N and A, D, 
G, anti-NeuN, B, E, H, anti-Olig2 and C, F, I, anti-glial fibrillary acidic protein (GFAP). 
Images were taken using an inverted microscope Zeiss Axio Observer. Z1 with 
confocal unit LSM 980 and analyzed using ImageJ software. White arrows are 
pointing colocalization area between the NiV-N staining and the staining of interest. 
Scale bar 20 μm. 

 

 

Discussion 

NiV isolates and HeV exhibit great differences in pathogenicity and clinical 
symptoms, in receptor and tissue tropism, fusion machinery and replication 
mechanism. Here we aimed to understand the factors influencing these differences 
and to do so we compared NiV Mal, NiV Ban et HeV infection in hamster organotypic 
cultures from lung, cerebellum, and brainstem as well as their binding and entry 
properties in absence and in presence of the receptors. 

We hypothesized that the differences in pathogenicity between strains could be 
explained by a difference in susceptibility at the organic scale explained by the 
distribution of the expression of the input receptors. In the literature EFNB1 is not 
presented as an input receptor for NiV Mal, NiV Ban or HeV. However, it has been 
shown that the binding of NiV Mal G to EFNB1 is 10 times lower than EFNB2 26. In 
this study Ephrin-B1 was included as a comparison to study the binding and the entry 
of NiV Malaysia, NiV Bangladesh and HeV. However, our data clearly show in that 
the context of infection with live viruses NiV Mal, NiV Ban and HeV are able to use 
EFNB1 (Figure 2, B, G, and Supplementary Figure 1). It seems that EFNB1 is a low 
affinity receptor allowing the binding of these three viruses as well as viral entry. A 
recent study has shown that NiV Mal can replicate without any cytopathic effect in 
smooth muscle cells that lack the expression of EFNB2 and EFNB3  receptors40. 
These cells express EFNB1 and the results of this study confirm that the expression 
of EFNB1 is sufficient for NiV permissiveness.  

EFNB3 is also described as being a receptor of lower affinity for NiV Mal and NiV 
Ban compared to HeV26. In our model, the quantification of EFN mRNA expression 
level in hamster organotypic cultures do not witness a higher expression of EFNB3 in 
the brainstem compared to EFNB2 mRNA expression cultures in opposition with one 
unmissable publication27 (Figure 1, A). The overexpression of EFNB3 in the 
brainstem compared to EFNB2 is not described in other publications. However, it is 
known that EFNB2 and EFNB3 expressions are both very high in the developmental 
stages of the CNS, and our organotypic cultures from suckling animals may contain 
some remaining immature cells. In addition, although our models lack any blood 
circulation, the cultures still contain the endothelial cells of the blood vessels which 
express very strongly Ephrin B2 and potentially bias the results of this experiment.  
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In hamster organotypic cerebellum and brainstem cultures NiV Ban viral replication is 
faster at early times in comparison with NiV Mal and HeV while this virus is the least 
encephalitogenic of the three (Figure 1, B-E). This result goes along with a decline in 
viral growth from the third day of infection. In the brainstem, no difference of the RNA 
quantification can explain the drop of the viral dissemination at 3 and 4 dpi for NiV 
Ban and this result has to be investigated more deeply in the future. These results 
demonstrate that if NiV Ban reaches the CNS, this virus is able to replicate there very 
strongly.  

We then aimed to establish a link between the early tropism of each Henipavirus in 
the CNS that could explain some differences in the pathogenicity (Figure 4). NiV Mal 
primarily targets granular neurons while NiV Ban and HeV appear to infect neural 
cells more broadly without targeting a particular cell type 41 42. NiV Ban is, however, 
poorly encephalitogenic and the massive infection of CNS cells is consistent with the 
strong viral replication and cytopathic effect observed in brain tissue. This dispersive 
tropism for NiV Ban and HeV leads to a very strong infection of the CNS. The fact 
that encephalitis is much less common for NiV Ban than for NiV Mal despite its strong 
ability to invade the CNS is suggests that NiV Ban generally does not have time to 
reach the CNS.  

In order to better understand the differences between the fusion machineries of NiV 
Mal, NiV Ban et HeV we compared their ability to bind and to fuse in presence of 
each known receptors and we compared the thermal stability of the Fusion proteins. 

Our results showed that NiV Mal binds faster to any binding receptors than NiV Ban 
and HeV. However, the analysis of the entry into the target cells highlights that HeV 
is the fastest virus, which suggests that its fusion is more efficient. NiV Ban exhibits 
an intermediate phenotype both for the binding and the entry, except in the cells 
expressing EFNB1. Indeed, NiV Ban is the fastest virus to fuse in cells expressing 
the EFNB1 receptor. The importance of this observation should be compared to its 
more pulmonary pathogenesis to see if this could explain why this strain generates 
more SARS than lethal encephalitis. 

The thermal stability of Henipavirus viral particles in the context of infection indicates 
that HeV is much less stable than NiV Mal and NiV Ban. However, in the context of 
transfection in the absence of G we obtained the opposite results. HeV F remains in 
a prefusion state even after 10 min at 55 °C while NiV Mal and NiV Ban F can be 
triggered very quickly. 

Taken together, my results have led us to the following interpretation. Both NiV F are 
very unstable in the absence of G, moreover it is easily observed by the appearance 
of syncytia when cells are transfected with F alone, even at 37 °C. This suggests that 
NiV Mal and NiV Ban G particularly assumes their protective function on the F to 
prevent its inadvertent triggering. Following the F triggering, the fusion seems slower, 
meaning that the refolding of the F to promote the fusion could be similar as the F 
from hyperfusogenic MeV mutants of the HRC domain43. It can be explained by the 
slower triggering of the F by the G or by a slower triggering followed by a lower 
pushing from the G. However, HeV F is naturally much more stable but can refold in 
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post fusion state extremely fast, probably due to the triggering and "pushing" action 
of the G which allows the fusion to be completed more quickly. This would result in a 
very rapid entry, despite a lower binding to the receptors. This theory would also 
explain the better efficiency of the fusion inhibitory HRC peptides on both NiV strains 
compared to HeV. Indeed, in the case of the hyperfusogenic F of MeV the fusion is 
slower and gives more time to the HRC peptides to associate with the HRN of the F 
and block the fusion. Alternatively, since the peptide has to compete with the HRC 
domain from the F when the latter is in its metastable state the very rapid refolding of 
HeV F would not allow the peptides to interpose quickly enough. 

 

 
 
 
Method 
 
Viruses 
NiV-Bangladesh isolate SPB200401066 (GenBank accession no. AY988601, 
passage 3) was isolated from oropharyngeal swabs from a patient in Rajbari and 
obtained from the Centers for Disease Control and Prevention in Atlanta. 
NiV Malaysia isolate UMMC1 (GenBank accession no. AY029767, passage 7) was 
isolated from the cerebrospinal fluid of a patient was obtained from Drs. K. B. Chua 
and S. K. Lam (University of Malaya, Kuala Lumpur). 
Hendra virus isolate Australia/1994/Horse18, (GenBank accession number 
MN062017.1) 44 was isolated from a horse and obtained from Porton Down 
Laboratory, United Kingdom. 
The recombinant NiV (rNiv)–enhanced green fluorescent protein (eGFP) (rNiV-
EGFP) was generated using reverse genetic in 293 cells and prepared as previously 
described 45. 
All viruses were produced and titrated at 37°C in Vero E6 cells. Briefly, for stock 
production, cells were infected with MOI=0.001 in OptiMEM. After 60min incubation 
at 37°C, medium was replaced with DMEM-5% FBS and the cells were incubated at 
37°C in 5% CO2 atmosphere for 48 hours. Viral supernatants were collected and 
centrifuged (400g, 5min), aliquoted and titrated in plaque forming unit by classic 
dilution limit assay. 
All infections were carried out at the INSERM Jean Mérieux biosafety level 4 (BSL-4) 
laboratory in Lyon, France. 
 
Cell culture 
293T and Vero E6 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, 
Gibco) supplemented with 10% fetal calf serum (FCS) at 37°C in 5% CO2 
atmosphere. 
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The CHO-pgsA745-EFNB1, CHO-pgsA745-EFNB2 and CHO-pgsA745-EFNB3 were 
stably transfected with human ephrin-B1, B2 and -B3 and generously provided by 
Benhur Lee (UCLA, United States) 26. 

These cells were maintained in DMEM/Nutrient Mixture F-12 Ham medium (Sigma-
Aldrich, # D6421) supplemented with 10% FCS, NEAA, NaPy and L-Glutamin 10 mM 
HEPES, and 2 mM L-glutamine at 37°C in 5% CO2 atmosphere. 

All cells were routinely tested negative for mycoplasma every month (MycoAlert 
Detection Kit; Lonza). 
 
Binding Assay for viruses labeled with Atto-488 
In order to produce viral stocks labeled with Atto-488 (Sigma-Aldrich, # 41051) the 
first step was to produce purified and concentrated viral stocks. Viral stocks were 
produced as described above except that after the quick centrifugation (400g, 5min) 
the supernatants were ultra-centrifuged on a 20% sucrose cushion during 1 hour at 
175,000 g at 4°C using the SW 32 Ti rotor (Beckman Coulter, # 344058) and 
resuspended in PBS. Ultracentrifugated viral solutions were then titrated in PFU by 
classic dilution limit assay and conjugated with Atto-488 following Hoffmann et al. 
recommendations 46. Briefly, 1.109 PFU purified viral solutions were incubated at 
room temperature for 2 hours protected from light while gently mixing on a shaker 
with 200μl of a solution of 0.5mg/ml of Atto-488. Freshly labeled viruses were then 
purified by ultracentrifugated on a 20% sucrose cushion to eliminate the excess of 
Atto-488 during 1 hour at 175,000 g at 4°C (acceleration and deceleration set to max 
and min, respectively). Pellets were then resuspended in PBS and these new virus 
stocks were aliquoted, frozen at -80°C and titrated as described above.  
In order to compare the binding capacity of the three Henipaviruses, CHO-pgsA745-
EFNB1, CHO-pgsA745-EFNB2 and CHO-pgsA745-EFNB3 were gently detached 
using Versene (Gibco, # 15040066) and infected with the Atto-488 labeled viruses on 
ice at a MOI of 1 in OptiMEM. Unbound particles were washed twice by centrifugation 
with cold PBS and fixed with 4% methanol-free Formaldehyde (ThermoFisher 
Scientific, # 28906) for 20min. After 2 washes cells were resuspended in PBS and 
the number of cells carrying a labeled viral particle was quantified by flow cytometry.  
 
Henipaviruses entry comparison assay 
CHO-pgsA745-EFNB1, CHO-pgsA745-EFNB2 and CHO-pgsA745-EFNB3 were 
infected on ice at MOI=0.3 and incubated on ice for 1h to allow binding. Then, cells 
were incubated at 37°C for 0 or 30min and treated with 1μM of the fusion inhibitory 
peptide VIKI-PEG4-Chol to block the viral entry. In order to detach all the viral 
particles that were bound at the cell membranes but did not enter the cells a pronase 
treatment (200μg/ml) was performed during 10min (4min at room temperature and 
then 6min at 37°C because of the BSL4 constraints). Cells were washed with the 
complete DMEM/Nutrient Mixture F-12 Ham medium and incubate in a fresh culture 
plate at 37°C in 5% CO2 atmosphere in presence of 1μM VIKI-PEG4-Chol peptide. 
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24 hours after infection cells were detached using a P1000 pipet and stained using 
the BD Cytofix/Cytoperm Kit, (BD biosciences, # 554714). First the cells were 
centrifuged at 1000g for 2min and resuspended in the Fixation/Permeabilization 
solution during 30min. After 2 washes in PBS, cells were stained with the primary 
rabbit anti-NiV N purified antibody (ValBex, France) (cross reacting with HeV N) 
diluted 1/1000 during 30min. Cells were washed in PBS and incubated with the 
secondary antibody Alexa FluorTM 647 Donkey anti-Rabbit IgG (H+L); 
(ThermoFisher Scientific, # A32795) diluted 1/1000 during 30min. Cells were 
washed and resuspended in PBS. Infected cells were quantified by flow 
cytometry using a Gallios cytometer from Beckman Coulter. 
 
Henipavirus thermal stability assay 
In order to compare the termal stability of NiV Malaysia, NiV Bangladesh and HeV, 
1.105 PFU of viruses were heated at 50°C for 0min, 5min, 10min and 15min and 
20min in a water bath. Virus solutions where then cool down on ice and tittered by 
TCID50 on Vero cells. Titrations were revealed 5 days post infection using a Crystal 
violet solution (Sigma-aldrich, # HT90132) containing 4% Formaldehyde. The 
percentage of infection remaining after 5min, 10min and 15min heat at 50°C was 
calculated compared to the non-heated condition. 
 
Henipaviruses binding and entry comparison 
To compare the binding and the entry of NiV Malaysia, NiV Bangladesh and HeV in 
CHO-pgsA745-EFNB1, CHO-pgsA745-EFNB2 and CHO-pgsA745-EFNB3, cells 
were infected on ice at a MOI of 0.1 and washed 3 times with cold PBS at 0, 5, 15, 30 
and 45min after infection. Cells were then incubated 37°C in 5% CO2 atmosphere. 
24 hours post infection cells were collected in the lysis buffer RLT (Qiagen, # 79216) 
in order to quantify NiV N and HeV N RNA copies by RT-qPCR. 
 
RNA Extraction and quantitative RT-PCR 
Total RNA from organotypic cultures or from cell lysates were extracted using the 
NucleoSpin RNA Kit (Macherey-Nagel) and quantified with a spectrophotometer (DS-
11-FX, DeNovix). 100 ng of total RNA were reverse-transcribed using the iScript 
cDNA Synthesis Kit (Bio-Rad), based on oligo-dT and random hexamer primers. 
Obtained cDNAs were diluted 1 10. Quantitative PCR was performed using Platinum 
SYBR Green qPCR SuperMix-UDG (Invitrogen) on a StepOnePlus Real-Time PCR 
System (Applied Biosystems). NiV N copies were quantified using the NiV N primers, 
forward primer 5’ GGCAGGATTCTTCGCAACCATC 3’, reverse primer 5’ 
GGCTCTTGGGCCAATTTCTCTG 3’ 47. HeV N copies were quantified using the HeV 
N primers, forward primer 5’ GGCCGGCTTCTTTGCGACTATC 3’, reverse primer 5’ 
CGCTCGAGGCCCTATTTCTCTG 3. The primer used to quantify hamster EFN B1, 
B2 and B3 were respectively: hamster_efnb1 froward 5’ CTCACCTTCGGCATCTAT 
3’ and reverse 5’ GTGTGCTTTCTCGTACTG 3’; hamster_efnb2 froward 5’ 
GCTTTGGGAGATGGTTTA 3’ and reverse 5’ GTGGTGATGGACTTACAG 3’; 
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hamster_efnb2 froward 5’ CGAAAACCTGTGTCTGAAATG 3’ and reverse 5’ 
GTCACCTGGTAGGCTGTC 3’. 
All primer were designed using the Beacon Designer (version 8) software and chosen 
after validation that their efficacy was close to 100% according to the MIQE checklist 
48. All samples were run in duplicates and results were analyzed using StepOne 
version 2.3 (Applied Biosystems). All results were normalized to the standard 
deviation (SD) for GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) mRNA 
using mouse-GAPDH primers (forward primer 5’ GCATGGCCTTCCGTGTCC 3’ and 
reverse primer 5’ TGTCATCATACTTGGCAGGTTTCT 3’ 23), and the calculations 
were performed using the 2ΔΔCT model 49.  
 
Animals 
Suckling Syrian golden hamsters (Mesocricetus auratus) used in this study were 
obtained from Janvier Labs (53940 Le Genest-Saint-Isle, France) with clean health 
monitoring report. C57BL/6 suckling mice are coming from the animal facility "Plateau 
de Biologie Expérimentale de la Souris" (PBES) in Lyon.  
All animals were used at seven days old. The sex of the animals were random and 
dependent of the litter threw by the mother. 
 
Organotypic culture preparation and treatment  
Organotypic cultures were prepared from suckling hamsters (Mesocricetus auratus, 
Janvier lab) or C57BL/6 mice and maintained in culture as detailed elsewhere 37. 
Briefly, organ substructures (i.e. cerebellum, brainstem, left lung) were isolated from 
7-day-old animals (n=5; sex non-discriminated) and cut with a McIlwain tissue 
chopper (WPI-Europe): 350-μm-thick progressive slices were prepared for 
brainstems and cerebella, and 500-μm-thick slices for the lungs. The cultures were 
then separated from each other in cold Hibernate®-A/5 g/L D-Glucose/1x Kynurenic 
acid buffer and laid out on hydrophilic polytetrafluoroethylene cell culture insert 
membranes (PICM0RG50, Millipore). Slices were subsequently cultured in Minimal 
Essential Medium GlutaMAX supplemented with 25% horse serum, 5 g/L glucose, 
1% HEPES (all Thermo Fisher Scientific), and 0.1 mg/L human recombinant insulin 
(Sigma-Aldrich) at 37°C in 5% CO2. The medium was changed every other day after 
the slicing procedure. Slices from 5 different animals were infected on the day of 
slicing. When using the rNiV-EGFP the fluorescence was followed by microscopy 
using a Zeiss Axiovert 100M. 
 
Immunofluorescent staining 
Organotypic cultures from seven-day-old hamsters were infected with 10,000 PFU. 
24 hours post infection, the slices were fixed in 4% paraformaldehyde (PFA) during 
14 days, washed 3 times in PBS and immerged in a 20% sucrose solution at 4°C 
during 24 hours. Sunk slices were then frozen in dry-iced cold Isopentane (VWR, # 
24872.298), embedded in Optimal cutting temperature (OCT) solution (Neg-50, 
ThermoFisher, # 6502) and kept at -80°C. 10μM section were performed using a 
Cryostat, placed on  Superfrost Plus Gold microscope slides (Thermoscientific ; 
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#K5800AMNZ72) and warmed during 1 hour at 45°C. Sections were then cirle with a 
hydrophobic PAP pen (KISKER, #MKP-1), permeabilized and blocked in 1× PBS-4% 
horse serum- Triton X-100 (perm and block solution) during 30min at 4°C. Slices 
were incubated in the perm and block solution containing the primary antibodies 
overnight at 4°C. After 3 washes (5 min each) in PBS, slices were incubated in the 
perm and block solution containing the secondary antibodies for 1 hour at RT (Table 
2). After 3 washes in PBS, slices were mounted with Fluoromount-G® aqueous 
mounting medium (SouthernBiotech, #0100-01) and coverslipped. Images were 
taken using an inverted microscope Zeiss Axio Observer.Z1 with confocal unit LSM 
980 and analyzed using ImageJ software. All primary antibodies used in this study 
were validated previously for the use in hamster tissue or the sequence homology of 
the epitopes were more that 85%. 

Table 2 : Antibodies used for Immunofluorescent staining 
Antibody Dilution used Reference 

Mouse monoclonal anti-NeuN (clone A-60); Merk 1/200 Cat# MAB377 

Rabbit, purified polyclonal anti-NiV N and HeV H 1/1000 ValBex, France 

Goat polyclonal anti-GFAP; Abcam 1/200 Cat# Ab53554 

Goat polyclonal anti-Olig2; R&D system 1/200 Cat#AF2418 

Alexa FluorTM 488 Donkey anti-rabbit IgG (H+L); 
ThermoFisher Scientific 

1/500 Cat# A21206 

Alexa FluorTM 555 Donkey anti-mouse IgG (H+L); 
ThermoFisher Scientific 

1/500 Cat# A31570 

Alexa FluorTM 647 Donkey anti-goat IgG (H+L); 
ThermoFisher Scientific 

1/500 Cat# A21447 
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b. Comparaison de l’infection d’organoïdes de cerveau humain par les 
Henipavirus 

 

Les souches d’Henipavirus présentent des différences de pathogénicité. NiV 
Malaysie (NiV Mal) s’avère être le plus encéphalitogène tandis que NiV Bangladesh 
(NiV Ban) atteint plus les voies respiratoires. Comme pour le SARS-CoV-2 et le VR, 
les résultats publiés décrivant l’infection du SNC par les Henipavirus chez l’Homme 
sont tous issus d’études post-mortem.  

L’objectif principal de cette partie est de comparer l’infection par trois Henipavirus, 
NiV Mal, NiV Ban et HeV, dans un contexte de tissu cérébral humain. Des 
organoïdes de cerveau humain de 63 jours ont ainsi été infectés par 50 FPU de 
chaque virus ou du véhicule. Les organoïdes ont été différentiés à partir de cellules 
souches pluripotentes par Noémie Aurine dans l’équipe de Bertrand Pain à l’institut 
de la cellule souche et du cerveau comme décrit la revue publiée par Bertrand Pain 
et collègues (2021) 496. La première question était de savoir si ce modèle était 
susceptible à l’infection par les Henipavirus. L’infection des organoïdes par le virus 
codant pour l’eGFP, rNiV-eGFP a été suivie par microscopie (Figure 21, A). La 
susceptibilité du modèle à l’infection par NiV Mal a été vérifée et les images mettent 
en évidence une grande hétérogénéité entre les différents échantillons. Dans le but 
de comparer la dissémination des Henipavirus dans ce modèle les organoïdes ont 
été collectés, le jour de l’infection ainsi que les jours 1, 2, 4 et 7 post infection, les 
ARN totaux ont été extraits et les copies d’ARNm N par μg d’ARN ont été quantifiées 
par RT-qPCR (Figure 21, B). Les résultats montrent une dissémination virale pour les 
3 virus jusqu’au 7ème jour post infection. Cependant, dans les premiers jours après 
l’infection, la transcription et de la réplication virale augmentent plus rapidement pour 
NiV Ban. Le nombre de copies de N par μg d’ARN atteint déjà 1,8*10^7 pour NiV 
Ban à 2 jours post infection alors que l’on compte 2,3*10^6 copies de N pour NiV Mal 
et seulement 3,9*10^5 copies de N pour HeV. La croissance virale ralentit pour NiV 
Ban à partir de 4 jours post infection comparée à NiV Mal et HeV qui suivent une 
cinétique similaire. On remarque cependant une baisse des quantités d’ARN à 4 
jours pour NiV Ban avec 1,6 μg d’ARN extrait au total en moyenne par échantillon 
contre 2,8 μg en moyenne par échantillon pour NiV Mal et HeV (données non 
montrées), témoignant d’un effet cytopathique plus élevé pour NiV Ban.  

