
�>���G �A�/�, �?���H�@�y�j�8�e�8�e�y�y

�?�i�i�T�b�,�f�f�?���H�X�B�M�`���2�X�7�`�f�?���H�@�y�j�8�e�8�e�y�y

�a�m�#�K�B�i�i�2�/ �Q�M �e �C�m�M �k�y�k�j

�>���G �B�b �� �K�m�H�i�B�@�/�B�b�+�B�T�H�B�M���`�v �Q�T�2�M ���+�+�2�b�b
���`�+�?�B�p�2 �7�Q�` �i�?�2 �/�2�T�Q�b�B�i ���M�/ �/�B�b�b�2�K�B�M���i�B�Q�M �Q�7 �b�+�B�@
�2�M�i�B�}�+ �`�2�b�2���`�+�? �/�Q�+�m�K�2�M�i�b�- �r�?�2�i�?�2�` �i�?�2�v ���`�2 �T�m�#�@
�H�B�b�?�2�/ �Q�` �M�Q�i�X �h�?�2 �/�Q�+�m�K�2�M�i�b �K���v �+�Q�K�2 �7�`�Q�K
�i�2���+�?�B�M�; ���M�/ �`�2�b�2���`�+�? �B�M�b�i�B�i�m�i�B�Q�M�b �B�M �6�`���M�+�2 �Q�`
���#�`�Q���/�- �Q�` �7�`�Q�K �T�m�#�H�B�+ �Q�` �T�`�B�p���i�2 �`�2�b�2���`�+�? �+�2�M�i�2�`�b�X

�G�ö���`�+�?�B�p�2 �Q�m�p�2�`�i�2 �T�H�m�`�B�/�B�b�+�B�T�H�B�M���B�`�2�>���G�- �2�b�i
�/�2�b�i�B�M�û�2 ���m �/�û�T�¬�i �2�i �¨ �H�� �/�B�z�m�b�B�Q�M �/�2 �/�Q�+�m�K�2�M�i�b
�b�+�B�2�M�i�B�}�[�m�2�b �/�2 �M�B�p�2���m �`�2�+�?�2�`�+�?�2�- �T�m�#�H�B�û�b �Q�m �M�Q�M�-
�û�K���M���M�i �/�2�b �û�i���#�H�B�b�b�2�K�2�M�i�b �/�ö�2�M�b�2�B�;�M�2�K�2�M�i �2�i �/�2
�`�2�+�?�2�`�+�?�2 �7�`���M�Ï���B�b �Q�m �û�i�`���M�;�2�`�b�- �/�2�b �H���#�Q�`���i�Q�B�`�2�b
�T�m�#�H�B�+�b �Q�m �T�`�B�p�û�b�X

���b�v�K�K�2�i�`�B�+ �2�t�T�`�2�b�b�B�Q�M �Q�7 �T�`�Q�i�2�B�M�b �B�M �i�?�2 �;�`���M�m�H�2�b �Q�7 �i�?�2
�T�H���+�2�M�i�Q�K���H �"�B�M�m�+�H�2���i�2 �+�2�H�H�b �B�M �:�B�`���z�� �+���K�2�H�Q�T���`�/���H�B�b

�6 �q�Q�Q�/�B�M�;�- �� �6�Q�`�?�2���/�- �a �q�B�H�b�?�2�`�- �q ���H�H�2�M�- �_ �_�Q�#�2�`�i�b�- �C �:�`�2�2�M�- �C �"�2�+�F�2�`�b�- �L

�J�2�H�Q �a�Q�m�b���- �:�B�H�H�2�b �*�?���`�T�B�;�M�v

�h�Q �+�B�i�2 �i�?�B�b �p�2�`�b�B�Q�M�,

�6 �q�Q�Q�/�B�M�;�- �� �6�Q�`�?�2���/�- �a �q�B�H�b�?�2�`�- �q ���H�H�2�M�- �_ �_�Q�#�2�`�i�b�- �2�i ���H�X�X ���b�v�K�K�2�i�`�B�+ �2�t�T�`�2�b�b�B�Q�M �Q�7 �T�`�Q�i�2�B�M�b �B�M
�i�?�2 �;�`���M�m�H�2�b �Q�7 �i�?�2 �T�H���+�2�M�i�Q�K���H �"�B�M�m�+�H�2���i�2 �+�2�H�H�b �B�M �:�B�`���z�� �+���K�2�H�Q�T���`�/���H�B�b�X �"�B�Q�H�Q�;�v �Q�7 �_�2�T�`�Q�/�m�+�i�B�Q�M�-
�k�y�k�k�- �R�9 �U�R�9 �U�9�V�V�- �T�T�X�d�N�y�X ���R�y�X�R�y�N�j�f�#�B�Q�H�`�2�f�B�Q���#�k�9�d���X ���?���H�@�y�j�8�e�8�e�y�y��

https://hal.inrae.fr/hal-03565600
https://hal.archives-ouvertes.fr


RESEARCH ARTICLE

Biosynthetic proteins targeting the SARS-CoV-
2 spike as anti-virals
SteÂphanie TheÂbault 1, Nathalie Lejal 1, Alexis Dogliani 2, AmeÂlie Donchet 1, Agathe Urvoas 3,
Marie Valerio-Lepiniec 3, Muriel Lavie 4, CeÂcile Baronti 5, Franck Touret 5, Bruno Da Costa 1,
Clara Bourgon 1, Audrey Fraysse 1, Audrey Saint-Albin-Deliot 1, Jessica Morel 1,
Bernard Klonjkowski 6, Xavier de Lamballerie 5, Jean Dubuisson 4, Alain Roussel 2,
Philippe Minard 3, Sophie Le Poder 6, Nicolas Meunier 1, Bernard Delmas ID

1��

1 UniteÂde Virologie et Immunologie MoleÂculaires, INRAE, UniversiteÂParis-Saclay, Jouy-en-Josas, France,
2 Centre National de la Recherche Scientifique, Architecture et Fonction des MacromoleÂcules Biologiques,
UMR, Marseille, France, 3 UniversiteÂParis-Saclay, CEA, CNRS, Institute for Integrative Biology of the Cell
(I2BC), Gif-sur-Yvette cedex, France, 4 UniversiteÂLille, CNRS, INSERM, CHU Lille, Institut Pasteur de Lille,
U1019-UMR 9017-CIIL-Center for Infection and Immunity of Lille, Lille, France, 5 UniteÂdes Virus EÂmergents
(UVE), Aix Marseille UniversiteÂ, IRD 190, INSERM 1207, Marseille, France, 6 UMR Virologie, INRAE-ENVA-
ANSES, EÂcole Nationale VeÂteÂrinaire d'Alfort, UniversiteÂParis-Est, Maisons-Alfort, Paris, France