Dans le but d’évaluer l’efficacité du peptide inhibiteur de fusion VIKI dans un contexte 
neural humain les surnageants des organoïdes infectés ont été traités les jours 0, 2 
et 4 par 1μM du peptide. Le suivi de la fluorescence pour les organoïdes infectés par 
le rNiV-eGFP (Figure 21, C) a été analysé. Les ARN ont été extraits et les copies de 
N par μg d’ARN ont été quantifiées par RT-qPCR. Le peptide a été capable d’inhiber 
99,5% à 99,9% de l’infection aussi bien après 4 jours que après 7 jours en 
comparaison aux échantillons non traités (Figure 21, D). Les images avec les 
organoïdes infectés et traités ainsi que les quantifications des copies de N 
témoignent d’une grande variabilité. De façon intéressante on observe très nettement 
sur l’organoïde 1 traité infecté par le rNiV-eGFP (Figure 21, C) un début d’infection. 
Parmi les objectifs la question de l’évolution virale sous pression de sélection dans 
un contexte neural humain en présence ou en absence de traitement fait partie des 
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priorités. La prochaine étape consistera donc à séquencer les ARN viraux des 
organoïdes collectés aux temps tardifs (4 et 7 jours) afin d’identifier l’émergence de 
mutations dans ce modèle. Les séquences virales issues des organoïdes traités 
seront également analysées dans le but d’identifier l’apparition d’éventuelles 
mutations d’adaptation. 

Le tropisme précoce des Henipavirus dans les organoïdes sera comparé 
prochainement par marquages immunofluorescents. De plus une analyse 
transcriptomique pour comparer les réponses immunitaires, inflammatoires et 
immunométaboliques à 1 jour après infection est en cours. Les résultats seront 
confirmés par RT-qPCR. 

Ces résultats, bien que préliminaires permettent de confirmer que les organoïdes 
offrent l’opportunité d’étudier l’infection du SNC par les Henipavirus. Il s’agit de 
résultats inédits car c’est la première fois qu’une équipe infecte des organoïdes de 
cerveau humain par des Henipavirus. Ce modèle comporte des limites telles que 
l’absence de cellules microgliales ou de barrière hématoencéphalique. Cependant il 
existe aujourd’hui des systèmes permettant de rajouter des microglies en cis et de 
mimer la barrière hématoencéphalique sur les organoïdes. Etant donné le potentiel 
des organoïdes pour la recherche de nombreuses équipes partout dans le monde 
travaillent à l’amélioration de ce modèle.  
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Figure 21 : Infection d’organoïdes de cerveau humain par des Henipavirus. 

Les organoïdes de cerveau humain ont été infectés par 50 PFU de rNiV-eGFP, 
Nipah Malaisie (NiV Mal), Nipah Bangladesh (NiV Ban) et Hendra. A) L’infection de 4 
organoïdes par le rNiV-eGFP a été suivie par microscopie à épifluorescence à 2, 3, 4 
et 7 jours post infection (dpi = days post infection). B) Le nombre de copies de N par 
μg d’ARN total a été quantifié par RT-qPCR pour les trois virus (n=3). C), D), E), F) 
Les organoïdes infectés on été traités par 1μM du peptide inhibiteur de fusion. C) 
L’infection des organoïdes traités a été suivie par microscopie à épifluorescence pour 
le rNiV-eGFP et les copies de N par μg d’ARN ont été quantifiées par RT-qPCR à 4 
dpi et à 7 dpi dans les organoïdes infectés par D) NiV Mal, E) NiV Ban et F) HeV 
(n=3). Les photos ont été prises par le microscope Zeiss Axiovert 100M aux temps 
d’expositions indiqués en millisecondes (ms) ou en secondes (s) en bas de chaque 
image et reconstituées en utilisant le plug-in Stitching plug-in avec le logiciel ImageJ  
494. 
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DISCUSSION GENERALE 
 

 

 

Le SARS-CoV-2, le VR, NiV Mal, NiV Ban et HeV étudiés ici sont tous des virus 
ciblant initialement les voies respiratoires. Cependant ils sont tous capables d’infecter 
le SNC et d’induire des encéphalites dont la fréquence et la sévérité sont très 
variables. A ce jour très peu d’études permettent de déterminer les étapes précoces 
de l’infection du SNC par ces virus. Dans la littérature, les données concernant 
l’infection du SNC sont généralement issues d’analyses post mortem chez l’Homme 
et chez l’animal ou obtenues dans des modèles in vitro spécifiques ne permettant 
pas de conclure sur les étapes précoces de l’infection du SNC à l’échelle organique. 
La comparaison de l’infection du SNC par trois genres de virus plus ou moins 
encéphalitogènes m’a permis d’apporter des éléments permettant de mieux 
comprendre les facteurs influençant l’infection du SNC.  
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1) L’infection du SNC : un circuit fermé ? 

Il est communément admis dans la littérature que les patients atteints de PESS ne 
sont pas contagieux, l’infection étant cantonnée au SNC. Dans les cas de MIBE, on 
retrouve le virus de la rougeole circulant mais les mutations conférant un caractère 
hyperfusogène au virus n’ont été retrouvées que dans le cerveau des patients. 
Néanmoins, nos résultats tendent à confirmer que si l’hyperfusogénie est une 
marque de neuroadaptation, cet avantage devient contre-productif pour le virus en 
dehors du SNC. En effet, les mutations de compensation semblent ramener la 
machinerie de fusion vers la stabilité pour augmenter l’efficacité d’infection et limiter 
le déclenchement accidentel de la protéine F. Dans ce cas le circuit n’est peut-être 
pas fermé mais les pressions tissulaires lors du retour vers les autres organes 
pourraient conduire au retour vers le virus le plus efficace qui serait le virus sauvage. 
Une étude de l’évolution du virus mutant F L454W en multi-passages en cellules 
immunitaires permettrait peut-être de répondre à cette question. 

Dans les cas d’encéphalites tardives à NiV Mal on retrouve le même schéma que 
dans les PESS. En revanche, l’émergence de mutations dans les séquences de NiV 
Mal et HeV retrouvées dans le cerveau des patients n’est pas clairement décrite 
dans la littérature. Le nombre de séquences est cependant très restreint, et les 
séquençages effectués manquaient sans doute de profondeur rendant impossible 
d’affirmer qu’il n’y ait pas eu d’évolution génétique des séquences dans le SNC. Les 
souches du VR portant une M hypermutée sont incapables de bourgeonner. 
Pourtant, dans le SNC, ces mêmes souches sont tout à fait capables de se propager. 
Tout porte à croire que l’infection cellule à cellule est suffisante pour envahir le SNC. 
Dans l’hypothèse où des particules virales aux propriétés hyperfusogènes seraient 
libérées dans le SNC il serait étonnant, compte tenu de leur effet cytopathique et de 
la permissivité des cellules endothéliales à l’infection, qu’elles n’atteignent pas les 
autres systèmes. De plus, aucun isolat clinique provenant de cerveau de patients 
décédés de PESS ou de MIBE n’a pu être collecté et seules des séquences virales 
ont pu être séquencées. 

2) Neuroadaptation ou neurosélection? 

Les expériences de passages multiples du virus de la rougeole in vivo dans le 
système nerveux central (historiquement chez le rat de Lewis) ou dans des modèles 
adaptés reflétant le SNC tels que les cultures organotypiques ou les organoïdes de 
cerveaux aboutissent systématiquement à l’émergence de mutations. Parmi ces 
mutations, celles retrouvées dans la F ou la H, confèrent souvent au virus un 
avantage pour envahir le SNC. Cependant aucune étude ne permet de spéculer que 
les cas de PESS et de MIBE soient liés à un même phénomène de neuroadaptation 
chez les patients. En effet, l’hypothèse inverse selon laquelle certaines mutations 
seraient déjà présentes à bas bruit dans le pool de virus sauvages (quasi-espèces) 
lors de l’infection n’est pas exclue. On parlerait alors de neurosélection. Cette 
hypothèse, pourrait expliquer la redondance de certaines mutations (ou des zones 
mutées) spécifiques observées chez des patients souffrant de MIBE ou de SSPE 
mais ne présentant aucun lien les uns avec les autres. En particulier, la mutation 
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L454W dans la protéine F a été retrouvée chez 4 patients totalement indépendants 
(deux en Afrique du Sud et deux en Italie dans deux villes différentes depuis 2008). 
La mutation du résidu 262 est également souvent retrouvée dans des cas de PESS 
ou sous pression de sélection de traitements sensés stabiliser la F en préfusion 
(S262R ou S262G). La neurosélection pourrait aussi expliquer l’atteinte du SNC mais 
il serait cependant surprenant que de tels virus atteignent le SNC au cours de la 
phase aiguë de l’infection sans pour autant induire directement une encéphalite. 
D’autant plus que d’après nos résultats, les mutations qui confèrent un caractère 
hyperfusogène ont tendance à muter rapidement en dehors du système nerveux 
central pour revenir vers un phénotype sauvage par le biais de mutation de 
compensation (cf. mutation E455G), elles-mêmes contre-sélectionnées dans le SNC. 
Impossible pour l’instant de dire si le VR parvient à atteindre le SNC parce qu’il 
contient déjà des mutations qui lui permettent d’évoluer dans cet environnement 
(neurosélection) ou si le VR sauvage a accidentellement atteint le SNC sans pour 
autant pouvoir s’y disséminer jusqu’à l’émergence d’une mutation d’adaptation qui 
déclencherait alors l’invasion du SNC.  

Pour le SARS-CoV-2, malgré l’immense nombre de publications et l’émergence de 
nouveaux variants je n’ai pas trouvé d’études dans lesquelles les auteurs auraient 
séquencé les séquences virales retrouvées dans les cerveaux de patients. Nous ne 
savons donc pas si le virus retrouvé dans ces patients comporte des mutations 
d’adaptation. Le séquençage de nos cultures organotypiques de cerveau de hamster 
infectées par le SARS-CoV-2 sur une longue durée (plus de 7 jours) pourraient nous 
apporter des réponses quant à la possible neuroadaptation. 

Dans le cas des encéphalites tardives et des rechutes de l’infection par NiV Malaisie 
aucune publication n’indique la recherche de mutations dans ce contexte. 
Malheureusement les études ont souvent plus de 20 ans et les échantillons ne sont 
probablement plus accessibles. Cependant, tout comme pour les cas de PESS avec 
le VR il serait important de comprendre ce qui permet la « réactivation » du virus des 
années après exposition. L’apparition de ces encéphalites tardives semble aléatoire 
et à ce jour aucun stimulus n’a été identifié. Toutefois il est envisageable que le 
déclenchement de ces encéphalites virales fasse suite à une autre infection ou à un 
facteur environnemental. 

Les voies d’entrées et d’infection du SNC restent très difficiles à déterminer à ce jour. 
Pour le VR la voie hématogène est la plus probable. Cependant, l’infection indirecte 
par l’infiltration de cellules immunitaires infectées dans le SNC est également tout à 
fait possible comme démontrée pour le virus de l'immunodéficience simienne 318,497. 
Ce mécanisme du cheval de Troie est fortement suspecté pour le VR et semble 
majeure (mais on exclusive) pour les Henipavirus par transinfection réalisé des 
cellules immunitaires chargées de virus en suface 452. Certains virus utilisent 
plusieurs voies d’entrée comme par exemple le virus CDV qui utilise aussi bien la 
voie hématogène que le système nerveux périphérique pour atteindre le SNC 498. 
Pour le VR, les Henipavirus et le SARS-CoV-2 tout porte à croire que plusieurs voies 
d’entrées sont également possibles. La rupture de la BHE provoquée par un fort effet 
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cytopathique ou par la tempête cytokinique semble être la voie d’entrée majoritaire 
pour les Henipavirus et le SARS-CoV-2.  

 

3) Avantages et limites des cultures organotypiques et des 
organoïdes 

a. Les cultures organotypiques 
Les cultures organotypiques issues de cerveau ou de poumon de hamsters ou de 
souris présentent l’avantage unique d’offrir une fenêtre ouverte directement sur 
l’organe d’intérêt et permet ainsi de suivre une infection en temps réel à l’échelle 
organique. Ces modèles comportent toutes les cellules de la zone tranchée en 
conservant une bonne organisation tridimensionnelle. Les cultures organotypiques 
sont le seul modèle existant permettant d’étudier les étapes précoces d’une infection 
dans un organe. Ces cultures ex vivo ne permettent cependant pas de déterminer 
comment les virus atteignent le SNC. De plus, même si les vaisseaux sanguins sont 
présents lors de la coupe il n’y a plus de fluides circulants une fois les cultures 
déposées sur la membrane de PTFE. Les images des cultures organotypiques de 
cervelets infectées par le VR prises au microscope confocal montrent fréquemment 
l’infection des vaisseaux sanguins et indiquent l’existence d’un tropisme endothélial 
possible lorsque les vaisseaux sont accessibles à l’infection. Dans ces modèles ex 
vivo toutes les cellules sont exposées au virus tandis que lors d’une infection in vivo 
certaines d’entre elles ne sont peut-être pas disponibles. Les cultures 
organotypiques permettent cependant de déterminer la permissivité des cellules à 
l’infection. L’astrogliose modérée à sévère qui se met en place plusieurs jours après 
la coupe dans les cultures organotypiques de cervelet notamment est contournée en 
infectant les cultures le jour de la coupe. Pour l’étude de l’infection précoce par les 
virus où les cultures sont collectées seulement après 24 heures d’infection 
l’astrogliose n’a pas eu le temps de se mettre en place. Dans des études visant à 
comparer différents virus ou l’impact de mutations sur le tropisme initial de l’infection 
ces modèles sont particulièrement pertinents. Une autre limite est la restriction du 
modèle animal, cependant des cultures organotypiques similaires peuvent tout à fait 
être réalisées à partir d’animaux plus gros tels que des macaques, des furets et des 
chiens 306. L’obtention de tissus humains constitue en France un véritable défi mais 
n’est toutefois pas impossible et on peut également envisager de réaliser des 
cultures organotypiques à partir de reins, de poumons, ou de cerveaux de patients 
lors d’interventions chirurgicales. Il serait particulièrement intéressant de collaborer 
davantage avec le personnel hospitalier pour obtenir des échantillons d’organes 
provenant d’autopsie de patients ou de fœtus abortifs par exemple.      

Au cours de ma thèse j’ai pu démontrer le grand potentiel de ces modèles pour une 
application dans le monde de la virologie. Le fait que les cultures peuvent être 
réalisées à partir d’animaux sauvages immunocompétents ou génétiquement 
modifiés pour surexprimer un récepteur d’entrée ou déficientes pour le récepteur à 



- 253 - 
 

l’interféron par exemple ouvre un large champ de possibilités. L’étude des étapes 
précoces d’une infection dans un organe donné ainsi que les réponses 
transcriptomiques et la mort cellulaire induite par l’infection sont très intéressantes 
pour étudier la pathogénèse d’un virus émergeant à l’échelle organique. Cependant, 
l’utilisation des cultures organotypiques dans des études pré-cliniques pour cribler 
l’efficacité et la toxicité de traitements est particulièrement prometteuse. L’inefficacité 
de l’Hydroxychloroquine sur les cultures de poumons infectées par le SARS-CoV-2 
en comparaison aux cultures de cerveaux ainsi que la toxicité observée avec le 
17DMAG illustrent ce fort potentiel. A partir d’un animal de la taille d’un hamster de 7 
jours on peut obtenir une quinzaine de coupes de cervelet, une dizaine de coupes de 
tronc cérébral, une vingtaine de coupes de poumon et une dizaine de coupes de 
reins. On peut également générer des cultures organotypiques à partir 
d’hippocampes et de bulbes olfactifs. 5 animaux suffisent pour obtenir des résultats 
avec suffisamment de réplicas biologiques indépendants permettant d’effectuer des 
analyses statistiques convaincantes. Indépendamment de tous les avantages 
mentionnés précédemment, ces modèles ex vivo apportent une solution éthique à la 
recherche en permettant de tester un nombre de conditions inégalables avec des 
expériences in vivo et respectent très largement la règle des 3R. De plus, les cultures 
organotypiques sont rapidement modélisables à moindre coût et répondent donc aux 
contraintes financières et temporelles. Enfin, les études actuelles visant à 
comprendre les manifestations neurologiques du COVID-19 comportent toutes des 
limites. Même les résultats provenant d’autopsies ou de rapports de cas se basent 
sur des panels trop petits pour pouvoir apporter des conclusions fiables 499 . 

 

b. Organoïdes de cerveau humain 
Contrairement aux cultures organotypiques les organoïdes de cerveau humain 
offrent la possibilité unique de travailler sur du tissu cérébral humain. En revanche 
ces modèles ne permettent pas de répondre aux mêmes questions. Ils sont 
particulièrement pertinents pour étudier l’évolution génétique des virus sous pression 
de sélection dans le SNC et les réponses transcriptomiques mises en place. A ce 
jour la majorité des organoïdes de cerveau humain sont constitués de neurones, 
d’astrocytes, d’oligodendrocytes et de cellules progénitrices. Ils sont générés à partir 
de cellules souches humaines pluripotentes induites ou embryonnaires. La 
différenciation des cellules en organoïdes se fait par l’exposition successive à des 
facteurs de croissances sur un support non adhérent ou en agitation dans des 
bioréacteurs miniatures pour permettre l’organisation tridimensionnelle. Les 
organoïdes de cerveau sont exempts de toute vascularisation, incluant l’absence de 
la BHE et ne présentent pas de cellules microgliales 500. De plus, ils sont encore 
immatures et comprennent beaucoup de cellules progénitrices.  

Bien qu’encore incomplets, les organoïdes de cerveau humain sont très prometteurs. 
La grande force de ce modèle réside dans le fait qu’on peut réaliser les organoïdes à 
partir de plusieurs espèces différentes et à partir de différents donneurs. Les cellules 
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souches peuvent être modifiées afin d’introduire des mutations et les possibilités sont 
donc infinies. Les organoïdes sont idéaux pour tester l’efficacité de traitements 
ciblant l’infection du SNC, l’évolution génétique des virus dans le SNC et les 
réponses inflammatoires mises en place suite à l’infection. Pour étudier l’infection du 
SNC par des virus tels que Nipah ou Hendra pour lesquels il est impossible de se 
procurer des échantillons de patients, l’utilisation d’organoïdes permet d’adresser 
beaucoup de questions laissées en suspens. 

  

4) Pathogénèse du SARS-CoV-2, du virus de la rougeole et des 
Henipavirus à l’échelle organique 

L’infection du tronc cérébral par le SARS-CoV-2 pourrait expliquer les cas d’arrêts 
cardiaques ou d’arrêts respiratoires des patients décédés du COVID-19. Cependant 
la présence du SARS-CoV-2 dans le tronc cérébral de patients humains n’a été que 
rarement suggérée. Mes données dans les cultures organotypiques de cervelet et de 
tronc cérébral de hamster confirment la susceptibilité de ces sous-structures à 
l’infection par le SARS-CoV-2. Toutefois les niveaux de réplication virale sont plus de 
10 fois plus faibles que dans le poumon. Si le virus parvient à se disséminer dans le 
SNC il induit une forte mortalité cellulaire dans les neurones qu’il cible, ce qui 
explique peut-être sa rareté dans le SNC. Alternativement, l’infection de la zone du 
nerf vague pourrait aussi expliquer la défaillance multiple par des lésions plus basses 
que dans le tronc cérébral.  

Pour le virus de la rougeole les virus neuroadaptés se disséminent difficilement dans 
les lignées cellulaires habituellement utilisées pour cultiver les souches sauvages ou 
dans les tissus pulmonaires. La formation de trop larges syncytia entraine la mort des 
cellules voisines et n’est donc pas du tout un avantage pour l’infection qui est du 
coup trop cytopathique. Au contraire, nous avons montré que dans le contexte du 
système nerveux central ces virus neuroadaptés se propagent avec relativement peu 
d’effets cytopathiques. L’infection de motoneurones humains par le virus MeV-IC232-
eGFP-F-L454W illustre particulièrement ce phénomène où l’infection des neurones, 
bien que très rapide, devient persistante.  

Pour les Henipavirus nous avons émis l’hypothèse que les différences de 
pathogénicité entre les souches pourraient s’expliquer par une différence de 
susceptibilité à l’échelle organique explicable par la distribution de l’expression des 
récepteurs d’entrée. Dans la littérature EFNB1 n’est pas présenté comme un 
récepteur d’entrée pour NiV Mal, NiV Ban ou HeV. Cependant il a tout de même été 
montré que la liaison de EFNB1 à la G de NiV Mal est 10 fois moins forte que EFNB2 
mais pas nulle pour autant 443. Les interactions entre les EFN et les G des 
Henipavirus ont été analysées dans la littérature à partir des protéines solubles 
purifiées ou dans des contextes de transfection. J’ai inclus initialement EFNB1 dans 
mes travaux de thèse pour avoir un élément de comparaison à EFNB2 et EFNB3. 
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Cependant mes résultats montrent clairement que NiV Mal, NiV Ban et HeV sont 
capables d’utiliser EFNB1. En opposition avec la littérature il semblerait donc que 
EFNB1 soit un récepteur de faible affinité permettant la liaison de la G de ces trois 
virus ainsi que l’entrée virale. Une étude récente a montré que NiV Mal peut se 
répliquer intensément et sans aucun effet cytopathique dans les cellules du muscle 
lisse pourtant dépourvues de l’expression des récepteurs EFNB2 et EFNB3 501. Ces 
cellules expriment EFNB1 et les résultats de cette étude confirment que l’expression 
de EFNB1 suffit à rendre des cellules permissives à l’infection par NiV. EFNB3 est 
également décrit comme étant un récepteur de plus faible affinité pour HeV comparé 
à NiV 443. EFNB3 serait exprimé plus fortement dans le tronc cérébral et de 
nombreuses publications suggèrent un lien entre l’expression de EFNB3 dans le 
tronc cérébral et la sévérité du dysfonctionnement neuronal au cours des 
encéphalites causées par NiV 445. Cependant, cette surexpression de EFNB3 dans le 
tronc cérébral par rapport à EFNB2 n’a été décrite que dans les publications d’une 
équipe de recherche et n’est pas relevée dans des articles plus spécialisés. Mes 
résultats de quantifications des ARN messagers des EFN dans mes cultures 
organotypiques de cervelet de hamster en comparaison aux cultures organotypiques 
de tronc cérébral de hamster ne permettent pas de confirmer une plus forte 
expression d’EFNB3 dans le tronc cérébral non plus. Il est connu toutefois que 
l’expression des EFN est très élevée dans les stades de développement du SNC, or 
nos cultures sont réalisées à partir de jeunes animaux et il n’est pas impossible que 
leur SNC contienne encore des cellules immatures. De plus comme mentionné 
précédemment, bien que dépourvues de circulation sanguine, les cultures 
contiennent tout de même les cellules endothéliales des vaisseaux sanguins qui 
expriment très fortement Ephrin B2 et biaisent potentiellement les résultats de cette 
expérience. 