� bernard.delmas@inrae.fr

Abstract

The binding of the SARS-CoV-2 spike to angiotensin-converting enzyme 2 (ACE2) pro-

motes virus entry into the cell. Targeting this interaction represents a promising strategy to

generate antivirals. By screening a phage-display library of biosynthetic protein sequences

build on a rigid alpha-helicoidal HEAT-like scaffold (named ��Reps), we selected candidates

recognizing the spike receptor binding domain (RBD). Two of them (F9 and C2) bind the

RBD with affinities in the nM range, displaying neutralisation activity in vitro and recognizing

distinct sites, F9 overlapping the ACE2 binding motif. The F9-C2 fusion protein and a triva-

lent ��Rep form (C2-foldon) display 0.1 nM affinities and EC50 of 8±18 nM for neutralization

of SARS-CoV-2. In hamsters, F9-C2 instillation in the nasal cavity before or during infections

effectively reduced the replication of a SARS-CoV-2 strain harbouring the D614G mutation

in the nasal epithelium. Furthermore, F9-C2 and/or C2-foldon effectively neutralized SARS-

CoV-2 variants (including delta and omicron variants) with EC50 values ranging from 13 to

32 nM. With their high stability and their high potency against SARS-CoV-2 variants, ��Reps

provide a promising tool for SARS-CoV-2 therapeutics to target the nasal cavity and mitigate

virus dissemination in the proximal environment.

Author summary

Theentryof SARS-CoV-2in permissivecellsismediatedby thebinding of its spiketo
angiotensin-convertingenzyme2 (ACE2)on thecellsurface.To selectligandsableto
blockthis interaction,wescreenedalibrary of phagesencodingbiosyntheticproteins
(named��Reps)for binding to its receptorbinding domain(RBD).Twoof themwereable
to bind theRBDwith highaffinity andblockefficientlythevirusentry in culturedcells.
Assembled��Repsthroughcovalentor non-covalentlinkagesblockedvirusentryat lower
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concentrationthantheir precursors(with around20-foldactivityincreasefor atrimeric
��Rep).These��RepsderivatesneutralizeefficientlySARS-CoV-2��, ��, �� andOmicron
virusvariants.Instillation of an��Repdimer in thenasalcavityeffectivelyreducedvirus
replicationin thehamstermodelof SARS-CoV-2andpathogenicity.

Introduction
With up to 6million deathsworldwidein lessthantwo years,theCOVID-19crisishasdemon-
stratedthenecessityto betterunderstandandfight thespreadandtransmissionof respiratory
viruses.Suchknowledgewill helpto developnewefficientanti-viral strategiesto mitigate
futureepidemicsandpandemics.SARS-CoV-2infectionstartsin thenasalcavity,thevirus
replicatingathigh titresin theolfactoryepitheliabeforereachingthelowerrespiratorytract
whereit inducesthemainpathology[1]. Infectionof theolfactoryepitheliumleadsto massive
damagewhichmayexplainthehighprevalenceof smellloss(anosmia)during theCOVID-19
pandemicandto environmentaldisseminationto infectconspecifics[2], [3]. Blockingvirus
multiplication with antiviralsdeliveredin thenoseandtheupperrespiratorytractmight there-
foreallowtherapeuticbenefitandprophylacticprotection.

Seriesof humanneutralizingmonoclonalIgGantibodiesandnanobodies/VHHfusedto a
FcIgGdomainableto inhibit SARS-CoV-2infectionhavebeenproducedandtestedfor sys-
temictreatments([4±6]),but their efficacybydeliveryin thenosemaynot beoptimal;their
firmnessuponnebulizationandaerosolizationbeingamain issuefor their useastherapeutics.
Furthermore,their large-scaleproductionshouldbeeconomicallynot affordablein eucaryotic
systemsandtechnicallydifficult to achievein prokaryotes[7].

Asanalternativeapproachto VHH andantibodies,afamilyof biosyntheticproteins,named
��Rep,wasdesignedto provideahypervariablesurfaceon ��Repvariants(Fig 1) [8]. ��Repsarether-
mostableproteinsconstitutedbyalpha-helicoidalHEAT-like repeats(31-aminoacidslong)com-
monly foundin eukaryotes[9] andprokaryotes[10], includingthermophiles.Sequencesof
homologsform asharplycontrastedsequenceprofile in whichmostpositionsareoccupiedbycon-
servedaminoacidswhereasotherpositionsappearhighlyvariablegeneratingaversatilebinding
surface.A large��Replibrary hasbeenassembledandwasdemonstratedonawiderangeof unre-
latedproteintargetsto beagenericsourceof tight andspecificbinders.Thus,��Repswerepreviously
selectedasinteractorsof HIV-1 nucleocapsidandto negativelyinterferewith virusmaturation[11].

Asfor all coronaviruses,theSARS-CoV-2spike(S)proteinmediatesvirusentry to permis-
sivecells.TheSprotein isatrimeric class1 fusionprotein thatbindsto its cellreceptor,angio-
tensinconvertingenzyme2(ACE2),beforeundergoingadramaticstructuralrearrangement
to fusethehost-cellmembranewith theviral membrane[12], [13]. Fusionis triggeredwhen
theS1subunitbindsto ahost-cellreceptorvia its receptorbinding domain(RBD).In orderto
bind to thereceptor,theRBDundergoesarticulatedmovementsthat transientlyexposeor
hideits surfaceassociatedto thebinding to ACE2[14]. Thetwo statesarereferredto asthe
ªdownº andtheªupº conformations,in whichdowncorrespondsto astateincompetentto
receptorbinding andup to astateallowingreceptorrecognition.Dueto its keyfunction in the
viruscycle,theRBDrepresentsatargetto identify bindersthatblockinteractionwith thehost-
cellreceptoror movementsof theRBDbetweenthedownto up conformations[15].

MostSARS-CoV-2infectedpeoplepresentsserumneutralizingantibodyactivityagainst
theRBDindicatingits immunodominance[16]. To reduceantibodybinding, theviral evolu-
tion hasledto theappearanceof specificescapemutationsin theRBDmakingcurrentanti-
body-basedtreatmentsrapidly lesseffective[17].
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Here,wefirst obtainedaseriesof ��Repsspecificof thereceptorbinding domainof the
spikeof SARS-CoV-2.TheseligandsdisplayhighaffinitiesandblockedSARS-CoV-2infection
�� �����. Theassemblyof ��Repthroughcovalentandnon-covalentlinkageslowerstheneutra-
lisationEC50to the10nM range.The��RepF9-C2fusionprotein instilled in thenosewas
found to limit virusreplicationandinflammatoryresponsein ahamstermodelof SARS-CoV-
2 infection.Furthermore,theF9-C2fusionproteinandaC2homotrimerwerefoundaspotent
inhibitors of SARS-CoV-2variantsincluding theantigenicallydistantomicronvariant.

Results

Selectionof ��Repsbindersof the SARS-CoV-2receptorbinding domain
An overviewof theselectionprocessto generateanti-SARS-CoV-2��Repsspecificof thespike
isshownin Fig 1. In orderto selectbindersblockingSARS-CoV-2entry into cells,theRBD
(aminoacids330to 550of thespikeSsequence)wasusedasabait for screening.Thephage
displayprocedureincludedthreeroundsof panningfollowedbyascreeningstepbyphage-
ELISAon individual clones.Nucleotidesequencingallowedtheidentificationof >20 indepen-
dentclonesthatwereretainedfor further analyses(selected��Repsequencesarelistedin S1
Fig).His-taggedversionsof theanti-RBD��Repwereexpressedin �. ��	� andpurified.Wefirst
exploredtheir affinity for theRBDbybiolayerinterferometry(BLI) atdifferentconcentrations
to determinetheir kinetic rateconstants.Fig 2 showsthebinding of two mostpotentanti-
RBDligands,��RepsC2andF9.Their affinity for theRBDwasabout0.3and1.1nM, respec-
tively.��RepC7exhibitedanaffinity in the10nM range.

Identification of neutralizing ��Reps
Wenexttestedtheneutralizationactivityof thebest��REPscandidatesagainstSARS-CoV-2
pseudotypedmurine leukemiavirions (MLV) aspreviouslydescribed[18]; Fig 2C].Theseviri-
onsonly containtheSARS-CoV-2spikeproteinon their surfaceandbehavelike their native
coronaviruscounterpartsfor entry in cellsexpressingACE2.Upon cellentry,theluciferase
reportergetsintegratedinto thehostcellgenomeandisexpressed,themeasuredsignalbeing

Fig 1. Selectionandcharacterization of anti-spike ��Reps.Screeningan��Repsphagelibrary allowedthe
identification of severalbindersspecificof theRBDof theSARS-CoV-2 spikeprotein.Their bindingaffinity for theS1
domainwasmeasuredbybiolayerinterferometry.Theneutralization activityof selected��Repswasevaluatedusinga
pseudo-typedSSARS-CoV-2 neutralization assayandaSARS-CoV-2infectionassay.Competitivebindingassayswere
carriedout byBLI to identify ��Repsrecognizingnon-overlappingbindingsites.Then,��Repderivedconstructs
followedthesamecharacterizationstepsthantheir singlecounterparts.Theprotectivepotencyof thebestcandidate
wasanalyzed�� ���� in thegoldenSyrianhamstermodel.

https://doi.org/10.1371/journal.ppat.1010799.g001
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correlatedwith ��Repneutralizationproperties.C2,F9andC7showedadose-dependentneu-
tralizationactivity,C2displayingthehighestneutralisationactivity.NeitherG1,anadditional
selectedanti-RBD��Rep,nor ananti-influenza��REP(H7), usedasnegativecontrol,displayed
notableneutralizationactivity.Noneof the��Repstestedat thehighestconcentration(3 �M)
displayedneutralizationactivityagainstvesicularstomatitisvirusG pseudo-typedMLV, dem-
onstratingtheir specificity.

WeconfirmedthisneutralizationactivityusingSARS-CoV-2infectionof VeroE6cells(Fig
2D). C2showedthehighestneutralizingpotencywith ahalf-maximalinhibitory concentration
(IC50) valueof 0.1�M, whileC7andF9��RepsdisplayedIC50valuesof 4.8and11.7�M,
respectively(Fig 2E).G1aswellastheanti-influenzaH7 ��Repdid not showneutralization
activity.Wethusidentifiedthreepotentneutralizing��Reps,with C2andF9displayingaffinity
in thenM range.Thesetwo lasts��Repswereretainedfor further analyses.

Designof ��REPderivates
In orderto increaseavidityandneutralizationactivityof theseRBDbinders,weaimedatgen-
eratingmultivalent��Reps.Wefirst determinedif F9andC2recognizednon-overlapping

Fig 2. Selectionof ��Repsbasedon their affinities andneutralization activities.BLI bindingkineticsmeasurementsareshownfor F9(A) andC2(B).
Equilibrium dissociation constants(KD) weredetermined on thebasisof fits,applying1:1interactionmodel;ka,associationrateconstant;kd, dissociation rate
constant.(C) Pseudo-typedSARS-CoV-2 neutralization assaywasshownwith selected��Rep(C2,F9,C7,G1).An ��Repspecificto influenzapolymerase(H7)
waschosenasanegativecontrol.To assess��Repsspecificity,pseudo-typedVSV-Gwereincubated with thehighestconcentration of each��Rep(3 �M).
Pseudo-typeparticlesentry into cellswasquantifiedbymeasuringluciferaseactivity(n = 3,mean� SEM,two-wayANOVA, � 
<0.05). (D) Cellviability of
infectedcellsin presenceof dilutionsof ��RepsC2,C7,F9,G1andH7 wasmonitoredusingtheCellTiter-GloLuminescentAssayKit (Promega). Infectedcells
(triangle)andmock-infected cells(square)wereincludedin theassayascontrols(n = 2,meanispresented).(E) Half maximalinhibitory concentration (IC50)
werecalculated usingªlog(inhibitor) vs.normalizedresponseºequationfrom theneutralization potencycurveswith GraphPadPrism8software.ND: Not
done,NA: Not available.

https://doi.org/10.1371/journal.ppat.1010799.g002
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binding siteson theRBDto assesstheir interestto belinked in afusionprotein.Competitive
binding assayscarriedout byBLI showedthatC2andF9bindingson theRBDdid not inter-
ferein areciprocalmanner(Fig 3A and3B).Competitivebinding assaysbetweenthesetwo
��RepsandsolublehACE2showedthatACE2binding occurredefficientlyafterbinding of C2
on theRBD.In contrast,binding of F9on theRBDpartiallyinhibited recognitionof hACE2.
Asapositivecontrol,VHH72 [19] fully blockedhACE2binding on theRBD(Fig 3C).These
resultssuggestthat theneutralizationactivityof theC2��Repisnot associatedto astericinhibi-
tion of thebinding of theRBDon ACE2.To mapthebinding sitesof F9andC2on theRBD,
wecarriedout competitivebinding assaysusingtheneutralizingVHH-72 andVHH H11D4
previouslydescribed[19][20] ascompetitors.AsshownbyX-raycrystallographydata,these
two VHHs recognizedistantepitopeson theRBD,thebinding siteof H11D4partiallyoverlap-
ping theACE2binding motif (PDBnumbersof theRBD-VHH complexes:6WAQ and6YZ5).
Asexpected,VHH-72 andVHH H11D4did not competefor their binding to theRBD(Fig
3D). ��RepC2andVHH H11D4competedfor thebinding to theRBDin areciprocalmanner
(Fig 3E)aswellas��RepF9with VHH72 (Fig 3F).Thesedatasuggestthat ��RepsF9andC2
recognizedistantbinding sitesoverlappingVHH-72 andVHH11D4binding sites,respec-
tively,andthatafusionbetweenC2andF9��Repsmaybesynergistic.Wethusengineered
bivalent��RepsconstructsusingF9andC2��Reps.Wealsogeneratedtrivalent��Repsthrough
theadditionof atrimerizationfoldon domain(correspondingto theC-terminalpartof T4
fibritin) behindC2andF9��Reps[21].