Il est remarquable que dans les études menées dans les modèles COC de hamster 
et organoïdes humains, les virus NiV Mal, NiV Ban et HeV se comportent de manière 
semblable. Dans les cultures organotypiques de cervelet, de tronc cérébral de 
hamster et dans les organoïdes de cerveau humain la réplication virale de NiV Ban 
est plus rapide aux temps précoces en comparaison avec NiV Mal et HeV alors que 
ce virus est le moins encéphalitogène des trois. Ce résultat s’accompagne d’une 
baisse de croissance virale à partir des 2ème ou 3ème jour d’infection, souvent 
associée à de la mortalité cellulaire. Ces résultats démontrent que NiV Ban, s’il 
atteint le SNC, est capable de s’y répliquer très fortement. Mon interprétation de ces 
résultats est que le fort effet cytopathique induit par l’infection par NiV Ban associé à 
sa dissémination particulièrement rapide (un cycle viral toutes les 4 heures observé 
in vitro) limite la progression du virus vers le système nerveux central.  

De façon intéressante les cultures organotypiques de poumons de hamster ne sont 
pas susceptibles à l’infection par le variant de rougeole portant la mutation L454W. 
Cette mutation permet pourtant une infection et une dissémination virale en absence 
de récepteur connu, aussi bien in vitro dans des cellules Vero qu’ex vivo dans les 
cultures organotypiques de cerveau ou dans des cultures primaires d’épithélium 
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humain des voies respiratoires. Cette absence de permissivité de ce modèle de 
poumon par ce virus pourtant capable d’infecter le poumon in vivo (Article 7) peut 
s’expliquer par l’implication de mécanismes supplémentaires. L’entrée virale dans 
l’épithélium pulmonaire ne pourrait se produire que via le récepteur Nectin-4 exprimé 
sur les pôles basolatéraux des cellules ou en utilisant un autre récepteur de basse 
affinité. Nectin-4 serait alors inaccessible pour la H du virus et on peut envisager que 
dans ce contexte une infection des poumons n’est possible que par contact avec une 
cellule infectée en accord avec l’hypothèse prévalant chez l’humain. Des expériences 
supplémentaires pourraient être réalisées en réalisant une co-culture de cultures 
organotypique de poumon avec des splénocytes, des PBMC ou des microglies 
préalablement infectés isolés du même animal. On pourrait aussi simplement 
observer la liaison ou l’entrée des particules virales par microscopie électronique en 
transmission.  

 

5) Infection par le SARS-CoV-2, le virus de la rougeole et les 
Henipavirus à l’échelle cellulaire 

a. Tropisme dans le SNC 
Dans le système nerveux central le SARS-CoV-2 envahit peu et cible majoritairement 
les neurones granulaires et les neurones de golgi. NiV Mal cible en priorité les 
neurones positifs pour le marquage NeuN tandis que NiV Ban et HeV semblent 
infecter les cellules neurales de façon plus large sans cibler un type cellulaire en 
particulier. NiV Ban est pourtant peu encéphalitogène et l’infection massive des 
cellules du SNC est cohérente avec la forte réplication virale et l’effet cytopathique 
observés dans les tissus cérébraux. Ce tropisme dispersif pour NiV Ban et HeV 
entraine une infection très forte du SNC. Le fait que les encéphalites soient 
beaucoup moins courantes pour NiV Ban que pour NiV Mal malgré sa capacité à 
envahir le SNC très rapidement est une raison de plus de penser que dans les cas 
où l’infection entraine la mort à cause du syndrome respiratoire aigu ce virus n’a 
simplement pas eu le temps d’accéder au SNC. De plus cette infection massive peut 
entrainer une réponse très forte dans les cellules alors que les neurones induisent 
une plus faible réponse. 

Les mutants HRC du VR sont pourtant capables d’infecter, dès les premières étapes 
de l’infection les neurones, les astrocytes, les oligodendrocytes et les microglies 
contrairement au virus sauvage qui se concentre sur l’infection des neurones et des 
microglies. Cependant les conditions chez l’homme sont différentes puisqu’il est 
possible que les mutations ne soient apparues qu’une fois le virus infiltré dans le 
SNC à la façon d’un cheval de Troie. L’analyse du tropisme des mutants 
hyperfusogènes confirme ces résultats et le fait que 50% des microglies contribuent 
à l’infection apporte une fenêtre de réflexion sur le mode d’infection de ces mutants 
dans le SNC.  
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L’observation de l’infection des cellules endothéliales par le VR dans les cultures 
organotypiques de cerveaux et plus particulièrement des zones ressemblant très 
fortement à la BHE ouvre également le débat sur la possible infection du SNC par le 
VR via la BHE. 

b. Persistance virale 
Dans les cas de COVID-longs on observe un syndrome multi-systémique une virémie 
persistante et la présence de particules virales dans différents tissus. Les 
publications récentes suggèrent la mise en place de cette persistance virale par une 
mauvaise réponse immunitaire, une réinfection ou une rechute 94,502,503 mais ce ne 
sont à ce jour que des hypothèses. 
Malgré un effet cytopathique moindre dans le système nerveux central nous avons 
démontré que le caractère hyperfusogène des virus les plus encéphalitogènes 
(mutants du domaine HRC du VR et NiV Mal) est un facteur clé pour l’invasion du 
SNC. Il est donc particulièrement surprenant que de tels virus puissent persister dans 
le SNC des patients sans symptomatologie pendant de longues périodes allant 
jusqu’à plus de 10 ans. De tels virus à ARN sont cytoplasmiques et on s’attend à ce 
qu’ils soient rapidement éliminés en l’absence de réplication. Une hypothèse serait 
que les génomes viraux pourraient rester quiescents dans des cellules qui ne se 
répliquent pas ou très peu telles que les cellules de la glie radiaire ou les cellules 
souches hématopoïétiques. Le déclenchement des encéphalites pourrait avoir lieu 
au moment où ces cellules sont sollicitées pour se différencier.  

 

6) Infection par le SARS-CoV-2, le virus de la rougeole et les 
Henipavirus à l’échelle moléculaire 

Au cours de ma thèse j’ai essayé de comprendre les facteurs qui pourraient expliquer 
les différences d’effet cytopathique et de tropisme entre des virus ciblant initialement 
toutes les voies respiratoires.  

Aussi bien pour SARS-CoV-2, le VR et les trois Henipavirus, les expériences visant à 
bloquer la fusion virale par le biais de peptides HRC inhibiteurs de fusion visant la F 
montrent que la F est essentielle pour la dissémination virale dans le SNC. En 
revanche on a pu voir que dans les organoïdes de cerveau humain infectés par NiV 
l’infection parvient tout de même ponctuellement à envahir le tissu après 7 jours de 
traitement, suggérant une possible émergence de mutation ou une autre voie de 
dissémination. De plus, on ne sait pas si les Henipavirus peuvent se disséminer en 
absence de la G.  

Dans le but de comprendre dans quelle mesure les différences dans les séquences 
des glycoprotéines de surface des différents Henipavirus influencent le tropisme 
dans le SNC on pourrait envisager de générer des virus mutants en interchangeant 
les F et/ou les G de NiV Mal, NiV Ban et HeV. On pourrait également envisager 
d’intégrer le virus Cedar dans les expériences. Il pourrait d’ailleurs être utile de 
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générer ces virus recombinants à partir du génome du virus Cedar afin de 
s’affranchir de la contrainte du travail en laboratoire P4.  

Dans mon article en préparation je vise une meilleure compréhension des différences 
des machineries de fusion des différents Henipavirus en me basant sur 
l’attachement, l’entrée, la stabilité de la F et le tropisme. 

Mes résultats montrent que NiV Mal est plus efficace pour se lier rapidement aux 
récepteurs d’entrée que NiV Ban et HeV alors que lorsque l’on analyse l’entrée seule 
dans les cellules cibles, HeV est au contraire le virus le plus rapide pour fusionner. 
NiV Ban présente un phénotype intermédiaire autant au niveau de la liaison aux 
récepteurs que pour l’entrée, sauf dans les cellules exprimant EFNB1. En effet, NiV 
B est le virus qui fusionne le plus rapidement dans les cellules exprimant le récepteur 
EFNB1.  

La stabilité thermique des F dans un contexte d’infection indique que HeV est 
beaucoup plus instable que NiV Mal et NiV Ban. Dans un contexte de transfection en 
l’absence de la G j’obtiens les résultats inverses ; la F de HeV demeure en état de 
pré-fusion même après 10 min à 55°C contrairement aux F de NiV Mal et NiV Ban 
qui se déclenchent très vite.  

L’ensemble de mes résultats m’ont menée à l’interprétation suivante. La F des deux 
NiV est très instable en l’absence de la G, on l’observe d’ailleurs facilement par 
l’apparition de syncytia lorsqu’on transfecte des cellules avec la F seule, même à 
37°C. La G de NiV Mal et de NiV Ban assume particulièrement sa fonction 
protectrice sur la F pour prévenir son déclenchement intempestif (Figure 22, A, B). 
Après le déclenchement de la F la fusion est en revanche longue et il semblerait que 
le repliement de la F pour promouvoir la fusion soit à l’image des mutants du VR 
hyperfusogènes du domaine HRC. Il peut s’agir du déclenchement plus long de la F 
par la G ou de l’effet cumulé du déclenchement de la F suivie de sa « poussée » par 
la G. En revanche la F de HeV est naturellement beaucoup plus stable mais son 
repliement est extrêmement rapide, probablement grâce à l’action de déclenchement 
et de « poussée » de la G qui permettent d’achever plus rapidement la fusion (Figure 
22, C). Ceci aurait pour conséquence une entrée très rapide, malgré une moins 
bonne liaison aux récepteurs. Cette théorie expliquerait également la meilleure 
efficacité des peptides HRC inhibiteurs de fusion sur les souches de NiV en 
comparaison à HeV car comme dans le cas des F hyperfusogènes de rougeole la 
fusion est plus lente et donne plus de temps aux peptides HRC pour s’associer au 
HRN de la F et bloquer la fusion. Alternativement, le peptide devant entrer en 
compétition avec le HRC de la F lorsque celle-ci est dans son état métastable, le 
repliement très rapide de la F de HeV ne permettrait pas aux peptides de s’interposer 
assez rapidement. 
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Figure 22 : Proposition d’un modèle de fusion pour NiV Malaisie, NiV 
Bangladesh et HeV. 

Schéma proposant la cinétique de liaison au récepteur (1), du déclenchement de la F 
(2), du repliement de la F (3) et de la création du pore de fusion (3) pour NiV Mal (A), 
NiV Ban (B) et HeV (C). 
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7) Conclusion et perspectives 

La meilleure compréhension des mécanismes de fusion de ces virus ouvre des 
perspectives pour le développement d’inhibiteurs de fusion. Par exemple, dans le 
cadre des peptides HRC inhibiteurs de fusion pour le VR, le remplacement de la 
séquence HRC sauvage par la séquence portant la mutation E455G améliore 
significativement l’efficacité de ces peptides. De plus une telle mutation stabilisant la 
F pourrait permettre de réaliser des analyses de co-cristallographie de la F dans son 
état de pré-fusion avec d’autres molécules visant à bloquer la fusion à ce niveau et 
de mieux comprendre les interactions avec ces traitements éventuels.  

L’étape suivante consiste à déterminer comment les virus respiratoires décrits dans 
cette thèse atteignent le SNC. Pour répondre à cette question des études plus 
poussées in vivo chez l’animal seront nécessaires afin de trouver des explications 
potentielles à cette invasion du SNC.  
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1) Annexe 1 : Interféron de type I et sélectivité de l’infection des 
cellules du système nerveux central par le virus de la rougeole 
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> L’infection par le virus de la rougeole
reste une cause majeure de morbidité et
de mortalité dans le monde [1]. Malgré
la disponibilité d’un vaccin, ce virus n’a
pas été éradiqué et a encore causé plus
de 140 000 décès en 2018, un nombre en
augmentation par rapport aux années
précédentes [2]. Aucun traitement n’est
disponible pour guérir l’infection par le
virus de la rougeole. La maladie com-
mence dans les voies respiratoires par
l’infection des macrophages pulmonaires
ou des cellules dendritiques exprimant
le récepteur cellulaire de la molécule
d’activation lymphocytaire F1 (signaling
lymphocyte-activating molecule, SLAM/
CD150). En ce qui concerne les cellules
dendritiques infectées, celles-ci migrent
alors vers les ganglions lymphatiques et
transmettent le virus aux lymphocytes
B et T activés exprimant SLAM, qui pro-
pagent l’infection par les systèmes vas-
culaires lymphatique et sanguin. Au stade
avancé de l’infection, le virus de la rou-
geole infecte la surface baso-latérale
des cellules épithéliales respiratoires par
la protéine des jonctions d’adhérence
nectine-4, ce qui permet l’excrétion du

virus par voie aérienne et la propagation 
de l’épidémie [3]. À l’échelle moléculaire, 
les glycoprotéines d’attachement H et de 
fusion F forment la machinerie de fusion à 
la surface de la membrane virale. L’enga-
gement du récepteur d’entrée par la pro-
téine H déclenche la transition structurale 
de la protéine F qui gouverne le processus 
de fusion des membranes virale et cellu-
laire, donc l’entrée de la ribonucléocap-
side virale dans le cytoplasme [4].
Le virus de la rougeole peut également 
se propager au système nerveux central 
et causer une encéphalite, presque tou-
jours létale. La myéloencéphalite rou-
geoleuse à corps d’inclusions (MIBE) 
survient chez les patients immuno-
déprimés plusieurs semaines ou mois 
après l’infection, et la panencéphalite 
subaiguë sclérosante (PESS) se produit 
chez les patients immunocompétents 
encore plus tardivement, jusqu’à plu-
sieurs décennies après l’exposition au 
virus survenant le plus souvent chez 
le très jeune enfant [5, 6]. Les étapes 
précoces de la neuro-invasion restent 
particulièrement peu documentées faute 
d’outils disponibles, et la plupart des 

données proviennent d’analyses post 
mortem. Les infections pathologiques 
du système nerveux central conduisent 
généralement à une démyélinisation et 
sont associées à des lésions du cortex 
cérébral, de l’hippocampe, du thalamus, 
du tronc cérébral, et du cortex cérébel-
leux [6]. Les antigènes viraux sont géné-
ralement détectés dans les neurones et 
les oligodendrocytes, et beaucoup plus 
rarement dans les acteurs immunitaires 
majeurs du système nerveux central, les 
astrocytes et les cellules microgliales 
[7, 8]. Le récepteur d’entrée du virus de 
la rougeole dans les cellules du système 
nerveux central est inconnu.
Des souris transgéniques exprimant 
artificiellement le récepteur humain du 
virus de la rougeole de façon ubiquitaire 
(souris SLAMtg) permettent de s’affran-
chir de toute variation liée à l’entrée du 
virus dans les cellules. En particulier, 
l’infection intranasale, par le virus de 
la rougeole, de souriceaux SLAMtg pro-
voque une invasion virale du système 
nerveux central conduisant à un syn-
drome neurologique aigu létal, associé 
histologiquement à une astrogliose et 
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organotypiques d’hippocampe de souris 
SLAMtg et de souris SLAM IFNARKO après 
une semaine de culture. Cette perte de 
susceptibilité globale est corrélée à une 
induction inversement proportionnelle 
d’IFN-  et des marqueurs de l’activa-
tion globale des systèmes tissulaires 
de défense et de réparation (S100B) et 
de l’activation spécifique des astro-
cytes (protéine acide fibrillaire gliale, 
GFAP). Ce résultat, associé au change-
ment phénotypique des astrocytes, est 
indicateur de la mise en place d’une 
astrogliose. L’analyse du protéome 
associé aux cultures organotypiques 
d’hippocampe de souris SLAMtg après 
7 jours de culture en l’absence d’infec-
tion a montré la surexpression de 84 des 
111 protéines sécrétées testées, dont 18 
des 24 marqueurs majeurs  généralement 

nité innée du cerveau [8]. Dans ce 
contexte, les cultures organotypiques 
cérébrales de rongeurs — des coupes 
standardisées de sous-structures céré-
brales, issues de jeunes animaux et 
maintenues en culture pendant plu-
sieurs jours voire semaines — offrent une 
opportunité unique d’étudier ex vivo les 
étapes précoces de l’infection dans des 
régions particulières du cerveau, non 
encore accessibles à l’expérimentation 
sous la forme d’organoïdes humains. 
De plus, ces cultures constituent le seul 
outil préservant les quatre types cellu-
laires du système nerveux central dans 
une organisation tridimensionnelle, avec 
des connexions physiologiques entre 
les cellules [10]. Nous avons observé 
une perte de susceptibilité à l’infection 
par le virus de la rougeole des cultures 

un tropisme cellulaire du virus similaire 
à celui observé chez l’homme post mor-
tem (Figure 1A). L’interféron de type I 
(IFN-I) joue un rôle important dans la 
lutte contre les infections virales [9]. 
Les souris SLAMtg ont été très utiles pour 
étudier le rôle clé de la signalisation par 
le récepteur de IFN-I (IFNAR) dans l’in-
vasion du système nerveux central par le 
virus de la rougeole. Cette atteinte est en 
effet exacerbée chez des souris SLAMtg 
rendues génétiquement déficientes pour 
IFNAR (souris SLAM IFNARKO). Elle est 
alors létale même chez des animaux 
adultes, ce qui confirme le rôle crucial de 
la signalisation IFN-I dans le contrôle de 
l’infection in vivo [8].
Grâce aux souris SLAM IFNARKO, nous 
avons pu étudier si le tropisme du virus 
dépendait des mécanismes de l’immu-
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Tropisme du virus in vivo post-mortem déduit à partir de la présence d’antigènes viraux
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Figure 1. (A) Pathologie de l’infection par le virus de la rougeole dans le système nerveux central chez l’homme au moment du décès et chez la souris 
transgénique au moment de l’euthanasie. (B, C) Différence de développement d’une astrogliose dans les cultures organotypiques d’hippocampe, en 
l’absence de virus, de souris SLAMtg (B) et de souris SLAM IFNARKO (C), et impact sur la susceptibilité de ces cultures à l’infection par le virus de 
la rougeole. GD : gyrus denté, CA : corne d’Ammon.
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minées » (comportant simultanément 
le marqueur oligodendrocytaire et un 
des autres marqueurs) (Figure 2). En 
tenant compte des proportions des dif-
férents types cellulaires dans la culture 
organotypique, nous avons confirmé 
que, dans le modèle de souris SLAMtg, 
les neurones constituent la popula-
tion contribuant majoritairement à 
l’infection. En revanche, en l’absence 
de IFNAR, les astrocytes sont aussi 
permissifs à l’infection que les neu-
rones, les oligodendrocytes et cellules 
microgliales devenant alors des contri-
buteurs majeurs de l’infection. Enfin, si 
l’infection par le virus de la rougeole 
est effectuée 7 jours après la mise en 
culture organotypique, aucune cellule 
astrocytaire ou microgliale des cultures 
issues de souris SLAMtg n’est infectée, 
contrairement à ce qui est observé 
dans les cultures issues des souris SLAM 
IFNARKO (Figure 1B, C).

des neurones, oligodendrocytes, astro-
cytes, et cellules microgliales à l’infec-
tion. La distribution de l’infection dans 
les cellules des cultures issues de souris 
SLAMtg, suivie par cytométrie en flux 
après digestion enzymatique des coupes 
tissulaires par la papaïne, dissocia-
tion des cellules et immunomarquages, 
montre que les neurones constituent 
plus de 60 % des cellules infectées, loin 
devant les astrocytes infectés (15 %), 
et les quelques pourcents d’oligoden-
drocytes et de cellules microgliales 
infectés, tandis que dans les cultures 
issues de souris SLAM IFNARKO, dépour-
vues de IFNAR, on observe une homo-
généisation de la distribution des cel-
lules infectées, avec presque autant 
de neurones que d’astrocytes infectés 
(30 % et 38 % respectivement), environ 
20 % de cellules microgliales infectées, 
environ 5 % d’oligodendrocytes infec-
tés, et autant de cellules « indéter-

observés dans le développement de l’as-
trogliose modérée à sévère (Figure 1B). 
En l’absence d’IFNAR, seules 27 pro-
téines sécrétées étaient surexprimées 
(après 7 jours de culture en l’absence 
d’infection), dont seulement 7 associées 
à l’astrogliose, et aucune n’était asso-
ciée à une activité antivirale connue 
(Figure 1C). En revanche, l’infection des 
cultures organotypiques d’hippocampe 
de souris SLAMtg par le virus de la rou-
geole a conduit à la surexpression signi-
ficative de 50 protéines sécrétées, dont 
44 comptent parmi les protéines induites 
naturellement dans les cultures. Ainsi, 
l’infection par ce virus a exacerbé la 
part de réponse de l’astrogliose sous la 
dépendance de l’IFN-I.
L’analyse en microscopie à fluorescence, 
après 24 heures, des cultures organoty-
piques d’hippocampe de souris SLAMtg 
ou SLAM IFNARKO infectées le jour de leur 
préparation a montré la permissivité 

Figure 2. Permissivité des cel-
lules neurales à l’infection par 
le virus de la rougeole dans des 
cultures organotypiques d’hip-
pocampe de souris SLAMtg et 
de souris SLAM IFNARKO. Les 
cultures organotypiques d’hip-
pocampe ont été infectées 
avec 2 x 104 unités infectieuses 
(plaque-forming units, PFU) du 
virus de la rougeole (souche 
IC323) exprimant la protéine de 
fluorescence verte VR-IC323-
eGFP. Les cellules isolées, obte-
nues après digestion enzyma-
tique par la papaïne, suivie 
d’une dissociation mécanique 
des cultures 24 heures après 
l’infection, ont été marquées 
avec des anticorps spécifiques 
pour effectuer une analyse par 
cytométrie en flux. La distri-
bution cellulaire de l’infection 
(diagrammes circulaires) repré-

sente le pourcentage de chaque population cellulaire parmi l’ensemble des cellules infectées : neurones (N), astrocytes (A), oligodendrocytes 
(O), cellules microgliales (CM), et cellules de nature indéterminée (I). Le pourcentage de cellules infectées au sein de chacune des quatre 
populations cellulaires (neurones, astrocytes, oligodendrocytes, et cellules microgliales) est également indiqué pour évaluer comparativement la 
contribution de chaque population à l’infection dans les deux modèles organotypiques murins.
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neurologique mortel dans les deux cas, 
les premiers évènements conduisant 
à une encéphalite sont différents en 
termes de sensibilité cellulaire et de 
molécules sécrétées dans le parenchyme 
du système nerveux central. Il reste à 
déterminer si cette plus faible suscep-
tibilité des astrocytes et des cellules 
microgliales à l’infection par le virus de 
la rougeole et leur capacité à contrôler 
l’infection par la voie IFN jouent un rôle 
dans la sélection ou l’acquisition des 
mutations caractéristiques observées 
dans les séquences virales isolées de 
patients décédés d’une encéphalite rou-
geoleuse. Il faudra pour cela étudier en 
détail l’évolution virale à long terme au 
cours d’une propagation de l’infection 
du système nerveux central. ‡

Type I interferon and selective permis-
siveness of central nervous system to 
measles virus infection
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Cette étude met en évidence plusieurs 
caractéristiques des réponses inflam-
matoires liées aux interférons de type I, 
et de l’astrogliose des explants céré-
braux, faisant suite à l’infection par le 
virus de la rougeole. Elle révèle la dif-
férence de susceptibilité des cellules à 
l’infection, notamment la résistance des 
astrocytes et des cellules microgliales 
via la signalisation IFNAR, même lorsque 
l’entrée du virus dans les cellules céré-
brales murines est artificiellement ren-
due possible par l’expression ectopique 
du récepteur SLAM humain. Sans que 
l’on puisse exclure la possibilité d’une 
différence de mécanisme d’entrée entre 
les différentes populations cellulaires 
cérébrales, ces observations expliquent 
au moins partiellement l’inconstance 
des données post mortem concernant la 
présence d’antigènes du virus de la rou-
geole dans les astrocytes et des cellules 
microgliales chez l’homme. Par ailleurs, 
si l’infection dans nos deux modèles 
animaux, souris SLAMtg et souris SLAM 
IFNARKO, se termine par un syndrome 
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Abstract: Measles remains a major cause of morbidity and mortality worldwide among vaccine
preventable diseases. Recent decline in vaccination coverage resulted in re-emergence of measles
outbreaks. Measles virus (MeV) infection causes an acute systemic disease, associated in certain
cases with central nervous system (CNS) infection leading to lethal neurological disease. Early
following MeV infection some patients develop acute post-infectious measles encephalitis (APME),
which is not associated with direct infection of the brain. MeV can also infect the CNS and cause
sub-acute sclerosing panencephalitis (SSPE) in immunocompetent people or measles inclusion-body
encephalitis (MIBE) in immunocompromised patients. To date, cellular and molecular mechanisms
governing CNS invasion are still poorly understood. Moreover, the known MeV entry receptors
are not expressed in the CNS and how MeV enters and spreads in the brain is not fully understood.
Different antiviral treatments have been tested and validated in vitro, ex vivo and in vivo, mainly in
small animal models. Most treatments have high efficacy at preventing infection but their effectiveness
after CNS manifestations remains to be evaluated. This review describes MeV neural infection and
current most advanced therapeutic approaches potentially applicable to treat MeV CNS infection.

Keywords: measles virus; central nervous system; tropism; treatments

1. Measles Virus Epidemiology

Measles virus (MeV) is the etiologic agent responsible for measles disease. Humans are the only
known reservoir for MeV. Despite the availability of a very efficient vaccine [1], measles remains one of
the most contagious diseases with a R0 ranking from 12 to 18 [2] meaning that (in a fully susceptible
population) an infected patient will on average transmit the infection to 12 to 18 individuals. This
propagation rate may even increase among people with low or compromised immunity [3]. Viral
transmission generally occurs from person to person through aerosols [3] and precedes onset of skin
rash, making the disease even more difficult to contain. After decades of emergences mainly restricted
to the poorest countries, measles has made a strong comeback and re-emerged in industrialized
countries [4] where access to the vaccine was supposed to be easier. Measles killed more than 100,000
people every year [5] since 2010. In 2017, 110,000 people died from measles, mostly children under
five years old [3]. Indeed, in the absence of vaccination, children are the main targets of MeV [6],
although adults can be infected as well [3]. Last year, WHO documented 268,038 confirmed cases.
Nevertheless, according to other estimations, there are 7 to 20 million people getting infected by
measles each year [7,8].

In most developed countries measles was considered eliminated, in recent years. However the
rate of vaccination decreased due to a vaccination hesitancy, and as consequence the decreased herd
immunity led to large outbreaks and today measles is considered re-emerged [4,9]. This year, in
many developed countries including USA and France, there is a 300% increase in reported MeV cases
compared to last year [10]. Notably, 1250 cases have been reported in the USA in 2019 (from January to
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October) [11]. Those outbreaks confirm the re-emergence of measles, already announced by the NIAID
following MeV epidemics in 2014 (CDC).

2. Virus

MeV belongs to the Morbillivirus genus within the Paramyxoviridae family and Mononegavirales
order. This enveloped virus produces pleiomorphic viral particles with an average size ranging from
150 to 300 nm and up to 900 nm [12]. Its genome is a negative-sense, single stranded RNA of 15,894
nucleotides that encodes six structural proteins: The nucleocapsid (N) protein, the phosphoprotein (P),
the matrix (M) protein, the fusion (F) protein, the haemagglutinin (H) protein, and the polymerase
(large, L) protein. Two non-structural proteins, V and C are produced from the P gene [13] and mainly
alter the innate immune sensing and response [14–17].

Wild type MeV strains use signaling lymphocytic activation molecule 1 (SLAMF1, also called
SLAM or CD150) and nectin-4 receptors to infect target cells [18–20]. MeV vaccine strains use
the ubiquitously expressed CD46 molecule as an additional entry receptor in vitro [21,22]. MeV
entry is pH-independent and occurs directly at the cell surface [23]. However, MeV entry may also
occur by endocytosis mediated by SLAM in B-lymphoblastoid cells or A549-SLAM cells [24], and
through a nectin-4-mediated macropinocytosis pathway, in breast and colon cancer cell lines (MCF7,
HTB-20, and DLD-1) [25]. It was also suggested that MeV Edmonston or Hallé strains could use
a macropinocytosis-like pathway in non-lymphoid and lymphoid cells when SLAM and CD46 are
engaged but this remains poorly documented [26,27].

To initiate the infection of the main target cells, the MeV H protein binds to entry receptor on
the surface. This attachment triggers the F protein and leads to exposure of its hydrophobic fusion
peptide that then inserts into the host cell membrane. The F protein undergoes serial conformational
changes allowing the merge of the host and viral membranes creating a fusion pore allowing the
ribonucleocapsid (RNP) delivery in the cytoplasm (Figure 1A,B) [28,29]. Infection also spreads
efficiently via cell-to-cell contact [30,31].

Transcription by the RNA-dependent RNA polymerase (RdRp) starts from a single promoter
resulting in a transcriptional gradient from the most abundant mRNA for N to the least abundant
mRNA for L in order to allow efficient viral cycles. These mRNAs are then translated into viral proteins.
The accumulation of N and P leads to viral genome replication into positive stranded RNA anti-genome
that will allow further synthesis of negative sense RNA strands that will be encapsidated by newly
synthesized N, P, and L proteins [32]. Viral RNA synthesis and assembly are regulated through the
interaction between M and N [33]. Viral proteins assemble to the plasma membrane and the budding
of new virions can occur (Figure 1A). Alternatively, the surface glycoproteins are transported to the
plasma membrane and allow cell-to-cell dissemination.

The viral RNA is encapsidated by the protein N and forms the helical nucleocapsid [34]. Each N
protein covers six nucleotides, hence the genome length has to follow the “rule of 6” for being fully
protected [35,36]. Together, the proteins L and P form the viral RdRp. That polymerase interacts with
the nucleocapsid to progress on the viral RNA: Altogether they form the RNP.

The M protein generally ensures the viral particle integrity. The M protein also orchestrates the
viral assembly at the plasma membrane and the budding of the new infectious viral particles [23].

The H and F proteins constitute the viral fusion complex that is responsible for the viral entry
into the host cell. The H protein is a tetramer organized as a dimer of dimers responsible for the
binding to the entry receptor. The F protein mediates the fusion between the virus and the host plasma
membranes. The F is a trimer first produced as a precursor F0 that is cleaved in the trans-Golgi
by a furin protease in F1 plus F2 subunits linked by a disulfide bond. The extracellular domain is
constituted by the F1 and F2 subunits containing the fusion peptide at the N terminus followed by two
complementary heptad repeat domains, respectively at the N terminus (HRN) and the C terminus
(HRC). While the crystal structure of the prefusion form of the F protein has been described [37], the
exact delimitations of the F sub-domains are still not completely defined [38–40].
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Figure 1. Measles Virus (MeV) replication cycle. (A) In order to infect a susceptible and permissive cell,
MeV binds to its entry receptors on the cell surface (1) and initiates the virus-cell membrane fusion
(2), as described in detail in (B). Virus and cell membranes fusion leads to genome delivery into the
cytoplasm (3). Viral RNA is transcribed in mRNA (4) that is further translated into viral proteins (5).
Viral glycoproteins maturate during their transport to the cell surface (6). The replication of positive
stranded anti-genomic RNA starts in the cytoplasm (7) and serves as a template for synthesis of new
negative stranded genomic RNA (8). Viral proteins assemble at the cell surface, leading either to
budding of new virions (9) or cell-to-cell fusion (10). (B) The haemagglutinin (H) protein binds to
the MeV receptor at the cell surface, allowing the triggering of fusion (F) which reaches a metastable
conformation. Then, F protein anchors its fusion peptide in the target cell membrane, F undergoes
serial conformational changes bringing the two membranes close enough to merge and form a pore
throughout which the viral ribonucleocapsid (RNP) is delivered to the cytoplasm.

Based on bioinformatic tools the HRN domain encompasses residues 116/138 to residue 190 and
the HRC domain is included between residues 438 and 488/489. The current crystal structure however
shows the region between 438 and 458 as disorganized while a canonical heptad repeat is shown after
residue 458 [41,42].

3. Vaccines

A highly efficient live-attenuated virus vaccine is available to prevent measles outbreaks. MeV
transmissibility is very high and 95% of the population needs to possess anti-measles immunity for
disease eradication [43]. In 1997, during a meeting co-sponsored by the World Health Organization
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(WHO), the Pan American Health Organization (PAHO), and the Centers for Disease Control (CDC),
the experts agreed that measles eradication was technically feasible by 2005–2010. Nevertheless,
vaccination coverage decreased and led to a re-emergence of measles infection. Nowadays, measles
global eradication is one of the top priorities of the expanded program on immunization (EPI) supported
by the WHO. The Global Vaccine Action Plan aims to eliminate measles in five WHO Regions by
2020. Based on confirmed cases reported by the WHO, the countries with the most measles cases in
2018 were India, Ukraine, Philippines, Brazil, and Yemen. Recently, measles strongly re-emerged in
industrialized countries due to the significant decrease in vaccination coverage [4,44].

Different MeV strains have been used for vaccine purpose starting with the Edmonston
strain isolated in 1954 that was very reactogenic. Five vaccines were derived from Edmonston:
Edmonston-Zagreb, AIK-C, Moraten, Schwarz, and Edmonston-B [45]. Some of them such as
Edmonston-B remained too reactogenic. The Edmonston vaccine was replaced by the more attenuated
Schwarz vaccine strain in early 60s and Moraten vaccine strains in 1968. Years later, studies have
shown that Schwarz and Moraten were in fact the same virus [45]. Other vaccines derived from other
strains have also been developed. Leningrad strain (isolated in 1957) attenuation successively led
to Leningrad 4 and more recently to the Chinese vaccine Changchung-47. Shanghai isolate (1960)
attenuation allowed production of shanghai-191 vaccine while Cam-70 which was currently produced
and used in Indonesia and Japan, derived from the Tanabe (Japan, 1968) strain. All vaccines strains
belong to the measles virus genotype A [45]. Measles vaccine is usually combined with mumps and
rubella vaccines, known as MMR (Measles, Mumps, and Rubella) vaccine, or with mumps, rubella,
and varicella (chickenpox) vaccines, called MMRV (Measles, Mumps, Rubella, and Varicella) vaccine.
MMR is a live-attenuated measles virus [46]. MMR vaccination is given in a two-dose schedule, with a
first dose generally administered to 12–15 months old children, and a second one three to five years
later [4]. While MMR vaccine cannot be used in immunocompromised patients (with low CD4+ cell
count, or severely immunedepressed), the WHO strongly recommends the vaccination of human
immunodeficiency virus (HIV) positive patients without severe immunosuppression [47].

Generally, vaccinated people develop a strong humoral and cellular immunity. Only 2–10% of
people who received the two vaccine doses do not produce protective measles antibodies. However,
most of them remain protected by their T cell immunity [48,49].

Taken together, the too low vaccination coverage combined with the increasing proportion
of immunocompromised and other non-vaccinable people call for the development of an efficient,
preventive, and/or curative treatment.

4. Disease/Generalities

4.1. Symptoms and Complications

During the acute phase of MeV infection, the patients develop several symptoms, including
fever, cough, nasal congestion, characteristic erythematous maculopapular rash, conjunctivitis, and
pathognomonic Koplik spots on oral mucosa. Diarrhea and vomiting are often observed in infected
children during the disease [50,51] or appear as a complication following the disease [5,52]. Additionally,
MeV infection leads to a strong immunosuppression that can last for several months and lead to severe
secondary infections [53,54]. Moreover, MeV seems to impact FoxP3 T regulatory cells homeostasis by
increasing their frequency and attenuating the hypersensitivity cellular response [55]. A more recent
study suggests a MeV-induced immune amnesia relying on the depletion of pre-existing memory
lymphocytes [50].

MeV infection can lead to several complications such as pneumonia, which is the main cause
of measles mortality [56] or to central nervous system (CNS) complications, and to a lower extent
to thrombocytopenia, blindness, or hearing loss [57]. Briefly, interstitial pneumonitis associated
with mucosal inflammation due to large syncytia formations in the lungs are mainly observed
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in immunocompromised patients (Hecht’s pneumonia) [56,58]. This cytopathic effect leads to
bronchio-epithelial destruction generally resolved within few days of hospitalization (Figure 2A).

Figure 2. Course of MeV infection leading to measles encephalitis. (A) Initially, MeV infects myeloid
cells in the respiratory tract. Then, MeV-infected lymphocytes disseminate the infection via the
lymphatic and vascular systems. As a consequence of transient immunosuppression or autoimmunity,
patients can develop acute post-infectious measles encephalitis (APME) shortly after exposure without
systematic central nervous system (CNS) infection. However, measles inclusion-body encephalitis
(MIBE) and subacute sclerosing panencephalitis (SSPE) are associated with MeV infection of the CNS.
(B) The occurrence of MeV encephalitis may range from one day to 15 years following initial infection.

4.2. Associated Factors (Age/Nutrition)

Multiple factors such as malnutrition and vitamin A deficiency seem to increase measles associated
morbidity and mortality. Indeed, regardless of vaccination coverage, MeV-infected people in poorest
countries are more likely to develop complications leading to severe disease [3,59–61].

4.3. Pathogenesis

Pathogenesis starts with MeV infection of myeloid cells in the respiratory tract. As mentioned in
Section 2, the two known entry receptors for MeV wild-type strains are SLAM/CD150 and nectin-4 [18,19].
Wild-type (wt) viruses generally target lung resident macrophages and/or dendritic cells, expressing
SLAM [62–64]. These antigen presenting cells (APCs) migrate to the lymph nodes and transmit the viral
infection to SLAM expressing lymphocytes with subsequent spread of the virus in the lymphatic and
vascular systems (viremia). During the late stages of the infection, circulating infected immune cells
that reach the respiratory tract and the skin can transmit the infection in cis to epithelial cells expressing
nectin-4 on their basolateral side [20,65–67]. Then, the virions produced at the apical membrane can be
shed into the respiratory mucus or aerosolized in the respiratory tract through coughing [68].

5. Disabilities and Nervous System

MeV can also cause damages to the nervous system.



Viruses 2019, 11, 1017 6 of 34

5.1. Hearing Loss

MeV can induce hearing loss [69]. Before the introduction of mass vaccination, hearing loss was
observed in 5% to 10% of measles cases in the USA. This remains highly frequent in under-developed
countries where vaccination coverage is low [70]. One possible explanation is that otitis associated
with measles in up to 25% of infected patients could cause hearing loss [71]. This pathology seems
related to a super infection due to MeV-related transient immune-suppression.

Alternatively, hearing loss can occur immediately after the acute phase of the infection or later
following measles acute encephalitis (described in paragraph 6.1) with typical bilateral and moderate
to profound sensorineural hearing loss [69]. The mechanism associated with MeV-induced hearing
loss remains unclear since neither viral antigen nor RNA have been detected in samples from the inner
ear [57].

5.2. Blindness

Eye related symptoms such as conjunctivitis or corneal inflammation (keratitis) are commonly
associated with measles [57]. Corneal complications are often more serious when superinfection
(bacterial or viral) occurs during MeV-induced immune-suppression. However, there is a correlation
between vitamin A deficiency and measles-induced blindness. Indeed, vitamin A deficiency is
associated with severe keratitis and considerably increases the risk of xerophthalmia, corneal ulceration,
and blindness [72]. This may explain why measles related blindness is more common in areas where
children are already suffering of malnutrition.

Viral RNA can be detected in tear secretions [73]. In addition, human ex vivo cornea rim tissue
is susceptible to MeV infection on its basolateral pole but neither syncytium formation nor released
infectious particle have been found [74].

The relationship between MeV infection of ocular epithelial cells and the potential relationship
with neural cell infection with cases of blindness is still unclear.

6. Central Nervous System (CNS) Infection

How the virus enters the CNS remains unclear since the known MeV receptors are not expressed.
While its expression in the CNS seems to be only transient, nectin-4 has also been suggested to play a
crucial role in MeV neuroinvasion based on observations made on closely related canine distemper virus
whose neurotropism directly depends on nectin-4 specific patterns of expression [65,75–77]. Nectin-1
positive cells have recently been shown to be able to capture membranes and their cytoplasm from the
surface of adjacent cells expressing nectin-4 at their surface via a trans-endocytosis mechanism [78].
In this context, viral RNP could transit from nectin-4 positive cells in nasal turbinate or meninges to
neural cells expressing nectin-1 in olfactory bulb or brain parenchyma, respectively. The following key
elements involved in the neural cell-to-cell dissemination and successful CNS invasion remain to be
investigated (Figure 2A).

Three main CNS complications are associated with measles: The acute and the chronic forms, the
latter being subdivided in two sub-types, the first as a measles inclusion-body encephalitis (MIBE)
in immunocompromised patients and the second as a subacute sclerosing panencephalitis (SSPE)
occurring in immunocompetent patients [79,80] (Figure 2B).

6.1. Acute Encephalitis

The acute post-infectious measles encephalitis (APME) occurs in 0.1% of measles cases, about a
week following the appearance of first clinical signs. The APME is also called post-infection encephalitis
(PIE), acute demyelinating encephalomyelitis, or acute disseminated encephalomyelitis.

APME is associated with 20% mortality and severe neurological sequelae, mainly in adults.
Symptoms include fever, headaches, seizures, and consciousness alterations. APME is a complication
associated with MeV infection that seems to be related to an auto-immune reaction against the myelin
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basic protein mainly expressed by oligodendrocytes [81–83]. APME causes CNS lesions in both white
and grey matters and is characterized by brain inflammation and perivenous demyelination [68,84–86].
Moreover, APME is often associated with more immunological abnormalities such as high levels of IgE
antibodies in the serum [87]. The binding of infected leukocytes to brain microvascular endothelial
cells, or a direct infection of endothelial cells themselves in the brain may also partially contribute
to this inflammatory immune reaction [88]. Overall, MeV acute encephalitis is poorly described in
the recent literature. Note that there is a total lack of evidence of the virus presence in the brain
parenchyma compared to that in the blood circulation. Based on the absence of virus detection in certain
cases, multiple groups have suggested that the encephalitis could be caused by an autoimmune-like
response [89]. While the presence of myelin basic protein (MBP) in the cerebrospinal fluid (CSF)
suggests autoimmune-mediated encephalitis, oligodendrocytes viability and neurons myelination
have not been explored yet [89].

6.2. MIBE

MIBE occurs in immunosuppressed patients ranging from three weeks to six months following
wild-type MeV infection or in some rare cases after inappropriate vaccination with former vaccine
strains [90–92]. MIBE is characterized by the presence of intracytoplasmic or intranuclear inclusion
bodies composed of nucleocapsids, mainly in neurons, oligodendrocytes, and astrocytes [93,94].
Patients develop febrile focal seizures and behavior disorders before lapsing into coma. At a molecular
level, mutations have sometimes been observed in the intracytoplasmic domain of MeV F protein and
lead to the expression of hyperfusogenic viral phenotypes. Some mutations similar to those observed
in SSPE have also been detected in the N gene and it has been hypothesized that MIBE and SSPE
might be very similar, apart from the more rapid development of MIBE in immunocompromised
subjects [95]. Recently, other MIBE- associated mutant viruses have also been described and present an
hyperfusogenic phenotype [42,92]. Notably, the mutation L454W in the HRC domain of the F protein
emerged in two patients that contracted MIBE in South Africa. This mutation confers the ability of
entry without the presence of known receptor even at 25 ◦C. The mutation L454W leads to a highly
unstable F protein potentially due to a lower interaction with the H protein which loses its protection
role from random triggering of the fusion protein. This finding suggests that hyperfusogenicity of
these neurotropic variants allows better viral dissemination, without the need of H binding to a high
affinity receptor [37,96,97].