Fig 3. Competitivebinding assays.(A andB) BLI experimentsshowedthatC2andF9couldbind RBDsimultaneously.(C) Bindingof ACE2wasassessed
afterafirst associationphasewith ��RepsC2andF9,theF9-C2construct,theVHH72 [19] or with anegativecontrol (NR).F9-C2andVHH-72blockedthe
bindingof RBDto ACE2.While F9inhibited partiallyACE2binding,C2did not competewith ACE2binding.(3D-F) Reciprocalcompetitivebindingassays
betweenVHH-72,VHH H11D4,C2andF9.While C2andH11D4competed for binding to theRBD(immobilized on thechip) in areciprocalmanner,F9
andVHH-72 blockedreciprocallytheir interactionto theRBD.

https://doi.org/10.1371/journal.ppat.1010799.g003
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Propertiesof ��REPheterodimersandhomotrimers
To build theF9-C2andC2-F9heterodimers,weinserteda25aminoacidlongflexiblelinker
(GGGGS)5 betweenthesetwo subunits(S1Fig).This linker length(that canreach8 nm in
length)allowsthebinding of theseheterodimersbetweenadjacentRBDsin thetrimer, evenin
theªupº to ªdownº spikeconformers.To generatethehomotrimericC2-andF9-foldon
��Reps,thefoldon sequencewasconnectedto theC-terof the��REPsthrougha16-aminoacid
longlinker (GSAGSAGGSGGAGGSG)(S1Fig).Theselinkerswouldallowcross-links
betweenspikesat thesurfaceof thevirusparticle.Unableto expressefficientlytheC2-F9
construct,only theF9-C2affinity wascharacterizedbyBLI experiments(Fig 4A). F9-C2
displayedanequilibrium dissociationconstant(KD) of 91pM, at leastthreefoldsbetterthan
thatof monomers.F9-C2alsoshowedasubstantiallysloweddissociationrateconstantof
5.86x 10-5s-1 owingto enhancedavidity.Circulardichroismrevealedmeltingtemperaturesof
86.5Ê,88.3Êand86.0ÊCfor C2,F9andF9-C2,respectively,confirming thehighstabilityof this
classof protein (S2Fig).

Fig 4. TheF9-C2andC2-foldon constructsproperties.(A) BLI bindingkineticsmeasurementsfor F9-C2to the
S1-immobilizedbiosensor.(B) Pseudo-typedSARS-CoV-2 particlesneutralizationassaywasperformed with F9,C2,
F9-C2andC2-foldonconstructs(n = 3,mean� SEM,two-wayANOVA, � 
<0.0001). (C) Cellviability of SARS-CoV-
2-infectedcellsin presenceof dilutionsof F9-C2,C2-foldon,C2,F9andH7 (an��Repnegativecontrol) wasmonitored
usingtheCellTiter-Glo LuminescentAssayKit (Promega)(n = 2,meanispresented).Infectedcells(triangle)and
mock-infectedcells(square)wereincludedin theassay.Half maximalinhibitory concentration (IC50) weredisplayed.
(D) SARS-CoV-2neutralisationbyaRepsconstructs.Virus replicationwasquantifiedbyqRT-PCRin infectedcells
treatedbyC2,F9,F9-C2,C2-foldon(n = 3,mean� SEM).Half maximaleffectiveconcentration (EC50) wereshown.

https://doi.org/10.1371/journal.ppat.1010799.g004
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Wenextinvestigatedtheabilityof F9-C2to blockRBD-ACE2interactionbyBLI measurements
(Fig3C).WhenF9-C2wasboundto theRBD,additionof ACE2inducednosignalshiftdemonstrat-
ing thatF9-C2dimer isapotentinhibitor of spikebinding to ACE2,similarlyto theVHH72 [19].

Wenextexploredtheneutralizationactivityof F9-C2andC2-andF9-foldonfor compari-
sonwith their parentalsubunitsagainstSARS-CoV-2spikepseudo-typedMLV (Fig 4B).A
synergiceffectin neutralisationefficiencywasevidencedwhentheF9andC2subunitswere
covalentlylinkedandwhenC2wasassembledasahomotrimer.While C2almostfully blocked
entryof SARS-CoV-2pseudo-typeataconcentrationof 250nM, F9-C2andC2-foldonneu-
tralizedinfectionat50nM. Wenextinvestigatedtheir viral neutralizationpotenciesin SARS--
CoV-2/ VeroE6cellinfectionassaysbymeasuringcellviability (Fig 4C)andviral replication
(Fig 4D). F9-C2andC2-foldonweremoreeffectivethantheir monomericcounterpartsto
protectcellsfrom SARS-CoV-2infection,with anIC50of 12nM and3nM, respectively,while
C2aloneneutralizedSARS-CoV-2with anIC50of 77nM. F9-foldondisplayedasimilaractiv-
ity thanits monomericcounterpartindicatingno addedvalueof thisconstruction.Quantifica-
tion of virusreplicationconfirmedthesametrend,with anEC50of 18nM for F9-C2and8 nM
for C2-foldon,indicatingahigherneutralizingactivitythanC2(EC50of 128nM).

Thus,thecovalentlinkagebetweentheF9andC2subunitsor thetrimerizationof C2
revealedasynergisticeffect(~x 10±25)of ��REPsoligomerizationto neutralizeSARS-CoV-2.
SinceF9-C2targetedtwo differentepitopesandmaybelesssensibleto spikeantigenicshift,
weretainedthisheterodimerfor further �� ���� analyses.

F9-C2prophylaxis limits SARS-CoV-2infection �� ����
In orderto evaluateif F9-C2nasalinstillation prophylaxiswaseffectiveto limit SARS-CoV-2
infection�� ����, wefirst examined��Repstabilityin thenasalcavityof rodent(in mice).Using
westernblot analysis,weobservedaslightdeclinein theamountof F9-C2at1hpost-adminis-
tration anddid not evidenceproteindegradation(S3Fig).WenextusedSyriangoldenham-
stersknown to reflecttheinfectionin human[22]. Wefocusedon thenasalcavityaswe
chooseto examinehowalocaltreatmentcouldlimit thestartof theinfectionin aphysiological
context.Wepre-treatedthehamsterswith 0.6mgof F9-C2distributedbetweenthetwo nos-
trils 1hprior to infectionwith 5.103 TCID50of SARS-CoV-2of thecirculatingEuropeanstrain
in 2020(harbouringtheD614Gmutation in thespikeprotein) (Fig 5A). After suchtreatment,
weobservedthepresenceof infiltrated ��Repson thesurfaceof theepitheliumlayer,indicating
anefficientabsorptionof themolecule(S4Fig). Thegrouptreatedwith thenon-neutralizing
��REPG1loseweightstartingfrom day2.Treatmentwith F9-C2limited weightlossandthe
differencewith G1treatmentalmostreachsignificanceat3 dpi (P= 0.057,2-wayANOVA, Fig
5B).During the3 daysfollowing infection,virustitresin nasalswabswerelowerin thegroup
treatedwith F9-C2thanin theG1-treatedgroup(Fig 5C,two-wayANOVA, 
<0.0001). In
theolfactoryturbinateswherevirusstartsto replicateathigh titres,amountof viral RNA was
significantlylowerat1dpi in F9-C2treatedanimals(Mann Whitney,P= 0.0286,Fig 5D), con-
sistentwith atendencyof lowerexpressionof inflammationmarkers,in particularIL-6 and
TNF��. At 3 dpi, no significantdifferenceswereobservedfor viral RNA andinflammation
markersbetweenthetwo treatments.Thus,whileweobservedasignificativedifferencein
infectiousparticlespresentin nasalswabsbetweenthetwo conditions(treatedwith G1or
F9-C2,atday3post-infection),wedid not revealadifferencein theamountof viral RNA in
thenasalepithelium,suggestinganerosionof theF9-C2inhibitory activityat latetimespost
infection.Next,weexaminedif theloweramountof viral RNA at1dpi in thenasalcavityof
F9-C2-treatedanimalswasreflectedat thehistologicallevel.While theviruswaspresentin
largepatchesof theepitheliumin theG1-treatedanimals,it wasonly presentin smallstretches
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in F9-C2-treatedanimals(Fig 5E).Wemeasuredtheinfectedareain therostralpartof the
nasalcavityat1dpi wheretheinfectionstarts.ThedifferencebetweenG1andF9-C2treated
animalswascloseto significance(Mann Whitney,P= 0.057,Fig 5F).

RepeatedF9-C2treatmentsfurther limit SARS-CoV-2infection �� ����
In orderto improvetheefficiencyof thetreatment,hamstersweretreatedwith F9-C2(0.6mg
perdose)1hprior infectionandon days1 and2 post-infection(Fig 6A). F9-C2treatments

Fig 5. Efficacyof F9-C2��Repprophylaxis in SARS-CoV-2 infection in agoldenSyrianhamstermodel.(A) Overviewof theexperiment design.6mg/kgof
��Repsweredeliveredintranasally in hamsters1hprior to infection with 5.103 TCID50of SARS-CoV-2.(B) Evolutionof animalweight(n = 4,meanof the
relativeweightto 1-dayprior infection� SEM,two-wayANOVA). (C) Evolutionof virustitre in nasalswabs(n = 4,meanof TCID50� SEM,two-way
ANOVA, � � � � 
<0.0001) (D) Quantification of RNA encodingSARS-CoV-2 proteinE,IL-6, TNF��, Ncf2in theolfactoryturbinates,relativeto viral infection,
inflammation andneutrophil respectively (normalizedto û-actin,mean� SEM,Mann±Whitney � 
<0.05). (E) Representativeimagesof theinfectedolfactory
epitheliumareatreatedbyG1or F9-C2in therostralzoneof thenasalcavity(1 dpi) showingrespectivelyastrongandpartialinfection. (F) Measurement of the
extentareaof infectionin thedorso-medialpartof thehamsternose.Valuesrepresentthemeanof infectedarea(Arbitrary Unit � SEM,Mann±Whitney
� 
<0.05).

https://doi.org/10.1371/journal.ppat.1010799.g005
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limited weightlossandthedifferencereachsignificanceat3dpi whencomparedto controls
(P= 0.015,2-wayANOVA, Fig 6B).During the3 dayspost-infection,virustitresin nasal
swabswerelowerin thegrouptreatedwith F9-C2thanin thecontrol group(Fig 6C,two-way
ANOVA, 
<0.0001). Viral RNA wassignificantlylowerin olfactoryturbinatesat1 dpi and3

Fig 6. Efficacyof F9-C2��Rep repeatedtreatmentsin SARS-CoV-2 infection in agoldenSyrianhamstermodel.(A) Overviewof theexperiment design.6
mg/kgof ��Repsweredeliveredintranasally in hamsters1hprior to infection with 5.103 TCID50of SARS-CoV-2.Thetreatmentwasrepeatedon 1dpi and2dpi
for thegroupexaminedat3dpi. (B) Evolution of animalweight(n = 4,meanof therelativeweightto 1-dayprior infection� SEM,two-wayANOVA). (C)
Evolutionof virustitre in nasalswabs(n = 4,meanof TCID50� SEM,two-wayANOVA, � � � � 
<0.0001) (D) quantification of RNA encodingSARS-CoV-2
proteinE,IL-6, TNF��, Ncf2in theolfactoryturbinates,relativeto viral infection,inflammation andneutrophil respectively (normalizedto û-actin,
mean� SEM,Mann±Whitney � 
<0.05). (E) Representativeimagesof theinfectedolfactoryepitheliumareatreatedbyF9-C2or H7 in thedorso-medialzone
of thenasalcavity(1 dpi) showingrespectively apartialinfectionwith alow numberof Iba1+ immunecellinfiltration andastronginfection associatedwith
damageof theolfactoryepitheliumandIba1+ cellinfiltration aswellasdesquamatedcellsin thelumenof thenasalcavity(whiteasterisk).(F) Measurement of
theextentareaof infectionin thedorso-medial partof thehamsternose.Valuesrepresentthemeanof infectedarea(Arbitrary Unit � SEM,Mann±Whitney
� 
<0.05).

https://doi.org/10.1371/journal.ppat.1010799.g006
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dpi in F9-C2treatedanimals(Mann Whitney,P= 0.0286,Fig 6D) whencomparedto anirrel-
evant��Rep.Thisobservationcorrelateswith lowerexpressionof inflammationmarkers(IL-6,
TNF�� andNcf2,thelastonebeingrelatedto neutrophil infiltration). Weobservedlessdamage
of theolfactoryepitheliumaccompaniedwith areductionof immunecellinfiltration (revealed
by theiba1+ marker)anddesquamatedcellsin thelumenof thenasalcavityfor animalstreated
byF9-C2,especiallyat1 dpi (Figs6EandS5).Theinfectedareain therostralpartof thenasal
cavityat1 dpi wassignificantlyreducedin F9-C2treatedanimalscomparedto controls(Mann
Whitney,P= 0.0286,Fig 6F).Theseresultssuggestedthat repeatedinjectionsof F9-C2signifi-
cantlyreducethespreadof thevirusup to 3 dayspost-infection.