6.3. SSPE

Subacute sclerosing panencephalitis (SSPE) cases occur in 6.5 to 11 cases per 100,000 [97,98] in
immunocompetent patients that contracted measles in their childhood, with a mortality rate close to
100%. Within children infected by MeV before the age of 12 months, the incidence for SSPE rises to
1/609, while reaching 1/1367 for children under five years old [99]. There is a latency period ranging
from one to 15 years following primary infection and before appearance of symptoms [100,101]. In
addition, because of the non-specificity of the first symptoms, SSPE diagnosis is generally delayed [102].
In most of the cases, patients do not survive more than 1–3 years following appearance of the symptoms
associated with important neurological signs and dementia. Patients are developing severe physical
and mental impairments but also a loss of motor control that tends to evolve in myoclonic jerks and
spasms, seizures, and coma. Patients that underwent primary infection below the age of two are
more at risk of developing SSPE. It was suggested that an immature immune system before two years
old could contribute to persistent brain infection [83]. A dual viral hit was suggested to play a role
in SSPE development. In this model, authors proposed that during classical first exposure to MeV
immunocompetent patients do not develop encephalitis. However, a first exposure to a virus different
from MeV, but capable of inducing an immunosuppression, which is followed with MeV infection later
in the life, may favor development of CNS disease such as SSPE, as shown in the model of transgenic
mice susceptible to MeV infection [103]. Most epidemiological studies are pointing that young boys are
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more often affected by SSPE than girls [17,104]. In one study in Germany from 2003 to 2009, the authors
counted 21 males within 31 SSPE cases. SSPE is characterized by an excessive intrathecal synthesis of
MeV specific antibodies. Most of the time, in the brain of SSPE patients, the genes that are encoding
for MeV matrix protein (M), fusion protein (F), and attachment protein (H) are mutated [28,105,106]
(Figure 3A).

Figure 3. MeV F gene mutations related to CNS infection. (A) Schematic of MeV genome showing the
most common mutations found in SSPE cases. (B) Details of MeV mutations in F protein leading to a
hyperfusogenic phenotype and/or CNS infection.

7. Mutations Associated with MeV CNS Infection

7.1. M Protein

In SSPE, uridine-to-cytidine biased hypermutations of M protein are characteristic [107]. Studies
have shown that MeV can evade the innate immunity control by taking advantage of the adenosine
deaminase acting on RNA 1 (ADAR1), an IFN-stimulated gene that binds double-stranded RNA and
converts adenosine to inosine by deamination [108]. The biased hypermutations in M (and other)
gene in SSPE (or MIBE) cases might also be related to ADAR1 activity. Hypermutation of M protein
leads to an unstable and defective M protein in viral particles assembly [109]. As a result, the virus is
defective in budding from the plasma membranes and cannot produce viral particles. Among the large
number of mutations in mRNA, the lack of the AUG initiation codon is leading to a low expression of
M protein [110]. Nevertheless, in the context of brain invasion, the hypermutated M gene still allows
MeV to replicate, spread, and cause disease [111,112]. Indeed, M protein negatively regulates the viral
polymerase activity and thus to impact mRNA transcription and genome replication [113]. One of
the roles of M protein is the distribution of both F and H glycoproteins at the apical cell surface [114].
Thereby, mutations in M protein could impact the virus fusion (and F stabilization), through association
with surface glycoproteins tails, and thus influence the virus dissemination through the brain. Although
in transgenic mice the infection with a M hypermutated MeV induces a more fusogenic phenotype
despite attenuated budding, resulting in a more suitable virus for brain infection [111]. Other mutations
impact interactions with the viral nucleocapsid and surface glycoproteins [115,116]. This provides
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another explanation for the absence of viral particle productions in SSPE-patient brains. This lack of
budding is a key property highlighting that patients are non-contagious [93]. While numerous studies
report the isolation of SSPE infectious viral particles from patient brains, none of them have physically
shown whether classic infectious viral particles or virus RNP-containing apoptotic bodies expressing
surface glycoproteins were effectively isolated [107,117–120].

7.2. F protein

The F proteins observed in SSPE cases present several mutations conferring a hyperfusogenic
phenotype. F is produced as metastable protein in its pre-fusion state. This pre-fusion state is generally
less stable in the CNS isolates. The F can also fuse without H engagement to any known receptor.
Thus, it is suggested that these mutations facilitate CNS spread [40].

Mutations can occur in the HRC domain (T461I, A440P, N462S, N465S, and L454W), in the
HRN domain (G168R/E170G), in between HRC and HRN domains (S262G), in the cytoplasmic tail
domain (CTD) (R520C, L550P), and in the F2 subunit of F protein. Among the mutations found in the
F-SSPE sequence from South African patient (G168R/E170G/S262G/A440P/R520C/L550P and X551G),
only the mutation S262G (position already associated to hyperfusogenicity with a mutation S262R)
located at the interface of three protomers, involved in fusion activation, may independently confer
an hyperfusogenic phenotype to F without needing any other mutation. The functional analysis of
MeV_IC323 virus carrying this F-SSPE with all seven mutations confirmed the finding that an SSPE
strain can disseminate via cell-to-cell spreading in Vero cells, in the absence of known receptors [40]
(Figure 3B).

The mutation of stop codon (X551G) in F-SSPE strains has been frequently observed previously [107]
and leads to an elongated cytoplasmic tail (called LT for Long Tail) that can enhance the incorporation
of F and nonspecific cellular protein in the virion [121,122].

Other mutations found in F extracellular domain from SSPE sequences isolated from patients brain
(T461I and S103I/N462S/N465S) also confer hyperfusogenicity and can spread in human neuroblastoma
cell lines and suckling hamster brains in the absence of known MeV receptors [123,124].

Fusion inhibitors such as 3G or FIP are tested on MeV and it has been documented that several
mutations emerged in F protein in order to escape the treatment. The impact of these mutations (I87T,
M94V, S262R, L354M, A367T, N462K) on the fusion machinery is of great interest [125–127]. One
of the most interesting mutations that emerged is located at the residue 262. The escape mutation
S262R confers hyperfusogenicity, as well as the mutant S262G that has been described in a real case of
SSPE [40,123]. These data highlight the fact that emergence of mutations under a selective pressure can
lead to viral adaptation to CNS. This can also allow a better design of inhibitors that could counteract
these adaptation mutations.

As discussed in Section 6.2. the hyperfusogenicity correlates with a lower thermal stability of the
pre-fusion state of F [28,125]. As an example, the L454W F is highly unstable and this characteristic
could be sufficient to trigger F in a postfusion state by itself, allowing the fusion to occur without any
receptor engagement. In the context of a circulating viral particle outside the brain, that property
might not be an advantage for the virus, which could explain why any hyperfusogenic form of MeV
has never been found in circulating viruses.

7.3. H Protein

The H protein of SSPE strains is often mutated as well and contributes to neurovirulence [128].
In a recent study, three mutations were found in the H gene of South African SSPE strain, in the
cytoplasmic tail, the stalk domain, and β5 blade of the head domain, associated with substitutions
R7Q, R62Q, and D530E, respectively [40]. The residue D530 is necessary for cell entry through SLAM,
so the mutation D530E could compromise the use of infection through SLAM [129,130].

In a modified Edmonston strain expressing a murine-adapted H protein from a neurovirulent
strain CAM/RB, the substitutions G195R and S200N lead to complete loss of neurovirulence in mice
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C57BL/B6 [83,131,132]. Due to questionable strains and animal model used in this study, these data
have to be considered carefully and these findings might be difficult to transpose to human SSPE cases.
Nevertheless, it highlights the potential existence of a specific site in H involved in neurovirulence or a
site of an unknown neuron-specific receptor.

C-terminus elongation of the H protein due to single-point mutation at the stop codon have also
been reported multiple times in SSPE cases [75,133]. Contrarily to deletions of the cytoplasmic tail
of H which were shown to enhance fusion activity [121], elongation of the extracellular domain of H
seemed to impact binding, targeting, and may explain at least partially the high level of antibodies in
SSPE cases [75,133].

Unlike SSPE, mutations in H gene of MIBE virus sequences seem to be less frequent and further
investigations for their potential impact in CNS infection is required [92].

7.4. Mutations in Other Genes

In SSPE cases, some mutations have also been found in N, P, and L proteins but most of the recent
studies focused on F and M proteins. Some P genes from SSPE cases exhibit an impaired editing system
that lead to less V protein production. Most of the time, the viral cycle does not seem compromised
but the lower expression level of V could contribute to the viral persistence by reduced inhibition of
interferon (IFN) response [134]. Is has also been shown that the P gene of the multi-mutated rodent
brain-adapted strain CAMR40 is largely involved in neurovirulence, suggesting that MeV P gene could
also play a role in CNS infection [135].

8. Animal Models for Neuro-Invasion Studies

Humans are the only natural reservoir for MeV. Thus, the choice of the best animal model remains
a challenge and depends on the type of scientific questions asked, to be faithfully representative of
the CNS infection in humans. A summary of the most used small animal models and their related
application is presented in Table 1. Several genetically modified mice have been used, mainly to study
tropism, dissemination, and to develop new treatments. Historically, the Lewis rat was commonly used
to study viral tropism and dissemination through the CNS [136]. More recently, the Golden Hamsters
are preferred to study MeV neurovirulence because of the similarities in the brain lesions observed
by MeV in this model compared to human cases of SSPE. Moreover, unlike mice, suckling hamsters
are naturally susceptible to MeV infection, especially in the brain, despite the lack of expression of
any known receptors as reported in human [123,137] (Table 1). Numerous studies have been done
using neurotropic strains obtained following multiple passages in Hamster brains. Nowadays, these
strains, supposed to mimic persistent infection in the brain, are not used anymore. Indeed, the strains
CAM/RB or HNT were highly virulent in mice, rat and hamster but the induced infection was not
representative of a persistent MeV infection in the brain. These hypermutated neuro-adapted strains
led to an acute infection in the brain that was not representative of the slow and progressive infection
seen in SSPE [136,138,139]. Such type of infection cannot be representative of an APME or MIBE since
there is no CNS infection in the first case, and there are very distinctive inclusion bodies in the brains
in the second one. Nevertheless, it may allow a better understanding of the behavior of MeV once
these mutations have emerged in the CNS.

Multiple murine models have been developed to address specific question about MeV pathogenesis,
CNS invasion, antiviral treatments, and persistence (Table 1). Notably, MeV persistence has been
demonstrated in mice infected with the Edmonston strain or a recombinant MeV expressing H from
CAM/RB strain up to two months [140,141] and in nude mice with Edmonston strain highlighting
the emergence of mutations [142]. SLAM transgenic (tg) ant CD46 tg mice models and derivates
expressing stably and ubiquitously or not the human receptors for wt or vaccine MeV strains were
also extensively used [143,144]. When these receptors are ubiquitously expressed (notably in the CNS)
these very artificial models highly facilitate MeV entry. In SLAM transgenic suckling mice infected
intranasally, MIBE-related mutants such as MeV F L454W were able to propagate in lungs, meninges,
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and neural cells in brain parenchyma confirming the maintenance of its ability to infect a host from the
respiratory tract [42]. Additionally, such animal models allow not only the study of the key factors of
the cells permissiveness independently of the entry step, but also to validate the efficacy of antiviral
drugs in the most stringent context, since the virus spread is the most difficult to block [29,96,145,146]
(Table 1).

Non-human primates represent faithful models of measles since they are fully susceptible to
wild-type MeV infection [147]. Thus, rhesus and cynomolgus macaques or squirrel monkey are
often used mainly for studies focusing on the acute pathogenesis [20,65,66,68,148–150]. These studies
highlighted numerous similarities between measles pathogenesis in humans and primates. Particularly,
they allowed confirming the essential role of nectin-4 for the shedding and inter-human transmission
of MeV, but symptoms related to CNS infection have not been reported so far. Accidental transmission
of the circulating MeV strain from human to primate have occurred notably causing five deaths out
of 21 cases in rhesus monkey [151]. In this study CNS infection was not investigated and all deaths
were due to secondary infection related to MeV-induced immunosuppression. In 1999, another natural
outbreak led to the death of 12 Japanese macaques out of 53 cases. In the brain, demyelination was
observed in one monkey and two monkeys showed neuronal inclusions with measles antigens [152]
but no infectious viral particle has been isolated. In order to better characterize the CNS infection,
rhesus monkeys were infected intracerebrally with a SSPE derived virus but animals did not develop
any visible symptom and the virus was not detectable after three weeks, suggesting the resolution
of the infection [153]. Another study reported that rhesus monkeys infected intracerebrally with
hamster-brain-adapted strain developed encephalitis with morphological characteristics similar to
those observed in the brain of human SSPE cases. However, as already observed in rodent, these brain
infections induced by the hamster-brain-adapted strain evolved during the acute phase of infection
and do not reflect the slow progression observed in the SSPE [154]. MeV CNS infection still has to be
characterized in this model.

More recently, comparative analysis of MeV infection, tropism, and spread in human to canine
distemper virus (CDV) in natural host species such as dog and ferrets suggested that studies of this
closely related morbillivirus infection could shed light on key elements of MeV pathogenesis [155].

The tamarin (Saguinus mystax), often called marmoset in the literature, has been shown to be
susceptible to MeV infection with Edmonston and JM strains [156,157]. The JM strain was highly
pathogenic in this model, especially following cerebral inoculation [158].



V
ir

us
es

2
0

1
9

,1
1,

10
17

12
of

34

T
a

b
le

1
.

Sm
al

la
ni

m
al

m
od

el
s

u
se

d
to

st
u

d
y

M
eV

in
fe

ct
io

n.
IF

N
A

R
st

an
d

s
fo

r
in

te
rf

er
on

al
p

ha
/b

et
a

re
ce

p
to

r,
R

ag
fo

r
re

co
m

bi
na

ti
on

ac
ti

va
ti

ng
ge

ne
,a

nd
T

L
R

fo
r

To
ll-

lik
e

re
ce

pt
or

.

A
n

im
a

l
P

u
rp

o
se

R
o

u
te

o
f

In
fe

ct
io

n

M
IC

E

N
SE

-C
D

46
:E

xp
re

ss
io

n
of

BC
1

is
of

or
m

of
hu

m
an

C
D

46
un

de
r

th
e

co
nt

ro
lo

ft
he

ne
ur

on
-s

pe
ci

fic
en

ol
as

e
(N

SE
)[

15
9,

16
0]

YA
C

-C
D

46
:S

im
ila

r
ex

pr
es

si
on

le
ve

la
nd

lo
ca

ti
on

th
an

in
hu

m
an

[1
59

]
C

D
46

[1
43

,1
61

,1
62

]
C

D
46

-I
FN

A
R
−/
−

[1
63

]

V
ac

ci
na

lM
eV

be
ha

vi
or

in
th

e
br

ai
n.

A
bi

lit
y

to
di

ss
em

in
at

e
in

th
e

br
ai

n.
Pa

th
og

en
es

is
of

M
eV

in
fe

ct
io

n
in

th
e

C
N

S.
Pe

rm
is

si
ve

ne
ss

.
Im

m
un

e
re

sp
on

se
.

In
tr

an
as

al
ly

(i
.n

.)I
nt

ra
cr

an
ia

lly
(i

.c
.)

SL
A

M
:U

bi
qu

it
ou

s
ex

pr
es

si
on

[1
44

]
SL

A
M

:D
en

dr
it

ic
ce

ll
ex

pr
es

si
on

on
ly

[1
64

,1
65

]
C

D
46
/T

LR
in

du
ce

d
C

D
15

0
[1

66
]

C
D

46
/T

LR
in

du
ce

d
C

D
15

0-
IF

N
A

R
−/
−

In
na

te
im

m
un

e
re

sp
on

se
Sp

re
ad

in
g

an
d

pa
th

og
en

ic
it

y
of

Ed
m

on
st

on
an

d
w

ild
-t

yp
e

Ic
hi

no
se

(I
C

)s
tr

ai
ns

i.n
.

i.c
.

SL
A

M
IF

N
A

R
−/
−

[1
67

](
Fi

gu
re

in
Se

ct
io

n
9.

3)
IF

N
A

R
−/
−

[4
2,

16
8]

(F
ig

ur
e

in
Se

ct
io

n
9.

3)
Tr

op
is

m
D

is
se

m
in

at
io

n
w

it
hi

n
C

N
S

In
tr

ap
er

it
on

ea
l(

i.p
.)

i.n
.

SL
A

M
+
/+
/S

ta
t1
−/
− :

Sa
m

e
ex

pr
es

si
on

le
ve

lt
ha

n
hu

m
an

[1
69

]
In

na
te

im
m

un
e

re
sp

on
se

i.p
.

i.n
.

C
D

46
IF

N
-α
/β

K
O

[1
63

]
In

du
ct

io
n

of
M

eV
en

ce
ph

al
it

is
w

it
h

Ed
m

on
st

on
i.c

.

C
D

46
R

ag
K

O
[9

6,
10

3]
St

ud
y

of
th

e
es

ta
bl

is
hm

en
to

fS
SP

E
R

ol
e

of
th

e
im

m
un

os
up

pr
es

si
on

in
th

e
M

eV
pe

rs
is

te
nc

e
D

ru
g

te
st

in
g

M
ul

ti
pl

e

C
D

46
N

eu
ro

ki
ni

n-
1

K
O

[9
6]

Tr
an

s-
sy

na
pt

ic
vi

ra
ld

is
se

m
in

at
io

n
i.c

.

C
57

BL
/6

[1
70

](
Fi

gu
re

in
Se

ct
io

n
9.

3)
V

ir
al

pe
rs

is
te

nc
e

Tr
op

is
m

i.c
.

R
A

T

Le
w

is
ra

t[
13

6,
13

9,
17

1]
Tr

op
is

m
i.c

.

C
ot

to
n

ra
t(

Si
gm

od
on

hi
sp

id
us

)[
12

,1
72

,1
73

]

Tr
ea

tm
en

td
ev

el
op

m
en

t.
R

es
pi

ra
to

ry
in

fe
ct

io
n

M
eV

in
du

ce
d

im
m

un
os

up
pr

es
si

on
C

N
S

in
fe

ct
io

n
Im

m
un

e
su

pp
re

ss
io

n

i.n
.

C
D

46
Sp

ra
gu

e-
D

aw
le

y
ra

t[
17

4]
pe

rm
is

si
ve

ne
ss

M
ul

ti
pl

e

Br
ow

n
N

or
w

ay
ra

t[
17

5]
Im

m
un

e
re

sp
on

se
in

M
eV

as
so

ci
at

ed
ne

ur
ol

og
ic

di
se

as
e

i.c
.

H
A

M
ST

ER

Sy
ri

an
G

ol
de

n
H

am
st

er
[1

23
](

Fi
gu

re
in

Se
ct

io
n

9.
3)

Tr
op

is
m

D
is

se
m

in
at

io
n

an
d

in
va

si
on

by
m

ut
at

ed
vi

ru
se

s
i.c

.

FE
R

R
ET

Fe
rr

et
[9

7,
15

5,
17

6,
17

7]
To

m
im

ic
SS

PE
Tr

an
sm

is
si

on
Pa

th
og

en
es

is
of

C
D

V
in

fe
ct

io
n

to
m

od
el

M
eV

in
fe

ct
io

n

i.c
.

i.n
.



Viruses 2019, 11, 1017 13 of 34

9. MeV Tropism

Although MeV is primary a lymphotropic virus it could also infect the CNS. One of the ways
the virus might enter into CNS could be through the hematogenous way by crossing the blood-brain
barrier (BBB) [17]. Since endothelial cells are susceptible to infection in vitro, in vivo and in SSPE
cases, their infection at the BBB could also give an opportunity for MeV to reach the CNS [88,178]. In
addition, lymphocytes are also able to pass the BBB meaning that MeV-infected lymphocytes could
carry the virus across the BBB [179,180]. However, the specific mechanisms allowing the virus to
enter the CNS remain unclear [88,105,181]. The hyperfusogenic phenotype seems to be necessary to
allow viral dissemination through neurons even in the absence of known receptor. To date, the early
tropism and dissemination of Paramyxoviridae within the CNS during early stages of infection remain
poorly documented. There are also very few available data on cellular and molecular mechanisms
governing CNS invasion. To date, investigations are mainly limited to clinical symptoms, serology,
RNA sequencing, and tissue immunostaining. Moreover, most of the studies have been performed
with MeV vaccinal strains such as Edmonston B strain or neuro-adapted strains in Hamster, using
several wild type or transgenic rodents, or other in vitro models such as primary or immortalized
neural cultures. Nowadays, whether these viruses and models perfectly reflect what occurs in human
remains questionable, they allow addressing specific questions in obtaining important information
regarding the tropism of MeV infection in the brain.

9.1. Post-Mortem Studies

Post-mortem analyses of MeV-infected human brains show lesions in almost all areas (Figure 4A).
In the same late context, studies of brain infection in human and animal models described the cell
types harboring viral antigens in the CNS, nevertheless the early targeted and permissive cells need to
be clarified.

 

Figure 4. MeV central nervous system infection. Lesion areas are found in the brain of SSPE and MIBE
patients but the specific areas associated with RNA detection are still poorly documented (A). Generally,
MeV infects neurons and oligodendrocytes in humans (B). Occasionally, MeV RNA is also found in
astrocytes (C) and microglia (D).
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In the CNS, MeV infection occurs mainly in neurons but also in oligodendrocytes, astrocytes, and
microglia [17,182,183] (Figure 4B–D). In MIBE and in SSPE cases, viral antigens and RNA have been
found in neurons and oligodendrocytes [181]. In human SSPE cases, neurons are the main target with
evidence of transneuronal viral spread [97]. Infected oligodendrocytes are often located near infected
neurons, suggesting oligodendrocytes infection as a secondary infection from axons. The infection
of oligodendrocytes is highly related to their demyelination. The authors suggest that MeV induces
demyelination that could be a hallmark of SSPE (Figure 4A,B).

Viral genome and antigen have also been found in the perinuclear cytoplasm of astrocytes, albeit
with lower frequency [181].