��REPderivatesneutralizenumerousSARS-CoV-2variants
Wenextexploredtheability of F9-C2andC2-foldonto neutralizepseudo-typesandSARS--
CoV-2variants.To thisend,wefirst generatedfivedifferentSARS-CoV-2Spseudo-typed
MLV carryingtheRBDmutationsspecificof eachof the��, ��, ��, �� and� variants[23] (Fig 7A).
In all cases,F9-C2andC2-foldonappearedto synergisetheneutralisationactivitiesof their
monomericcounterparts.Theyinhibited thepseudo-typesrepresentativesof the��, ��, �� and�
variantsentryasefficientlyastheparentalpseudo-type(with analmostfull neutralizationof
pseudo-typedparticlesat100nM). In contrast,�� / �� like-variantentrywasonly 90%-and
70%-blockedbyF9-C2andC2-foldonataconcentrationof 500nM, suggestingthatamino
acidsin positions452and484representpartof theC2binding site.Furthermore,C2-foldon
exhibitedasimilaractivityagainstvariantsthanF9-C2.Fig7Bshowstheneutralizingpoten-
ciesof F9-C2andC2-foldonagainstauthenticvirusvariantsbyviral RNA quantification.
C2-foldonneutralizedefficiently��, ��, �� and� virusvariants(with EC50rangingfrom 13to 32
nM) (Fig7C).F9-C2exhibitedsimilarneutralizationactivities,exceptfor the�� variant(with
anEC50>184 nM). Asexpected,their monomericcounterpartsdisplayedlowerspecificactivi-
ties(with EC50> 283nM).

Discussion
Fromthebeginningof theCOVID-19pandemic,numerousstudiesreportedtheselectionof
monoclonalantibodiesor nanobodiestargetingtheSARS-CoV-2RBD[15] with theaim to
blockRBD-ACE2interactionandconsequentlyvirusentry in permissiveepithelialcells[5],
[4]. Althoughhigh-affinity antibodieshavebeenprioritized aspotentialtherapeutics,theyare
expensiveto producein mammaliancellexpressionsystemsandtheymustbeinjectedrather
takenorallyor byspray[7]. Usually,largedosesarerequiredbecauseonly asmallproportion
maycrosstheepithelialcellbarrier lining theairways.Nanobodiesrepresentaninteresting
alternativeto antibodiessincetheyareeasyto producein bacteriaor yeast.However,their sta-
bility dueto structuralconstraints(theexistenceof aninternaldisulfidebridge)in external
bodycompartmentsmayrepresentabottleneckfor their industrialproductionandprevent
their aerosolizationuse[24]. In thisstudy,weaimedatproducingstableantiviralsthatcould
beeasilyadaptedagainstSARS-CoV-2variantsat low cost.

Weusedaphagedisplayscreeningof alibrary encodingartificial proteins,named��Reps,
to identify ligandstargetingthespikeRBDof SARS-CoV-2.Two of them(C2andF9��Reps)
displayedaffinity in thenM range.Competitivebinding assaysshowedthat theselastmole-
culeswereableto neutralizethevirusthroughdifferentmechanisms,with C2binding asite
distantof thereceptorbinding motif to ACE2andoverlappingVHH H11D4epitope,in con-
trastto F9thatcompetewith ACE2andVHH-72 for binding on theRBD.Wedemonstrated
thesimplicityof ��Repbioengineeringto increasetheneutralizationactivitywith amultivalent
form. TheF9-C2heterodimerandthehomotrimericC2-foldondisplayedhigherSARS-CoV-2
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Fig 7. Neutralization activity of the F9-C2andC2-foldon constructsagainstSARS-CoV-2pseudo-typedandvirus variants.(A) F9,C2,F9-C2and
C2-foldonweretestedfor their ability to neutralizefour SARS-CoV-2pseudo-typedRBDmutants.Pseudo-typed VSV-Gwasincubatedwith thehighest
concentration of each��Rep(500nM) to validatespecificityof ��Repneutralization activity(n = 3,mean� SEM,two-wayANOVA, � 
<0.0001). (B) F9,C2,
F9-C2andC2-foldonweretestedfor their ability to neutralizeauthenticSARS-CoV-2 virusvariants(beta,gamma,deltaandomicron) (n = 3,mean� SEM).
(C) Chartlisting theEC50of ��Repsandderivatestowardsvariantviruses.

https://doi.org/10.1371/journal.ppat.1010799.g007
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neutralizationactivitythanthetwo parental��Reps,with IC50of 3 to 12nM. Weexploredif
nasalinstillation of F9-C2couldeffectivelylimit SARS-CoV-2infectionin ahamstermodel.
Suchtreatmentinducedareductionof thevirus loadin nasalswabsandin thenasalcavity
(theprimary replicationsiteof SARS-CoV-2),aswellasadeclineof all theinflammation
markersof infection.

BlockingSARS-CoV-2contaminationchainsrepresentsamain issueto control Covid-19
pandemic.Asthetreatmentwasnot sufficientto fully blockinfectionin thenasalcavity,we
anticipatethatoptimisationof the��Repdeliverythroughnebulisationor aerosolization,and
usingadequatecarriers,mayincreasetheir efficiency.Indeed,nebulizationof atrivalentnano-
bodyimprovedtheir effectivenessto reducetheRSVloadin nasalswabsin childrenhospital-
izedfor lowerrespiratorytract infection[25]. Theuseof drugssuchas��Repsderivatesor
otherlow-costantiviralsin infectedpeopleandcontactcasescouldthusbehelpfulto block
SARS-CoV-2diffusion in conspecifics.

F9-C2andC2-foldonresultedin efficientneutralizationof awidevarietyof SARS-CoV-2
variants(��, ��, ��, ��/�� andomicronvariants),afeaturethatmayresultfrom theintrinsic high
affinity of the��Repsubunitsfor theRBDandtheir multimerizationthatallowalessdepen-
denceto aminoacidsubstitutionsin thetarget.Currentantibody-basedtherapeuticsstrategies
arebeingjeopardizedby thecontinuousemergenceof SARS-CoV-2variantsthroughpotential
lossof binding andneutralizationactivity[16]. Combining��Repssubunitsin multivalent
formscouldthusrepresentarealoption to treatemergingvariants.

Besidethefactthat ��Repsassembliescanbeeasilyengineered,i.e.easilyassociatedby link-
ersor multimerizedto generateavidityon targetsof interest,theseproteinshavealsofavorable
biophysicalpropertiesof production,purification andstabilityandcanbeveryefficientlypro-
duced(20mgof purified proteinC2,F9,F9-C2andC2-foldonperliter of bacterialculture)by
recombinantproteinexpressiontechnologiesin bacteria.Theyareparticularlyrobust,highly
thermostableandcanbestoredat room temperature,whichisasignificantadvantagefor fur-
ther therapeuticdevelopments.

Immunogenicityof the��Repsisapotentialproblemthatshouldbeaddressedin thefuture,
but their relativelysmallsize(theC2��Repis18.5kDa),their associationthroughflexiblelink-
ersandtheir highsolubilityandstabilitymayresultin low immunogenicactivityandmaynot
induceadverseundesirableeffectswhendeliveredin thenasalcavity.

To conclude,weselectedbiosyntheticproteins(��Reps)asspecificandversatileneutralizing
binderstargetingthespikeof SARS-CoV-2.Thesebiosyntheticproteinsprovidestarting
pointsfor SARS-CoV-2therapeuticsableto targetemergingvariants.With technicaloptimisa-
tion in binderselectionandeffort to stabilizethemin thenasalcavity,webelievethatstable
proteinaceousinhibitors like ��Repsandderivateshavearealfuture to threatfuturepandemics
associatedto variousemergingrespiratoryviruses.

Materials and methods

Ethicsstatement
Thestudywascarriedout followingaprotocolapprovedbytheANSES/EnvA/UPECEthicsCom-
mittee(CE2A-16)andauthorizedbytheFrenchministry of ResearchunderthenumberAPA-
FIS#25384±2020041515287655v6in accordancewith theFrenchandEuropeanregulations.

Production of the receptorbinding domain (RBD) of the SARS-CoV-2spike
TheRBD(223aminoacidsstartingatposition319of thespikesequence)codingsequencewas
clonedin framebehindasequenceencodingasignalpeptideandin front of aHis-tagcoding
sequencein theeukaryoticpYD11expressionplasmid.Theresultingplasmidwastransfected
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with PEImax(24765±1)(Polysciences,Inc.) in EXPI-293Fcells(A14527)(Thermofisher).
Transfectedcellswerethenmaintainedin EXPIexpressionmedium(Gibco,Thermofisher).
Cellswereremovedbymild centrifugationatday+7,andtheRBDwasextractedfrom thecell
culturemediumbyNi2+ affinity chromatographyfollowedbygelfiltration. About 10mgof
RBDwerepurified for ��Repsscreeningandfurther characterization.

Screeningof the ��Rep library againstthe RBD
Theconstructionof the��Repphagelibrary 2.1hasbeenpreviouslydescribed[26]. The��Rep
library wasconstructedbypolymerizationof syntheticmicrogenescorrespondingto individ-
ualHEAT-like repeats,andthe��Repproteinswereexpressedat thesurfaceof M13-derivedfil-
amentousphages.Thelibrary isestimatedto contain1.7x 109 independentclones.The��Rep
library screeningwascarriedout asdescribedbyHadpechetal.,2017[11] with minor modifi-
cations.PurifiedRBDdilutedat1 mM in PBScontaining0.05%Tween-20(PBST)wasimmo-
bilizedon Ni++-NTA-biotin streptavidin-coated96-wellELISAplateby incubationovernight
at4ÊCin amoisturechamber.Thecoatedwellswerewashedfour timeswith PBST,andsatu-
ratedwith blockingsolution(2%BSAin PBST;200�L/well) for 1h,afterwhichanaliquotof
thephagelibrary wasaddedto theRBDcoatedwells,andincubatedat room temperaturefor
2hwith shaking.Next,wellswereextensivelywashedin PBST,andboundphageswereeluted
by threesuccessiveroundsof adsorption/elution.Phageelutionwasperformedbyanacidic
glycinesolution(0.1M glycine-HCl,pH 2.5)andbufferedusingTris 1 M. Thepopulationof
��Rep-displayedphageselutedfrom theRBDbaitwasamplifiedandsubclonedin aXL-1Blue
cells.Individual phagecloneswereselectedandamplifiedaspreviouslydescribed[8], and
their respectivebinding activitytowardstheRBDwasdeterminedbyELISA.100�L-aliquots
of purified RBDwerediluted in PBSandloadedinto thewellsof aNi++-NTA-biotin streptavi-
din-coatedELISAplate,thenincubatedovernightat4ÊC.Thecoatedplatewaswashedfour
timeswith TBST,thenblockedwith PBST-BSA(200�L perwell) for 1 hour with shaking.
After awashingstep,100�L-aliquots of eachphageculturesupernatantwereaddedto the
wellsandincubatedat room temperaturefor 1 hour, followedbyHRP-conjugatedmouseanti-
M13(Interchim) dilutedto 1:2,000in TBST-BSA(100�L-aliquot perwell),andincubation
proceededfor anextra1hour.Thewellswerewashedagain,prior to theadditionof 100�L
BM BluePODsolubleSubstrate(Roche).Reactionwasstoppedwith 1N HCl, andabsorbance
measuredat450nm. Phageclonesshowingahighbinding activitytowardstheimmobilized
targetweresequencedandkeptfor cytoplasmicexpressionof individual ��Repproteins.

��Repsexpressionandpurification
The��RepgenesencodingtheRBDbindersweresubclonedin thebacterialexpressionvector
pQE81andresultingplasmidsusedfor transformingRosettacells.��Repgeneexpressionwas
inducedby IPTGaddition (0.5to 1mM final concentration)for 4hoursat37ÊC.Next,bacte-
ria werepelletedbycentrifugation(5.000x g for 30min at4ÊC)andbacterialcellpelletswere
resuspendedin 200mM NaCl,20mM Tris pH 7.4to 8,containingacocktailof proteaseinhib-
itors (RocheDiagnosticsGmbH).Then,bacterialsuspensionwaslysedbysonicationin ice(5
timesx (30ssonicationataround40%sonicationamplitudeand30srest))usingaQ700
QSONICASonicator.Bacterialcellslysateswereclarifiedbycentrifugationat10.000� g for 30
min at4ÊC.Soluble��Repswerepurified byaffinity chromatographyon HisTrapcolumns(GE
HealthcareLifeSciences)andanalyzedbySDS-PAGE.Fractionsof interestwerepooledand
injectedin aGelfiltration SuperdexS200previouslyequilibratedwith PBS.Fractionscontain-
ing purified ��Repswerepooledandfrozenat -20ÊC.
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��Repscircular dichroism
Circulardichro�smspectrawererecordedwith aJascoJ-810system.200�L of eachpurified
��RepsC2,F9andF9-C2in PBSbufferat respectively0.5mg/mL,0.75mg/mL and1mg/mL
weredisposedin a3 mm quartzcuvette.Sampleswereexposedto increasingtemperatures
from 25ÊCto 95ÊCwith ameasurementevery0.5ÊCat230nm.

Affinity determination by Bio layer interferometry
Bindingkineticsexperimentswereperformedon anOctetsystem(OctetRED96)(ForteÂBio,
CA). A blackbottom96-wellmicroplate(GreinerBio-One# 655209)wasfilled with 200�L of
solution(��Repsin PBSbuffer)andagitatedat1 000rpm, andall experimentswerecarriedout
at25ÊC.Tipswerehydratedin PBSbufferfor 1 hour at room temperatureprior experiments.
BiotinylatedSARS-CoV-2RBDor S1(4 �g/mL) wereloadedon streptavidinSA(18±0009)
biosensors(PallForteBio)for 1 min. After abaselinestepin assaybuffer(PBS[pH 7.4],0.1%
bovineserumalbumin,0.02%Tween20)andaquenchingstepin 5 �g/mL biocytin,ligand-
loadedsensorsweredippedinto knownconcentrationsof ��Repsfor anassociationphasedur-
ing 500to 700seconds.Thesensorswerethendippedin assaybufferfor adissociationstep
during 1000secondsin assaybuffer.Associationanddissociationcurvesweregloballyfitted to
a1:1binding modelexceptfor F9-C2whosefitting modelwas1:2.Bindingcurveswerefit
usingtheªassociationthendissociationºequationin theForteÂBio Dataanalysissoftwarever-
sion7.1to calculateKD.