In a study using Edmonston B strain, infection of organotypic cultures of rat hippocampus ex
vivo showed that the virus can infect neurons in the absence of CD46 receptor [139].

Meninges infection has been observed following intracranial MeV inoculation in ferrets [184] and
hamsters [185], as well as following intranasal infection of SLAM transgenic mice [42]. Interestingly,
MeV strains and mutants used in these studies were all known as hyperfusogenic. However, meninges
infection has not been reported in humans yet.

9.2. Early Events in MeV Infection?

It is strongly suggested that MeV may use a third receptor or co-receptor yet unknown to enter the
CNS. A parallel could be done with studies of CNS invasion with the closely related CDV conducted
in dog and showing that astrocytes are neither expressing SLAM nor nectin-4, but remains permissive
to the infection [76].

For MeV, the hypothesis that single or combination of mutations would be sufficient to confer
adaptation in brain tissues for invasion without the engagement of any receptor is also relevant. Indeed,
highly unstable F mutants such as L454W, observed in MIBE cases, do not need any communication
with the H for triggering and fusion and thus cell-to-cell dissemination [28]. Alternatively, there is no
proof that such a virus would be able to attach to any cell in absence of H and thus go through the first
event allowing the entry in the CNS. Additionally, other hyperfusogenic mutants more stable and also
observed in encephalitis cases were shown to conserve there dependence on H for F triggering [40],
reinforcing the idea that at least a low affinity neural receptor should allow the initial entry in a CNS
cell [186].

To date, the very first cell target of MeV infection in CNS, is unknown. A recent study focused on
cell susceptibility during MeV infection in the CNS using hippocampus organotypic brain cultures
(OBC) from IFNAR deficient genetically modified C57BL/6 mice expressing human SLAM receptor [168].
While all cell types were susceptible to infection in the absence of IFN-I response, the permissiveness
of astrocytes and microglia strongly decreased when astrogliosis was observed in immunocompetent
OBC. Astrogliosis and microgliosis have been observed in MeV encephalitis [144,187,188]. These data
could explain why infection of astrocytes and microglia in post-mortem analysis are barely detectable.

9.3. Models to Study Tropism?

The main obstacle to study early tropism of MeV and other Paramyxoviridae is the lack of adequate
models that could faithfully represent the infection in human brains. To date, ex vivo models seem to be
a good compromise [189]. Organotypic brain cultures from mice, hamsters, and rats can be generated
with several brain substructures such as cerebellum, cerebral cortex, or hippocampus [139,189,190].
The advantages of this model are the presence of all four cell types in the CNS (neurons, astrocytes,
oligodendrocytes, and microglia), the possibility to produce OBC from any transgenic animal, and the
unique opportunity to have a direct visibility of the CNS as an open window. Moreover, several slices
can be made from each substructure. Therefore, a large number of conditions can be tested with a very
limited number of animals, making this model ethically preferable, compared to in vivo experiments.
The main weaknesses of OBC are the lack of a vascular system with circulating leukocytes and the
decreasing susceptibility to infection through time concomitant to the development of astrogliosis [168].
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Murine OBC offer many possibilities but mice are not susceptible to infection so their OBC would
not be suitable to study early tropism. On the other hand, golden hamsters are susceptible to MeV
infection. Thus, hamster OBC might be a more relevant ex vivo models but the lack of tools and available
antibodies for this species still strongly slows down the study of the early tropism in this model.

Organotypic cerebellar cultures (OCC) from suckling SLAM-IFNARKO mice (Figure 5A),
IFNARKO mice (Figure 5B), wild-type C57BL/6 mice (Figure 5C), and Syrian Hamster (Figure 5D)
allows highlighting the hyperfusogenic phenotype of MeV-IC323 bearing a L454W or T461I mutated
F protein compared to the wild-type in a CNS context. The fluorescence signal is used for tracking
the infection and shows the massive dissemination of the viruses MeV-IC323-eGFP-F-L454W and
MeV-IC323-eGFP-F-T461I in OCC even in the absence of known entry receptor (Figure 5B–D) while
the MeV-IC323-eGFP-F-wt needs the expression of SLAM in order to disseminate efficiently in the
OCC (Figure 5A).

 

Figure 5. Wild-type and hyperfusogenic MeV growth in organotypic cerebellar cultures (OCC). OCC
from suckling SLAM-IFNARKO mice (A), IFNARKO mice (B), wild-type C57BL/6 mice (C), and Syrian
Hamster (D) were prepared as described elsewhere [189] and infected on the day of slicing with 103

PFU per slice with MeV-IC323-eGFP-F-wild-type (left side images), MeV-IC323-eGFP-F-L454W (right
side images) and MeV-IC323-eGFP-F-T461I (middle images). Pictures were taken at day three post
infection (dpi) and reconstituted using the Stitching plug-in with ImageJ software [191]. Scale bars,
1 mm.

10. MeV Dissemination in the CNS

In SSPE brain tissue, extracellular MeV has not been detected, suggesting that neuron-to-neuron
viral dissemination can occur without released infectious viral particle [182]. MeV spread in mice and
rat neurons is based on cell-to-cell contact [139,192,193]. The functional analysis of hyperfusogenic
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MeV bearing a mutated F protein T461I confirmed this theory by being able to disseminate exclusively
from cell-to-cell in human primary neurons [124,128]. The combination of mutations found in SSPE
strains seems to enable viral fitness in the brain and neurovirulence [128]. Viruses with these mutations
can spread in the brain of genetically modified mice [111].

It is suggested that MeV dissemination can be mediated by the microfusion at synaptic
membranes [97,128]. In this theory, the F protein may interact with Neurokinin-1, the receptor
of the P substance [96,139] (Figure 5B). This interaction would lead to the formation of a fusion
micropore, allowing viral RNP to pass disseminate through neurons without the need of neither
budding nor other receptor engagement. This could also explain the lack of syncytia formation
in human primary neurons following infection with hyperfusogenic MeV forms. It has also been
hypothesized that some supporting cells of myelinated nerves could block cell-to-cell contact between
neurons and trans-synaptic spread in the brain could be the only way to allow viral dissemination [38].

It is strongly suggested that neurovirulent MeV strains are using a third receptor or co-receptor
yet unknown. Nevertheless, the hypothesis that single or combination of mutations would be sufficient
to confer adaptation in brain tissues for infection and dissemination without the engagement of any
receptor is also relevant.

Models to Study the Dissemination?

Neuronal cell lines such as human cells NT2, human astrocytoma cells, or mouse neuroblastoma
cells were also used, but their relevance remains difficult to appreciate when considering the important
variation of behavior of cells out of their tissue context [31,97,192,194–196]. Primary neurons or neural
polycultures were also often used [97] but are poorly representative of the neural population in human
brain. In many studies, these cultures have been useful to investigate both intra and inter-neuronal
spread of MeV [96], especially because they can be made from the brain of any transgenic mice.

The recently developed three-dimensional (3D) human brain organoid model has a high potential
in order to investigate viral dissemination and evolution in the brain. The 3D brain organoids are
generated from human pluripotent stem cells or human embryonic stem cells. This more ethical
model offers a unique opportunity in generating relevant data that could be transposed faithfully to
brain infection in humans [197]. Human brain organoids still require further development in order
to overcome the lack of microglia and vascularization, but also their high cost and variability of the
system [198]. However, to date, this model can be very useful in combination with ex vivo models,
especially to test the efficacy of inhibitors in the context of brain infection, to follow viral dissemination
and highlight the emergence of mutations.

11. Treatments

11.1. Symptomatic Treatment

Very few treatments are available against MeV infection and there is no therapeutic treatment
for MeV-related encephalitis. The very first therapy administered after initial signs of infection are
mainly supportive and focus on symptoms such as fever, dehydration, and diarrhea. Then, most of
the treatments are generally dedicated to prevent or to cure from super infection such as pneumonia,
often observed in infected patients. Antibiotics are commonly used to treat the complications related
to bacterial superinfection [199].

11.2. Treatment Based on the Enhancement of Immune Response

In order to enhance the immune response, ribavirin, interferon alpha (IFN-α), and immune serum
globulin can also be used clinically to treat MeV infection.
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11.2.1. Immune Serum Globulin

From the 1940s, intramuscular injection of immune serum globulin was reported to confer up
to 79% protection to unvaccinated patients having close contact with measles infected patients [200].
More recently, effectiveness of immune serum globulin as post-exposure prophylaxis was estimated
from 50% to 69% during the 2014 measles outbreak in British Columbia in Canada. However, this
estimation is highly controversial because many other factors could have contributed to prevent the
appearance of the disease. Indeed, the potential pre-exposure immune status as well as the unknown
exposure intensity and timing make the effectiveness of the immune serum globulin very difficult to
quantify [201]. Moreover, the level of measles-specific antibodies has been shown to be lower when
induced by the vaccine compared to the acquisition from a wild type measles infection [202]. This led to
the necessity to increase the doses of immune serum globulin in order to maintain a protective level of
measles antibodies [201]. However, as mentioned in paragraph 7.3, SSPE seems to develop mainly when
the exposure to MeV occurs during the first years of age before the immune system is completely mature
and when maternal antibodies are still lasting [17]. Additionally, administration of immunoglobulin
may have led to SSPE cases [203] and the use of MeV-specific antibodies to treat rodents after infection
via intracerebral route led to persistency of MeV infection and encephalitis [204–206]. Thus, the use
of immunoglobulins to treat measles infection should be very carefully thought before introduction
in therapies and would greatly benefit from the combination with other antivirals acting at different
levels of the viral replication cycle in order to cure the infection instead of inducing persistency.

11.2.2. Ribavirin, IFN-α, Isoprinosine

Ribavirin is an antiviral drug with a broad antiviral activity, initially used for treatment of
HCV [207]. It is a nucleic acid analog derived from guanosine and its main antiviral activity shown
in vivo is its incorporation as a mutagenic nucleoside by the viral RNA polymerase [208]. The use
of ribavirin and immune serum globulin seems to decrease respiratory symptoms in MeV-infected
patients [209] but to date there is no standard protocol and doses recommended to treat patients.

IFN-α, ribavirin, and inosine pranobex are also used for SSPE treatment, with relative long-term
effectiveness [210]. Many clinical reports show that Ribavirin can decrease measles antibody titers
in cerebrospinal fluid (CSF) of SSPE patients and improve neurologic symptoms without side
effects [211,212], especially when combined with IFN-α. In rare cases, long term IFN-α treatment
stabilizes clinical symptoms of SSPE patients for years [213]. A recent study suggests also that continuous
intraventricular administration of ribavirin and interferon-α in CSF by using a subcutaneous infusion
pump, combined with oral administration of inosine pranobex, could limit the progression of SSPE [214].
Intrathecal IFN-α treatment combined with oral isoprinosine could also be effective to treat SSPE
patients and is the most common treatment used nowadays [215,216]. Isoprinosine is a derivative of
inosine and aims at blocking viral replication, probably through an immunoregulatory activity. Again,
these treatments have rarely been shown to recover loss of function but they can stabilize the disease
for several years [98,213,217]. Despite the benefits of IFN-α treatments, its use can be associated with
side effects and could lead to interferonopathies [218]. Alternatively, there is induction of IFNα/β

in vivo with MeV infection. This induction is associated at least partially to the presence of defective
interfering (DI) particles which are also reducing the viral replication by occupying the proteins from
the replication machinery and may thus constitute helpful complementary tool for treatments [219,220].

11.2.3. Vitamin A

Vitamin A deficiency is highly related to measles complications and the supplementation of
vitamin A has been shown to decrease the morbidity and mortality related to MeV infection in
children [59–61]. Vitamin A is also mainly used to prevent blindness due to MeV infection in
children [72,221]. Thus, WHO recommends immediate vitamin A administration to MeV-infected
children with two repeated doses of 200,000 IU especially as vitamin A deficiency is a public health
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problem [3,222–225]. Nevertheless, vitamin A is also encouraged to be given in all severe cases,
regardless of the country or patient age [225]. In severe cases of measles, the combination of vitamin A
with ribavirin treatment can also decrease the morbidity [226].

At the beginning of the infection, the innate immune response relies on the detection of PAMPs
(pathogen-associated molecular pattern) by pathogens recognition receptors (PRR) such as the RIG-I
like Receptors (RLRs) in the cytoplasm [227]. This pathway allows the synthesis and the secretion of
type-I interferon. Among the RLRs recognizing the double stranded RNA patterns for activation of the
type I interferon response, RIG-I (Retinoic acid-inducible gene I) is activated by several RNA viruses
including MeV [228–230].

Retinoic acid is a metabolic product of vitamin A (retinol) that inhibits MeV replication in vitro
via a retinoid nuclear receptor-dependent pathway [231] and a type I interferon (IFN)-dependent
mechanism [232].

The mechanism of action of vitamin A as an antiviral still needs to be better understood.
Nevertheless, RIG-I is required for MeV inhibition by retinoids [233], suggesting an implication of
RIG-I in the efficacy of vitamin A treatment.

11.2.4. Interferon-Stimulating Genes (ISGs) and Other Treatments

The antiviral response is mediated by the interferon-stimulated genes (ISGs) that lead to the
cell-intrinsic immunity. Recently, the overexpression of the bone marrow stromal antigen 2 proteins,
also called BST2, Tetherin, or CD317, have been shown to inhibit Morbilliviruses cell to cell fusion
in vitro by targeting the H protein [234]. In addition, the interferon-inducible transmembrane protein 1
(IFTIM1) has been shown to inhibit infection by several RNA viruses in vitro. While MeV enters via the
plasma membrane, the effect of IFTIM1 on MeV replication is low compared to other paramyxoviruses
such as the respiratory syncytial virus (RSV) but might be of interest in combination with other
treatments [235].

Numerous other treatments, such as immunomodulators, carbamazepineamantadine, steroids,
cimetidine, and plasmapheresis have been tested to treat SSPE but their efficacy seems to be
case-dependent and need to be confirmed [216,217]. In addition, several alternative inhibitors
such as antisense molecules, adenosine, and guanosine nucleosides, including ring-expanded “fat”
nucleoside analogues, brassinosteroids, coumarins, modulators of cholesterol synthesis, and a variety
of natural products have been investigated on MeV-infected patients. All these inhibitors showed
relative efficacy or toxicity in vitro and in vivo and remain to be improved [236]. Among patients who
received two doses of vaccine after initial infection some developed SSPE suggesting that the vaccine
may not act as a therapeutic cure and prevent from encephalitis in this particular case [237].

11.3. Transcription/Replication Inhibitors

In order to inhibit the MeV growth, a strategy is to silence mRNAs encoding one of the key
polymerase complex, namely N, P or L using small interfering RNAs (siRNAs) or shRNAs, as synthetic
oligonucleotides, encoded by plasmids, or transduced using lentiviral vectors. siRNAs targeting
the mRNA of either L [238] or N [239] or P [240], or the three in combination [241] have shown
their efficiency in preventing virus growth over few days without cytotoxic effect. However, MeV
finally escapes the silencing even in cells that constitutively express the siRNAs without acquiring
any mutation even those that could disrupt the siRNA target sequence [240]. This likely reflects the
remarkable long half-life of the polymerase brought by the incoming virus particles that last at least
over 24 h [242,243] and the saturation of the siRNA linked to the continuous viral mRNA synthesis by
the incoming polymerases.
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As mentioned in Section 2, MeV P interacts with L protein. Although this interaction is independent
of heat shock proteins such as the heat shock protein 90 (HSP90), both MeV P and HSP90 are necessary
to fold and stabilize functional MeV L proteins able to enter the polymerase complex [243]. This
transient requirement of HSP90 constitutes a potential target for transcription inhibition. Indeed,
Geldanamycin and derivates such as 17-DMAG blocking HSP90 chaperon activity by entering its ATP
pocket. These compounds showed the ability to block the viral transcription in preventive and post
infection treatment in vitro and ex vivo in organotypic brain cultures [243]. Moreover, it is unlikely
that a HSP90 inhibitor leads to the emergence of escape mutant virus [244]. While already used in
cancer treatment, antivirals directly targeting the chaperon activity of HSP90 might be too toxic for
human application. Nevertheless, molecules interfering between HSP90 and L and thus its functional
folding are of interest for antiviral cure development.

Nucleoside analogs such as Remdesivir (GS-5734) and R1479 exhibit a broad spectrum activity
against paramyxoviruses infections, including MeV [245]. Briefly, in cells, Remdesivir is metabolically
converted to active nucleoside triphosphate. Obtained metabolite specifically inhibits several
polymerases from different Mononegavirales such as Filoviruses and Henipaviruses, but not host
polymerases. Recently, Remdesivir has been shown to inhibit Nipah virus polymerase activity by
delaying the chain termination synthesis, notably in vivo in the African green monkey model [245,246].
Based on the huge conservation of the polymerases among Mononegavirales, there is a high probability
that Remdesivir may also inhibit measles virus polymerase activity. Interestingly, pharmakokinetic
studies performed in non-human primates showed high and persistent levels of the active metabolite
in peripheral blood mononuclear cells (PBMCs) mainly targeted by wt MeV during the early stages of
the pathogenesis [247]. Additionally, Remdesivir and subsequent active nucleoside seem to be able
to reach the brain and may thus also inhibit CNS adapted variants of MeV observed in MIBE and
SSPE cases.

Finally, the compound 16677 (1-methyl-3-trifluoromethyl-5-pyrazolecarboxylic acid) has been
described as a non-nucleoside inhibitor of the RNA-dependent RNA polymerase complex activity [248].
The way this compound interacts with the replication machinery as well as the emergence of resistant
variants remain poorly documented. Nevertheless, when tested in combination with an entry inhibitor
increasing the stability of the fusion protein, the use of such replication inhibitor offered a high potential
as a specific treatment against MeV. More recently, the same group has shown that compound AS-136A,
analog to 16677, was able to block viral RNA synthesis by targeting L protein. This compound has also
been associated to three candidates’ hotspots of mutation increasing the knowledge of L sequence
adaptation [249]. In order to face its poor solubility in water, known to influence the antiviral activity,
structure-activity relationship investigations were driven to discover analogs which could be used
in vivo and resulted in the generation of orally bioavailable compound 2O (ERDRP-00519) more potent
and aqueous soluble than former generation [250]. As the former candidates, this antiviral remains
quite cytotoxic but could be particularly efficient in combination with fusion inhibitors or antiviral
immune response activators.

11.4. Inhibitors of MeV Fusion and Entry

As mentioned in Section 2, the first step of the infection relies on entry of the virus into its target
cell. Briefly, H protein engages entry receptor and triggers F protein. F exposes its highly hydrophobic
fusion peptide which inserts into host cell plasma membrane. This transient intermediate stage is
highly unstable. Consequently, F undergoes serial conformational changes leading to the interaction
between the two heptad repeat domains that brings the two membranes close enough to merge and
form the fusion pore. The viral RNP can thus enter in the cell host cytoplasm. In order to prevent viral
entry, the main target is to block fusion of the virus. Blocking the interaction with the receptor or F
serial conformational changes are the two mainly considered possibilities.
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The receptor binding site of MeV H is considered as a potential neutralizing target. Indeed, the
insertion of any compound in the H pocket responsible for the binding to the receptor could either
prevent from the virus attachment to the host cell or pre-trigger the F protein leading to fusion dead viral
particles. Several neutralizing antibodies targeting the H protein have been proposed mainly resulting
in the emergence of resistant mutants not anymore able to bind either SLAM or nectin-4 [251]. While
this loss of function should not exist in the wild, the question of the ability of such variants to invade
the CNS which does not express SLAM or nectin-4 receptor under this selective pressure still needs to
be investigated. More recently, neutralizing antibody-derived molecules such as single chain variable
fragments targeting the H protein represent a major advance in the field of therapeutics design [252].
As for the corresponding neutralizing antibodies, the ability of such molecules to penetrate the brain
parenchyma and to block hyperfusogenic variants depending less on the receptor engagement as those
commonly observed in CNS infection has never been tested.

As described in Section 10, Neurokinin-1 has been shown to be a potential receptor for MeV F. As
an antagonist of Neurokinin-1, Aprepitant has been shown to drastically limit the viral dissemination
of vaccine strain in the brain of CD46+/RAG-2ko mice [96].

The fusion inhibitor peptide (FIP), Z-D-Phe-L-Phe Gly that is a small hydrophobic peptide and
other small molecules such as AS-48 or 3G (an analogue of AS-48) can block the membrane fusion
in vitro [125,126,253]. These inhibitors are known to stabilize the prefusion state of the F protein.
Nevertheless the use of these inhibitors leads to the emergence of mutations in the HRC of the F that
can evade their efficacy leading to the selection of MeV hyperfusogenic variants [254].

In contrast, HRC-derived peptides, aim at blocking the fusion by capturing the F protein in the
post-triggering state and freezing the fusion process at an early stage (Figure 6A–D). The so-called
HRC4 peptide is a MeV F HRC-derived dimeric peptide that interacts with the HRN domain during
the structural transition of F (Figure 6C,D). Briefly, HRC4 peptide is a dimer constituted of the HRC
derived peptide linked with two chains of PEG that acts as a spacer each conjugated with a molecule
of cholesterol. The cholesterol allows the fusion peptide to anchor into the host membrane and thus
increases the antiviral potency of the HRC-derived peptide by two logs [255]. The HRC-derived
peptides conjugated to cholesterol as well as tocopherol have shown high efficacy in vitro, ex vivo
and in vivo, even in the context of the CNS infection by crossing the blood-brain barrier [29,42,146].
Notably, dissemination of viruses bearing the L454W mutation in F can be efficiently blocked in vitro
and in vivo by F HRC-derived fusion inhibitors, regardless of the presence of SLAM [42]. To date, these
fusion inhibitors are the only system already tested against both the wt and hyperfusogenic variants
observed in CNS infection, and figure thus among the priority candidates for preclinical studies, to test
alone and in combination with treatments targeting other viral functions.
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Figure 6. MeV F heptad repeats at the C terminal domain (HRC)-derived peptide. Following its
engagement with any MeV receptor, H triggers F which inserts its fusion peptide in the host membrane
(A). Then, F undergoes serial conformational changes to reach its post fusion state, bringing the two
membranes close enough to form a fusion pore (B). MeV F HRC-derived peptides interact with MeV F
HRN and catch the intermediate states of MeV F to block the fusion, regardless of the insertion of the
fusion peptide in the host membrane (C,D).

12. Conclusions

A better understanding of MeV CNS invasion remains a priority in the field of MeV studies,
especially because of the recent re-emergences of measles and the increasing number of associated fatal
encephalitis [44,256]. While the vaccine remains the most efficient prevention against MeV infection,
the decreasing coverage combined to the increasing number of immunocompromised people difficult
to vaccinate confirm the necessity to develop efficient antiviral strategies.

To date, the emergence of the mutations observed in the brain of SSPE or MIBE patients is still
poorly understood. These mutations could have emerged through an adaptation to the brain, leading
to SSPE or MIBE, or through a selection of pre-existing mutations as a polymorphism among the
circulating strains. Since MIBE only concerns immunocompromised patients and occurs usually
very shortly after the primary MeV infection, one could speculate that it is more likely that a minor
population of MeV, bearing the mutations that allow the virus grow in a neural context, gets selected
and take the advantage of this immunological status for further propagation in the brain. Regardless
of the type of encephalitis or MeV variant invading the brain, the high mortality rate associated to
measles virus CNS complication highlight the requirement to validate antiviral molecules against
these variants.
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While the number of tested potential antiviral therapeutics keeps growing, a single molecule or
treatment capable to block the major viral cycle steps is still not available. Ultimately, a combination of
the treatments that could block the viral entry, the dissemination, the replication, and stimulate the
immune system seems to be the most promising solution to prevent and cure MeV systemic infection
and will be even more critical for the treatment of CNS infection.
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ABSTRACT During a measles virus (MeV) epidemic in 2009 in South Africa, measles in-
clusion body encephalitis (MIBE) was identified in several HIV-infected patients. Years
later, children are presenting with subacute sclerosing panencephalitis (SSPE). To investi-
gate the features of established MeV neuronal infections, viral sequences were analyzed
from brain tissue samples of a single SSPE case and compared with MIBE sequences
previously obtained from patients infected during the same epidemic. Both the SSPE
and the MIBE viruses had amino acid substitutions in the ectodomain of the F protein
that confer enhanced fusion properties. Functional analysis of the fusion complexes con-
firmed that both MIBE and SSPE F protein mutations promoted fusion with less depen-
dence on interaction by the viral receptor-binding protein with known MeV receptors.
While the SSPE F required the presence of a homotypic attachment protein, MeV H, in
order to fuse, MIBE F did not. Both F proteins had decreased thermal stability compared
to that of the corresponding wild-type F protein. Finally, recombinant viruses expressing
MIBE or SSPE fusion complexes spread in the absence of known MeV receptors, with
MIBE F-bearing viruses causing large syncytia in these cells. Our results suggest that al-
terations to the MeV fusion complex that promote fusion and cell-to-cell spread in the
absence of known MeV receptors is a key property for infection of the brain.

IMPORTANCE Measles virus can invade the central nervous system (CNS) and cause
severe neurological complications, such as MIBE and SSPE. However, mechanisms by
which MeV enters the CNS and triggers the disease remain unclear. We analyzed vi-
ruses from brain tissue of individuals with MIBE or SSPE, infected during the same
epidemic, after the onset of neurological disease. Our findings indicate that the
emergence of hyperfusogenic MeV F proteins is associated with infection of the
brain. We also demonstrate that hyperfusogenic F proteins permit MeV to enter cells
and spread without the need to engage nectin-4 or CD150, known receptors for
MeV that are not present on neural cells.
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I
n 2009-2010, a single measles virus (MeV) strain (genotype B3) was responsible for an
extensive measles outbreak in South Africa (1). During this epidemic, numerous

HIV-infected patients were diagnosed with measles inclusion body encephalitis (MIBE)
(2), constituting the largest MIBE case series ever reported. Now, several years later,
children who were infected with MeV during the outbreak are developing subacute
sclerosing panencephalitis (SSPE) (3).

The early events enabling MeV to establish brain infection remain to be elucidated,
since samples are mainly obtained postmortem. Neurons, which are particularly tar-
geted by neurotropic MeV, do not express known MeV receptors (i.e., CD150 and
nectin-4). However, neuroselected or neuroadapted variants spread in the central
nervous system (CNS). Several mutations in the fusion complex (composed of the
receptor binding protein H and the fusion protein F) have been reported, mainly in the
fusion protein of neurotropic MeV (4–6). The viruses bearing these F proteins infect and
spread without known measles receptors (4–6).

MIBE occurs shortly after exposure to MeV from several weeks to months following
infection, typically in highly immunocompromised patients. In a previous study, viral
sequences obtained from the brains of HIV-infected patients who died of MIBE were
analyzed to identify mutations correlated with neurovirulence (7). In samples from two
out of three MIBE patients, the extracellular domain of the F protein had an L454W
substitution that conferred a hyperfusogenic phenotype to MeV (8). SSPE, in contrast,
occurs much later after exposure, on average 6 to 8 years, in immunocompetent
patients. This syndrome is characterized by MeV brain infection and is associated with
hypermutated genomic RNA and viral transcripts, as well as defects in particle assembly
(9–11). These mutations often affect the matrix protein responsible for viral assembly
and budding (9, 12–15).

To investigate the genetic underpinnings of MeV brain infection, we analyzed viral
sequences isolated from an HIV-infected male child with SSPE who contracted MeV
(under 6 months of age) during the 2009-2010 South African outbreak and presented
with intractable seizures and deteriorating nervous system function 4 years later. The
infant had been vertically infected with HIV and was on antiretroviral therapy (ART)
from the age of 2.5 months, with near-normal CD4 counts and suppressed HIV load at
the time of clinical presentation (3). The SSPE diagnosis was based on high MeV
antibody titers in blood and cerebrospinal fluid (CSF), a history of measles in the first
6 months of life, and compatible electroencephalogram and magnetic resonance im-
aging results. He experienced a rapid decline in neurological function and died from
aspiration pneumonia 8 months after initial presentation.

Viral sequence analyses showed close homology with the epidemic wild-type and
MIBE-related strains and additional genetic changes characteristic of SSPE.

We compared the functional effects of mutations in the MeV fusion complex in the
SSPE, MIBE, and wild-type B3 viruses from the original outbreak. The F proteins of both
SSPE and MIBE viruses have a lower thermal stability than the wild type and can
promote fusion independently of H binding to known MeV receptors.

RESULTS

Phylogenetic analysis confirms close relationship to epidemic strain. The SSPE
sequences were found to be closely related to the 2009-2010 B3 epidemic strain and
MIBE sequences in a phylogenetic tree of the H gene (nucleotide positions 7496 to
9124) using maximum likelihood analysis (Fig. 1).

Sequence analysis reveals genetic features typical of SSPE. Sixty mutations were
detected in the SSPE viral sequence relative to the epidemic B3 reference strain (28 U-C,
4 A-G, 10 C-U, 9 G-A, 1 U-G, 4 C-A, and 1 A-U), with 28 being nonsynonymous (all
nucleotide substitutions are annotated in Table S1 in supplemental material). Variation
relative to the reference consensus sequence was highest in the first 3 genes, increasing
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from 0.47% for N, 0.60% for P, and 0.89% for the M gene. The number of mutations
declined progressively over the last 3 genes, namely, 0.38% for F, 0.31% for H, and
0.23% for the large protein (L) gene. In comparison, there were approximately 10 times
fewer mutations in the MIBE sequences.

Hallmarks of the SSPE sequences included hypermutation, in particular U-to-C
substitutions, in the N, P, and M genes. There appear to have been three events. One
was at the N-P gene border (6 mutations between residues 1525 and 1778, of which 5
are silent). The second event occurs at the end of the P gene (4 mutations between
residues 2722 and 2958, of which 2 are silent). The third is found in the M gene (9
mutations between residues 3450 and 4280, of which only 2 are silent; 4 of the 7 amino
acid changes affect tyrosines). In all probability the last hypermutation event ablated
the function of the matrix protein. U-to-C mutations occurred at a lower frequency in
the latter part of the genome. In the MIBE-related sequences, U-to-C mutations were
also most prominent in the N, P, and M genes.

Mutations in the H/F glycoproteins of MeV isolated from the brain of an SSPE

patient. Mutations in the F proteins are shown on the sequence and on the prefusion
structures (16) in Fig. 2. The F sequence from the clinical sample (SSPE F) had 6 amino
acid changes (G168R, E170G, S262G, A440P, R520C, and L550P) compared to the
sequence of wild-type epidemic strain B3 MeV F. One additional mutation abolished a
stop codon, leading to a longer C-terminal cytoplasmic tail, referred to here as long tail
(LT). In contrast to substitutions in the C-terminal heptad repeat (HRC) region of the F
previously described in other neuropathogenic strains (i.e., L454W, T461I, and N462K)
(6, 7), this SSPE sequence had two substitutions (G168R and E170G) in the N-terminal
heptad repeat (HRN), one (A440P) in the N-terminal border of the HRC and two (R520C
and L550P) in the C-terminal cytoplasmic domain (CTD). One additional substitution
(S262G) was located at the interface of three protomers and two intramolecular
domains near the HRN. This position has been shown to be involved in fusion activation
and was previously described in a hyperfusogenic F variant (6). Conversely, compared
to related MIBE sequences, only the L454W substitution in the HRC domain was present
(Fig. 2). In the H gene of the South African SSPE sequence, 3 nonsynonymous mutations
were identified in the cytoplasmic tail (R7Q), stalk domain (R62Q), and �5 blade of the

 MIBE Patient 1 acute blood

 MIBE Patient 1

 Cape Town. ZAF/15.10/1

 Cape Town. ZAF/16.10/2

 Cape Town. ZAF/16.10/110 18 61

 MIBE Patient 3

 Cape Town. ZAF/13.10/1

 Cape Town. ZAF/20.10

 SSPE Patient 1

 MVi/Madrid.SPA/4.06

 MVi/Ibadan.NIE/.97/1 B3

 MVi/New Jersey.USA/45.05

 MVs/Sfax.TUN.09.09/4

 MVi/Zliten.LBY.14.09/4
100

99

98

99

85

98

0.005

FIG 1 Phylogenetic tree of H gene (nucleotide positions 7496 to 9124) generated by maximum likelihood
analysis of MeV from the SSPE case, patients with MIBE, patients who had acute measles infection during
the measles epidemic of 2009-2010 in South Africa, and reference sequences. Reference sequences of
other MeV genotype B3.1 viruses were retrieved from the NCBI GenBank database and are indicated by
accession numbers. Bootstrap values greater than 75% are indicated at the nodes of the tree. The branch
lengths are proportional to the evolutionary distances, as shown on the scale.
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head domain (D530E), the latter forming part of the CD150 receptor binding site (17).
In contrast, there were no changes in the H gene in related MIBE sequences.

Both SSPE and MIBE F proteins promote fusion in the absence of MeV recep-

tors. In order to evaluate functional differences between the wild type and the SSPE
virus fusion complex, we introduced the SSPE mutations found into the wild-type B3 H
and F sequences, as well as the mutation that abolishes the natural stop codon at the
end of the F sequence (LT). We then compared the fusion phenotype of the SSPE F to
the MIBE F L454W (7). Figure 3 depicts a quantitative assay assessing the fusion
properties of these MeV H/F pairs and their requirements for receptor engagement.
Coexpression of WT H and F proteins resulted in similar fusion in the presence of
nectin-4 and CD150 (Fig. 3). WT F does not fuse in the absence of known MeV receptors,
and WT F-LT did not significantly alter the fusion phenotype compared to that of the
WT, either in the presence or absence of MeV receptors (Fig. 3). In contrast, SSPE F and
MIBE F L454W promote fusion in the absence of the two MeV receptors (8). The SSPE
H promotes F-mediated fusion to a lesser extent than wild-type H (Fig. 3A to C and Fig.
3D to F).

The 6 mutations in SSPE F are cumulatively responsible for the fusion pheno-

type. To determine whether any of the 6 substitutions found in the SSPE F were solely
responsible for the hyperfusogenic phenotype we observed, we compared each mu-
tation (G168R, E170G, S262G, A440P, R520C, and L550P) individually to wild-type B3 F.
In the presence of nectin-4 or CD150, all of the F proteins showed fusion similar to that
of wild-type B3 F (Table 1). In the absence of MeV receptors, fusion activity was only
detected in the SSPE F bearing all 6 mutations (Fig. 4).

The SSPE F requires the presence of a homotypic protein H in order to fuse, but

the MIBE-related F does not. The MeV H protein has a dual function of tethering the
virus to the target cell and activating the F protein. To assess the regulation of fusion

FIG 2 Location of substitutions within the F protein from CNS-adapted virus. (A) Schematic represen-
tation of fusion protein with relevant regions indicated. FP, fusion peptide; S-S, disulfide bond; HRN and
HRC, heptad repeat domains at the N terminus or at the C terminus; TM, transmembrane domain; CTD,
cytoplasmic domain. (B) Ribbon diagrams of the measles F model structure in prefusion conformation.
The F SSPE clinical sample had a total of 6 mutations compared to sequence of the wild-type B3 strain.
Residues G168G and E170G map in the HRN domain, while A440P maps close to the HRC. The residue
S262G is in the region between HRN and HRC. Residues R520C and L550P are in the CTD region. One
additional mutation abolished the F stop codon and resulted in a 29-amino-acid extension of the CTD
(long tail). The SSPE residues are indicated in magenta. Additionally, three substitutions (L454W, T461I,
and N462K) localized in the HRC domain, and previously described (6, 7) in neuropathogenic strains, are
shown in green.
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promotion by H independently from its tethering function, cells were transfected with
uncleaved influenza virus hemagglutinin (HA), in addition to MeV H and F. The HA
protein binds sialic acid, ubiquitously expressed on cells, but does not activate MeV F.
It was used here to tether the membranes of the effector and target cells as previously
done (18–20). The fusion properties of MeV H/F pairs were assessed in the quantitative
fusion assay as before but without MeV receptor (nectin-4 and CD150) expression.
Effector cells coexpressed influenza HA (HA0) with MeV F (wild-type B3 F, SSPE F-LT, or
MIBE F L454W) and MeV H (wild-type B3 H or SSPE H). As expected, no significant fusion
was detected when wild-type F was coexpressed with MeV H (WT or SSPE), while the
SSPE-LT F still fused at levels similar to those of MIBE F L454W when coexpressed with
MeV H (both WT and SSPE) (Fig. 5A and B). We next tested whether, in the absence of
H, the SSPE-LT F could still promote membrane fusion. Under these conditions, the
SSPE-LT F did not mediate fusion (Fig. 5C). These results indicate that either SSPE-LT F
can be activated independently of receptor engagement by H or it requires H engage-
ment to an unknown MeV receptor of low affinity. Also, SSPE-LT F activation is possible
only in the presence of H, with similar results obtained for the SSPE F variant without
the long tail (data not shown). In contrast, the MIBE L454W F protein shows an inherent
ability to mediate fusion even in the absence of H, albeit with lower fusion activity than
that observed when H (WT or SSPE) is also expressed, in agreement with previous
observations (8).

Both SSPE and MIBE F proteins show thermal instability. As previously shown,
decreased thermal stability of F correlates with enhanced fusogenicity (8, 21) and ease
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FIG 3 Functional analysis of F/H protein pairs from MeV B3 SSPE clinical sample. The cell-to-cell fusion
of 293T cells coexpressing the indicated MeV B3 F protein and MeV B3 H WT (white bars) or MeV B3 H
SSPE (black bars) with 293T cells transfected with MeV receptor nectin-4 (A and D), CD150 (B and E), or
with an empty vector (C and F) was assessed by a �-Gal complementation assay. The values are
expressed as the relative luminescence unit (RLU) averages (with SEM) of results from three independent
experiments in triplicate. **, P � 0.01; ***, P � 0.001 (two-way ANOVA and Fisher’s post hoc test). WT,
wild-type F; WT-LT, wild-type F with long cytoplasmic tail; SSPE, F bearing 5 mutated amino acids (G168R,
E170G, S262G, A440P, R520C, and L550P) and the ablation of the stop codon that leads to a longer
cytoplasmic tail. Levels of expression of the different proteins were comparable (data not shown).
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of activation to a triggered conformation. The thermal stability of SSPE F and MIBE F
L454W were compared at various time points by incubating cells expressing the
indicated F proteins at 55°C (Fig. 6 and Table 2). Significantly more prefusion epitopes
were detected after 5 min at 55°C in cells expressing SSPE F than in cells expressing
MIBE F L454W, suggesting that SSPE F is more stable than L454W F. Both mutant F
proteins were less stable than wild-type B3 F, which maintained 70% prefusion epitope
expression after 5 min. In Table 2, the F proteins bearing single mutations are compared
to the three F proteins shown in Fig. 6.

The data shown in Table 2 suggest that mutations at positions 168 and 262
reduce F stability, while the other mutations do not appear to individually affect
stability. However, the SSPE substitutions in combination reduced thermal stability
of the protein compared to that of wild-type F. For the hyperfusogenic MIBE F
L454W, we confirmed that the single-amino-acid substitution was sufficient to
decrease F stability (8).

TABLE 1 Fusion activity of F proteins cotransfected with WT or SSPE patient MeV H in the
presence of known MeV receptors

H/F protein

Fusion activitya:

Nectin-4 CD150

WT H
SSPE F 1.34 � 0.11 1.32 � 0.14
G168R 0.97 � 0.12 1.22 � 0.10
E170G 0.97 � 0.18 1.13 � 0.15
S262G 1.06 � 0.17 1.18 � 0.15
A440P 0.90 � 0.06 1.12 � 0.09
R520C 0.92 � 0.02 0.78 � 0.02
L550P 0.82 � 0.11 0.80 � 0.15

SSPE H
SSPE F 0.94 � 0.03 0.98 � 0.17
G168R 1.01 � 0.07 0.79 � 0.09
E170G 0.90 � 0.05 0.83 � 0.06
S262G 1.13 � 0.05 0.82 � 0.04
A440P 1.00 � 0.15 0.84 � 0.14
R520C 1.01 � 0.06 0.88 � 0.03
L550P 0.86 � 0.13 0.73 � 0.04

aValues are fold change relative to values for WT F.
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FIG 4 Multiply mutated SSPE B3 F has higher fusion activity than any individually mutated F in the absence of MeV host
cell receptors. HEK-293T cells were cotransfected with the indicated F protein, �-subunit of �-galactosidase, and wild-type
B3 MeV H (A) or B3 MeV SSPE H (B). Transfected cells were subsequently overlain with HEK-293T cells expressing the
�-subunit of �-galactosidase for 6 h to allow fusion. Resulting luminescence from �-galactosidase activity was quantified
using TECAN Infinite M1000 Pro. Results depict a representative experiment with means and SEM from three biological
replicates. Activity of mutants was compared with wild-type B3 F activity by one-way ANOVA. Fusion activities significantly
different (P � 0.05) from that of wild-type B3 F are indicated by an asterisk(s).
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Recombinant viruses bearing CNS-adapted F proteins form syncytia in Vero

cells. Since the SSPE mutations in F conferred a hyperfusogenic phenotype of cell-to-
cell fusion in the absence of known MeV receptors, we assessed the properties of the
mutated glycoproteins in the context of infectious recombinant MeV IC323-enhanced
green fluorescent protein (EGFP) viruses. In Fig. 7, recombinant MeV expressing wild-
type F, MIBE F L454W, SSPE H, or SSPE F (with the long tail) and EGFP were used to
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FIG 5 Regulation of fusion promotion by receptor binding protein. The cell-to-cell fusion of 293T cells
coexpressing uncleaved influenza virus (HA), the indicated F proteins (x axis), and MeV H WT (A), MeV H
SSPE (B), or the empty vector pCAGGS (C) was assessed by a �-Gal complementation assay using target
cells that do not express MeV H receptor. The values are expressed as the mean RLU (with SEM) of results
from three independent experiments in triplicate. ***, P � 0.001 (two-tailed, unpaired t test).
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FIG 6 Thermal stability of the MeV wild-type and mutant F proteins. 293T cells expressing the indicated
MeV F proteins (x axis) were incubated overnight at 37°C. The cells were then incubated for the indicated
times at 55°C and then at 4°C with mouse MAbs recognizing the prefusion conformation of MeV F (21).
The values on the y axis represent the percentages of conformational antibody binding and indicate the
averages (with SEM) of results from four independent experiments in triplicate. WT, wild-type F; SSPE, F
bearing G168R, E170G, S262G, A440P, R520C, and L550P. The L454W F (found in two MIBE clinical
samples) (7) was added for comparison.
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infect Vero cells lacking known MeV receptors. Although all of the viruses were
infectious, the wild-type B3 F and SSPE H recombinant viruses did not form syncytia
(Fig. 7A). As previously shown, the hyperfusogenic MIBE F L454W induced syncytium
formation after 24 h (8). The SSPE F recombinant virus formed less extensive syncytia
and did so only after 72 h, suggesting that a less stable F allows MeV to spread from
cell to cell in the absence of known MeV receptors, as observed for the MIBE F L454W
mutant (8). Syncytium comparison demonstrated that MIBE F L454W mutant plaques
were significantly larger than those of all other recombinant viruses 24 h postinfection
(Fig. 7B). After 72 h, both MeV F L454W and MeV F SSPE mutants produced plaques
significantly bigger than those of wild-type B3 F and SSPE H viruses. Thus, the
accumulated mutations in SSPE F recombinant virus lead to a hyperfusogenic pheno-
type that is intermediate between wild-type B3 virus and the previously described MeV
F L454W mutant virus.

DISCUSSION

Measles infection at a young age is the greatest risk factor for SSPE (22). The child
in this report had been vertically infected with HIV and acquired measles before
6 months of age. The maternal immunity status and level of maternal antibodies is
unknown. HIV-related immune compromise and the young age of this patient could
have contributed to poor immune function during acute infection, allowing for exten-
sive virus replication and dissemination to the brain (23), despite SSPE (in contrast to
MIBE) not generally being associated with immune defects. While the MeV in this child
was not extensively mutated genome-wide, it showed characteristic SSPE genetic
changes, including hypermutation at the N-P gene border and in the M and P genes,
mutations and loss of the stop codon in F, and relative preservation of the N and L
genes. Hypermutations were largely U to C, indicating that nucleotide modification was
taking place mainly on the antisense (�) strand. The lower mutation burden in this
virus than is typically found in SSPE may relate to the shorter-than-usual incubation
period of 4 years. There were even fewer mutations in the related MIBE viruses, possibly
reflecting the shorter incubation associated with this disorder (7).

Mutations that were present in the ectodomain of F in both SSPE and MIBE viruses
conferred a hyperfusogenic phenotype, evident in two functional assays. First, fusion
activity revealed that H/F pairs from MIBE and SSPE viruses mediated membrane fusion
in the absence of the recognized MeV receptors, CD150 and nectin-4 (37–40). Second,
the SSPE and MIBE F proteins lose the prefusion conformation more readily than the
wild-type B3 F. By both measures, MIBE F L454W showed greater fusion activity than
SSPE F. In the case of SSPE F, the increased fusion activity was due to a combination of
mutations. When assessed, significant fusion activity in the absence of a known
receptor(s) was observed only when all 6 mutations were present (Fig. 4). To assess
cell-to-cell fusion, the extent of syncytium formation was also examined (data not
shown). In this qualitative assay, the only amino acid substitution derived from the SSPE

TABLE 2 Thermal stability of the B3 F mutant proteins detected by binding of a MAb
specific for the prefusion conformation of Fa

F protein TS50 Lower 95% CI Upper 95% CI

WT 5 min 9 s 3 min 52 s 6 min 51 s
SSPE 2 min 29 s 1 min 47 s 3 min 28 s
G168R 4 min 24 s 3 min 22 s 5 min 45 s
E170G 6 min 37 s 5 min 13 s 8 min 25 s
S262G 3 min 10 s 2 min 32 s 3 min 59 s
A440P 5 min 11 s 3 min 37 s 7 min 24 s
R520C 5 min 54 s 4 min 36 s 7 min 33 s
L550P 6 min 26 s 5 min 27 s 7 min 37 s
L454W 1 min 5 s 0 min 53 s 1 min 19 s
aData are reported as averages from four independent experiments and are expressed as the time (minutes)
at 55°C that decreases the fraction of prefusion epitope to 50% (TS50) compared to that at time zero (100%;
after overnight incubation at 37°C). WT, wild-type F; SSPE, MeV F bearing G168R, E170G, S262G, A440P,
R520C, and L550P.
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F that enhanced fusion on its own was S262G. This residue is located at the interface
of three protomers, a region that is involved in fusion activation. A different substitu-
tion at residue 262 (S262R) has been reported previously and also confers a hyperfu-
sogenic phenotype (6).

A hyperfusogenic phenotype is characteristic of MeV from brain tissue (4, 6, 24).
While other genetic changes, including alterations to the F protein cytoplasmic tail or
a nonfunctional M protein, have also been shown to enhance fusion in an animal model
(25, 26), mutations in the F ectodomain alone also induce this phenotype. Recombinant
viruses bearing F proteins with hyperfusogenic ectodomain substitutions spread effi-

FIG 7 MeV recombinant viruses spread in the absence of known receptor. (A) Vero cells (without known
MeV receptor) were infected with the indicated recombinant viruses expressing EGFP and incubated at
37°C. Infected cells were detected 24 and 72 h postinfection using an epifluorescence Nikon TS2R-FL
inverted microscope. (B) Areas of infection, in pixels, were measured using ImageJ software on images
randomly acquired from three separate experiments (*, P � 0.05; **, P � 0.01; ***, P � 0.001; each by
Mann-Whitney U test, n � 8 at least).
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ciently in neurons but less so in cells expressing regular MeV receptors, possibly due to
cytopathology (4, 5). In this study, Vero cells that did not express nectin-4 or CD150
were used to assess infection and spread of recombinant viruses bearing the F
mutations found in MIBE and SSPE MeV. As previously shown, recombinant viruses
expressing MIBE F L454W were infectious and caused large syncytium without engage-
ment of known MeV receptors. The SSPE F recombinants were infectious as well, but
cell-to-cell spread was slower than that for the MIBE recombinant, suggesting that the
specific mutations in F were responsible. Thus, mutations in the ectodomain of F permit
fusion without H engaging known MeV receptors; we suggest that these mutations
promote infection of the brain. Our observations are supported by a recent finding by
Sato et al. (4) where hyperfusogenic MeV bearing the T461I mutation in the F protein
spread exclusively from cell to cell in terminally differentiated neuron cultures (4),
without extracellular virus or budding. In contrast, wild-type MeV did not spread.
Interestingly, however, monoclonal antibodies (MAbs) against H protein impaired the
spread of hyperfusogenic viruses. Our findings support an ongoing role of H in SSPE.
Indeed, although SSPE F could be activated independently of receptor engagement by
H, activation was possible only when H was present. In contrast, F bearing the MIBE
mutation L454W can mediate fusion in either the presence or absence of H (though at
a lower level).

A notable clinical difference between MIBE and SSPE is that the former generally
affects patients with defective cellular immunity. In MIBE there is little evidence of an
antiviral immune response either peripherally or in the central nervous system, allowing
MeV to spread in the brain more readily. In contrast, SSPE patients are generally
immunocompetent, and high levels of anti-MeV antibodies are present in blood and
CSF, with characteristic oligoclonal anti-MeV antibodies in the CNS. Most clones of
these antibodies are directed to epitopes on the MeV N protein (the most abundant
viral protein present in the brain) (27). Although only a few clones recognize other viral
structural proteins, such as H and F, these antibodies would still be likely to bind to H
and F proteins expressed on neurons and slow cell-to-cell spread. While the SSPE
patient in our study was HIV infected, he had high levels of MeV antibodies in his CSF
and his disease process ran a course typical of SSPE.

In this work, we limited our analysis to the MeV H and F proteins, and our findings
are in line with evidence from our and other groups showing a direct correlation
between the fusion phenotype described here (i.e., fusion in the absence of known
receptor) and neuropathogenesis in vivo (4–6, 8, 11, 28). It remains unknown to what
extent the other genetic alterations present in the SSPE viral sequence contribute to
neuron invasion versus neurovirulence. To address this question, future work will assess
the impact of each specific genetic change present in the SSPE MeV genome in vitro
and in vivo. We propose that understanding the determinants for measles CNS infection
and neurovirulence will shed light on longstanding questions about the mechanism of
measles persistence and may guide antiviral approaches.

MATERIALS AND METHODS

MIBE and South African epidemic control samples. Viral sequence data from patients acutely
infected during the 2009-2010 epidemic and from the brains of patients with MIBE were compared. The
GenBank accession numbers of MIBE and control virus sequences are KC305651 to KC305689. The clinical
details of patients have been previously described (7).

PCR of MeV genes from postmortem brains. Fresh brain tissue was collected and extracted using
the manual Qiagen tissue protocol (Qiagen GmbH, Hilden, Germany). cDNA synthesis and nested PCR of
the N, M, F, and H genes were performed as previously described (7). The P genes of one SSPE and two
MIBE viruses were amplified using previously described primers (29). The L gene of the SSPE virus was
amplified using primers from Bankamp et al. (29).

Sequencing and phylogenetic analysis. Products were sequenced using the BigDye Terminator
cycle sequencing kit (Applied Biosystems, Foster City CA, USA) and PCR primers, except for the P and L,
where M13 F (	20) and M13R (	26) primers were used. All six genes and intergenic regions were
sequenced, except for the leader and trailer sequences. Sequences were assembled and aligned against
a genotype B3 reference sequence (GenBank accession no. HM439386) using DNA Baser Sequence
Assembler, v3.5.4 (Heracle BioSoft; www.DnaBaser.com). N and H genes were aligned with genotype B
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sequences from GenBank using BioEdit, and a maximum likelihood tree was constructed using Mega 6.06
and the Tamura Nei model with 1,000 bootstrap resamplings (30).

Consensus epidemic sequence. A consensus sequence representing the 2009-2010 epidemic virus
was determined by alignment of sequences from patients with acute measles. This was used to compare
MIBE and SSPE brain virus sequences.

Structural modeling. Twenty models of the wild-type measles virus fusion glycoprotein (MeV F)
were generated using the protein homology server Phyre2 (31). The model was built from the crystal
structure of MeV fusion glycoprotein in its prefusion state (PDB entry 5YXW) (16).

Cell cultures. HEK-293T (human kidney epithelial) and Vero (African green monkey kidney) cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Invitrogen) supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotics at 37°C and 5% CO2.

Plasmids. The genes of MeV B3 and IC323 F and H proteins, and nectin-4 and CD150, were codon
optimized, synthesized, and subcloned into the mammalian expression vector pCAGGS by Epoch Biolabs
(Missouri City, TX).

Transient expression of viral glycoproteins. Transfections were performed in HEK-293T cells
according to the protocols of the Lipofectamine 2000 manufacturer (Invitrogen). Alternatively, cells were
transfected using polyethyleneimine (PEI; Polysciences, Inc.) (32). Briefly, DNA constructs, dissolved in
Opti-MEM (Thermo Scientific), were mixed with PEI (1:2.5 ratio), incubated for 20 min at room temper-
ature, and then added to the cells. After 4 h, the transfection mix was replaced with DMEM supplemented
with 10% FBS and antibiotics.

�-Gal complementation-based fusion assay. To quantify cell-to-cell fusion, we used a fusion assay
based on alpha-omega complementation of �-galactosidase (�-Gal) that was previously described (33,
34). Briefly, 293T cells transiently transfected with the omega reporter subunit and the receptor plasmids
were incubated with cells coexpressing viral glycoproteins and the alpha reporter subunit (35). Cell
fusion, which leads to �-Gal complementation, was stopped by lysing cells, and the luminescence
obtained by adding the Galacton-Star substrate (Applied Biosystems) was measured on an Infinite
M1000PRO (Tecan) microplate reader.

�-Gal assay for cell immunity staining with F-conformation-specific MAbs. 293T cells transiently
transfected with viral glycoprotein constructs were incubated overnight at 32°C in complete medium
(DMEM, 10% FBS) and processed as previously described (8). Briefly, 20 h posttransfection, cells were
transferred to the temperatures and times indicated in the figures. Thereafter, cells were incubated with
mouse MAbs that specifically detect MeV F in its prefusion conformation (1:1,000) for 1 h on ice. Cells
were washed with phosphate-buffered saline (PBS) and then incubated for 1 h on ice with biotin-
conjugated anti-mouse secondary antibody (1:500; Life Technologies). Cells were washed with PBS and
then fixed for 10 min on ice with 4% paraformaldehyde (PFA). Cells were then washed twice with PBS,
blocked for 20 min on ice with 3% bovine serum albumin (BSA) in PBS, washed, and then incubated for
1 h on ice with streptavidin conjugated with �-galactosidase (1:1,000; Life Technologies). Cells were
washed with PBS, �-galactosidase substrate (1:50; Applied Biosystems) was added, and luminescence
was measured by an Infinite M1000PRO (Tecan) microplate reader.

Cell surface expression. Cells expressing glycoproteins were incubated for 1 h with cycloheximide
to synchronize protein expression and treated with 2.5 mg/ml of NHS-S-S-dPEG4-biotin (Quanta Biode-
sign) in PBS for 30 min at 4°C. Cells were washed with Dulbecco’s PBS and lysed with DH buffer (50 mM
HEPES, 100 mM NaCl, 0.005 g/ml dodecyl maltoside) containing a protease inhibitor cocktail (Sigma) and
clarified by centrifugation. Samples were then incubated overnight at 4°C on a rotary wheel with
streptavidin-agarose (Thermo Scientific). The next day, samples were centrifuged at 5,000 rpm for 5 min
and the pellet (biotinylated proteins) washed and processed for Western blot analysis.

Recombinant virus production and analysis. MeV IC323-EGFP is a recombinant virus expressing
the EGFP gene. All variant mutations, including F L454W, F SSPE, and H SSPE, were engineered in the MeV
IC323-EGFP background using reverse genetics. MeV IC323 recombinant viruses were rescued in 293-
3-46 cells as previously described (36). MeV recombinants were titrated by plaque assay on Vero/human
SLAM cells. In the experiment to assess spread of virus, Vero cells (without known MeV receptor) were
infected (multiplicity of infection of 0.03) with the indicated recombinant viruses expressing EGFP and
incubated at 37°C for 2 h. The media were replaced with DMEM–10% FBS, and infected cells were
incubated again for up to 72 h at 37°C. Micrographs were obtained using an epifluorescence Nikon
TS2R-FL inverted microscope. Areas of infection in pixels were measured using ImageJ software on
images randomly acquired from three separate experiments (n � 8 minimum).

Statistical analysis. Statistical analysis was performed with GraphPad Prism 5 (GraphPad Software,
Inc., La Jolla, CA, USA) software. All data were expressed as the means � standard errors of the means
(SEM) from at least three independent experiments in triplicate and analyzed by the unpaired Student’s
t test or analysis of variance (ANOVA), and post hoc test when required, or by Mann-Whitney U test. Data
were considered significant at a P value of �0.05.

Ethical approval. Ethics approval was obtained from the University of Cape Town Human Research
Ethics Committee (HREC REF 163/2011).
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We conducted an in-depth characterization of the Nipah 
virus (NiV) isolate previously obtained from a Pteropus 
lylei bat in Cambodia in 2003 (CSUR381). We performed 
full-genome sequencing and phylogenetic analyses and 

In vitro studies revealed similar cell permissiveness and 
replication of CSUR381 (compared with 2 other NiV iso-
lates) in both bat and human cell lines. Sequence align-
ments indicated conservation of the ephrin-B2 and ephrin-
B3 receptor binding sites, the glycosylation site on the G 
attachment protein, as well as the editing site in phospho-
protein, suggesting production of nonstructural proteins V 
and W, known to counteract the host innate immunity. In 
the hamster animal model, CSUR381 induced lethal infec-
tions. Altogether, these data suggest that the Cambodia 
bat-derived NiV isolate has high pathogenic potential and, 
thus, provide insight for further studies and better risk as-
sessment for future NiV outbreaks in Southeast Asia.
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Table 1. Whole-genome pairwise nucleotide identity comparisons
between Nipah virus CSUR381, Cambodia, 2003, and other 
available henipaviruses 

Henipavirus (GenBank accession no.) 
Nucleotide 
identity, %* 

Nipah/Malaysia/2000/human (NC002728.1) .7 
Nipah/Malaysia/2001/human ( ) .7 

 ( ) .6 
Nipah/Bangladesh/2004/human ( ) .6 
Nipah/India/2007/human (FJ513078.1) .4 
Nipah/Bangladesh/2008/human (JN808863.1) .4 
Nipah/India/2018/human ( ) .3 
Hendra/Australia/2008/human (JN255805.1) 70.0 

 (JN255803.1) .  
Hendra/Australia/2007/horse (HM044321.1) .  

 (JQ001776.1) 56.7 
 

 
52.  

Mojiang/China/2012/Rattusflavipectus 
(NC025352.1) 

48.  

*Calculated by using the p-distance method. 

 

Table 2. Pairwise comparison of NiV CSUR381, Cambodia, 2003, and other available NiVs, by NiV gene* 

NiV (GenBank accession no.) 
NiV gene, % nucleotide identity/% homology of deduced amino acid† 
N P M F G L 

       
Nipah/Malaysia/2000/human (NC002728.1)       

  87.8/84.8     
Nipah/Bangladesh/2008/human (JN808863.1)  87.6/84.4     
Nipah/India/2007/human (FJ513078.1)  87.4/84.3     

  87.1/82.7     
Nipah/Thailand/2010/Plylei (KT163252.1)   
Nipah/Thailand/2010/Phypomelaneus (KT163247.1)  
*F, fusion protein; G, attachment protein; L, polymerase; M, matrix protein; N, nucleoprotein; NiV, Nipah virus; P, phosphoprotein. 
†Both calculated by using the p-distance method. 
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Figure 1. Maximum-likelihood phylogenetic analysis of NiV CSUR381, Cambodia, 2003 (red triangle), compared with other henipaviruses 
and NiVs. A) Phylogenetic tree constructed with complete genome sequences. A general time-reversible model was calculated as the best 
DNA model to conduct this analysis. B) Phylogenetic tree constructed by using the nucleocapsid gene. The Kimura 2-parameter model was 
calculated as the best DNA model to conduct this analysis. Bootstrap statistical support is marked on branch nodes. GenBank accession 
numbers of isolates are provided in branches, and NiV lineages of isolates are indicated. Phylogenetic trees are drawn to scale; scale bars 
represent branch lengths measured in the number of substitutions per site. NiV, Nipah virus.
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Figure 2. Multiple alignment of the phosphoprotein gene of Nipah virus CSUR381, Cambodia, 2003, and other henipavirus isolates. 

nonpathogenic Cedar virus sequence. GenBank accession numbers are provided for all isolates.

Figure 3.
virus in which the envelope glycoprotein G gene is replaced with 

glycoproteins of NiVs CSUR381 (Cambodia 2003 isolate), UMMC1 
(NiV-Malaysia isolate), and SPB200401066 (NiV-Bangladesh isolate) 

bronchioalveolar cells), PATGV1.12 (bat cells), and Vero cells were 
performed at a multiplicity of infection of 0.3, and the percentages 
of infected cells were evaluated 6 hours postinfection by measuring 

cells. Histograms indicate the mean of 3 independent experiments, 
and error bars indicate upper half of SD. HPMEC, human pulmonary 
microvascular endothelial cell; NiV, Nipah virus.
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Figure 4. Replication of NiVs CSUR381 (Cambodia 2003 isolate), UMMC1 (NiV-Malaysia isolate), and SPB200401066 (NiV-Bangladesh 
isolate) in Vero, HPMEC, NCI-H358 (human bronchioalveolar cells), and PATGV1.12 (bat cells). A) Real-time reverse transcription PCR 

measured by 2-way analysis of variance. B) Kinetics of infectious virus particle production in supernatant measured by Vero plaque assay. 

the NiV-Malaysia isolate (C), the NiV-Bangladesh isolate (D), and CSUR381 (E). Giant multinucleated cells are indicated with arrowheads. 
Scale bar indicates 25 μm. HPMEC, human pulmonary microvascular endothelial cell; NiV, Nipah virus. **p<0.01; ***p<0.001.
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Figure 5. Pathogenicity of NiV CSUR381 (Cambodia 2003 isolate) and UMMC1 (NiV-Malaysia isolate) in golden hamsters (6 hamsters/group). 
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Physiopathologie de l'infection du système 
nerveux central par des virus respiratoires 

 

    
Marion Ferren 

 
Les virus respiratoires aéroportés sont particulièrement préoccupants du fait de la 

difficulté de contrôler leur transmission. Parmi ces virus, le virus du syndrome respiratoire 
aigu sévère 2 (SARS-CoV-2), le virus de la rougeole (VR) et les Henipavirus Nipah (NiV) et 
Hendra (HeV) peuvent infecter également le système nerveux central (SNC) chez l’homme 
et provoquent alors souvent des encéphalites létales. Par exemple, le SARS-CoV-2, 
responsable de la pandémie de COVID-19, entraine un syndrome respiratoire aigu sévère et 
des atteintes neurologiques. De son côté, et malgré un vaccin efficace, la rougeole connaît 
une réémergence inquiétante et cause la mort de plus de 200 000 personnes par an. Le VR 
peut entraîner des encéphalites rougeoleuses à corps d’inclusion (MIBE) dans un contexte 
d’immunodéficience ou une panencéphalite sclérosante subaiguë (PESS) parfois des 
décennies après l’exposition au virus chez des patients immunocompétents. NiV et HeV sont 
des Paramyxovirus zoonotiques hautement pathogènes du genre Henipavirus. Malgré le 
faible nombre de cas humains recensés depuis leur émergence à la fin des années 1990, les 
NiV et HeV sont classés parmi les huit pathogènes prioritaires pour la recherche par 
l’Organisation Mondiale de la Santé en raison de leur fort potentiel pandémique. Certaines 
souches sont mortelles dans plus de 70% des cas en moyenne.  

À ce jour il n’existe pas de traitement efficace commercialisé pour traiter ces 
infections virales chez l’homme. De plus, les étapes précoces de l’infection du SNC par ces 
virus restent peu documentées car la majorité des données proviennent d’analyses réalisées 
post mortem. L’objectif global de cette thèse a été d’identifier des facteurs influençant 
l’invasion du SNC par ces virus. Le tropisme initial, la dissémination, ainsi que l’implication 
des glycoprotéines virales de surface et l’évolution génétique virale ont été analysées pour le 
SARS-CoV-2, le VR et plusieurs souches d’Henipavirus à l’échelle organique, cellulaire et 
moléculaire. 

Deux nouveaux modèles de cultures organotypiques de poumons et de tronc cérébral 
chez le hamster ont été développés et caractérisés. Ces modèles ex vivo sont susceptibles à 
l’infection par le SARS-CoV-2 et par le NiV. En revanche, un mutant hyperfusogène du VR, 
pourtant capable de fusionner en l’absence de récepteur connu, n’infecte que les cultures de 
cerveau. Ces cultures organotypiques ont permis de valider le tropisme initial du SARS-CoV-
2 dans les poumons et démontré la permissivité de certains neurones dans le cerveau. Ces 
modèles ont également permis d’établir que l’infection par le SARS-CoV-2 induit une 
réponse interféron spécifique et une réponse immunitaire innée, ainsi qu’une mort cellulaire 
par apoptose, nécroptose et pyroptose dans ces organes. Enfin, ces cultures organotypiques 
ont montré leur pertinence dans la validation d’antiviraux. L’étude de VR portant des 
mutations dans leur protéine de fusion observées lors d’encéphalites rougeoleuses a montré 
l’importance du caractère hyperfusogène de ces mutants pour se disséminer dans le SNC 
pourtant dépourvu de récepteurs connus. Des différences dans la machinerie de fusion de 
trois souches pathogènes d’Henipavirus ont aussi été identifiées et analysées. 

Grace aux cultures organotypiques cérébrales de hamster et de souris transgéniques 
plusieurs candidats antiviraux ont été testés pour bloquer la dissémination du VR sauvage et 
de variants neuroinvasifs, mais aussi du NiV et du SARS-CoV-2. Ces résultats donnent des 
perspectives nouvelles d’utilisation de ces modèles ex vivo pour étudier l’infection par des 
virus émergents et pour évaluer l’efficacité de traitements en amont de validation in vivo. 
L’étude comparative de l’infection des cultures organotypiques par ces virus respiratoires à 
pathogénicité variable a illustré comment la machinerie de fusion peut influencer la 
dissémination virale dans le cerveau. 
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