Competition assays
Competitionassaysbetween��Repswereperformedwith biotinylatedSARS-CoV-2RBD
(4 �g/mL) loadedon SAbiosensorsfor 1min. After abaselinestepin assaybufferanda
quenchingstep,afirst associationis realisedwith an��Repat100nM for 2000secondsfol-
lowedbyasecondassociationstepwith asecond��Repat100nM during 1000seconds,and
finally ashortdissociationstepof 300sinassaybuffer.Forcompetitionbetween��REPand
ACE2,thesecondanalyteis replacedbysolubleACE2at100nM.

MLV pseudo-typedparticlesproduction and ��Repsneutralization activity
of SARS-CoV-2pseudotypes
Forpseudotyping,murine leukemiaviruspseudo-typedparticles(PP)containingthespikeof
SARS-CoV-2or derivedmutantswereproducedaccordingto apublishedprotocol[18].
Briefly,HEK-293TTcells(106 cellsperP6well)weretransfectedwith plasmidsencoding
GAG-POL,F-LUCandSARS-CoV-2spikes.Supernatantscontainingthepseudo-typedparti-
cleswereharvestedat48hoursaftertransfection,pooledandfilteredthrough0.45�m pore-
sizedmembranes.FivedifferentPPwereproduced,afirst containingthespikeof theSARS--
CoV-2type(Genebankaccessionnumber:MN908947),andthefour otherscontainingthe
spikewith RBDmutationsrepresentativesof the�� variant(N501Ysubstitution),the�� variant
(N501Y,K417NandE484Kmutations),the�� variant(N501Y,K417TandE484Ksubstitu-
tions),the��/�� variant(substitutionsL452RandE484Q)andthe� variant(S371L,S373P,
S375F,K417N,N440K,G446S,S477N,T478K,E484A,Q493K,G496S,Q498R,N501Y,Y505H
substitutions).

Thedaybeforetransduction,around2 x 104 hACE2-HEK-293T cellswereseededin wells
of P96plates.Threeto five-foldsserialdilutionsof ��Repsin completemedium(DMEM + 10%
FBS)werepre-incubatedwith pseudo-typedparticlesto afinal volumeof 200�L for onehour
at37ÊC.Themixturewasnextaddedto cellsfor 48to 72hoursat37ÊC.Then,cellswere
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washedin PBSandlysedasindicatedby themanufacturer(Promega# E1501LuciferaseAssay
system).Luciferaseactivitywasmeasuredon anInfinite M200ProTECANapparatus.MLV
pseudo-typedparticleswith theG glycoproteinof thevesicularstomatitisvirus(VSV)were
usedto monitor thespecificityof theneutralizationactivityat thehighest��Repconcentration
usedin theassay.Luciferaseactivityof eachcondition wasnormalisedto thereferencevalue,i.
etheluciferaseactivityof theinfectedcellswithout ��Reps.

Virus stockproduction andquantification of ��Repsneutralization activity
SARS-CoV-2isolateFrance/IDF0372/2020waskindly suppliedbySylvievanderWerf.Viral
stockswerepreparedbypropagationin VeroE6cellsin Dulbecco'smodifiedEagle'smedium
(DMEM) supplementedwith 2%(v/v) fetalbovineserum(FBS,Invitrogen).Titresof virus
stocksweredeterminedbyplaqueassay.

To measuretheneutralizationactivityof ��Reps,threeor five-foldsdilutionsof ��Repswere
mixedwith 2 x 104 plaqueforming unitsof SARS-CoV-2in DMEM for onehour at37ÊC.This
mixturewasaddedto Vero-E6cells(CRL-1586,ATCC) seededin a96-wellplateoneday
before.Cellviability wasmeasured72hourspost-infectionbyadding100�l of CellTiter-Glo
reagentto eachwellasdescribedin themanufacturersprotocol(CellTiter-GloLuminescent
CellViability Assay,Promega#G7571).LuminescencewasquantifiedusingtheInfinite
M200ProTECANapparatus.

GoldenSyrianhamsterinfections andassessmentof ��REPsantiviral
activity

��REPsbioavailability in the nasalcavity. Fourmiceweretreatedwith F9-C2(30�l of
PBScontaining0.12mgof ��Rep)bynasalinstillation.At 15min and1 hour afterprotein
delivery,wecollectedtheolfactorymucosa(n = 2).Tissueswereresuspendedin Tris-HCl 50
mM pH8,150mM NaClbufferandhomogenisedwith thePrecellys24TissueHomogenizer.
After aclarificationbycentrifugation,cellextractswereresuspendedandsubmittedto
SDS-PAGEandWesternblot analysis.��REPswererevealedusingananti-His-tagmouseanti-
bodyfollowedby incubationwith ananti-mouseHRPsecondaryantibody.Anti-tubulin anti-
bodieswereusedasloadingcontrol.

Hamster infections. Thirty-two specific-pathogen-free(SPF)8weeks-oldGoldenSyrian
hamsters(��
��������
 ������
, males,providedbyJanvier-Labs,LeGenest-Saint-Isle,France)
housedunderBSL-III conditionswerekeptaccordingto thestandardsof Frenchlawfor ani-
malexperimentation.

Groupsof eighthamstersweretreatedwith eitherF9-C2,G1or H7 (recognizinganinflu-
enzavirusprotein)bynasalinstillation (80�L of PBScontaining0.6mgof ��Rep).Animals
wereinfected1 hour later(Figs5A and6A) with 5 .103 TCID50of SARS-CoV-2isolateBeta-
CoV/France/IDF/200107/2020kindly providedby theUrgentResponseto BiologicalThreats
(CIBU) hostedby Institut Pasteur(Paris,France)andheadedbyDr. Jean-ClaudeManuguerra.
Thehumansamplefrom whichstrainBetaCoV/France/IDF/200107/2020wasisolatedhas
beenprovidedbyDr Olivier Paccoudfrom theLaPitieÂ-SalpeÂtri�re Hospital.With ahistoryof
3passagesin VeroE6cells,theseedstockwastitrated in VeroE6cellsto aconcentrationof
6.8log10TCID50/mL. Nasalswabswereperformeddaily to measurethesecretedvirus loadby
brushingthenostrilsof theanimal.Eightanimalswereeuthanized1-daypostinfection(dpi).
Thetreatmentwith ��Repswasrepeateddaily for onegroupof hamsterseuthanizedat3 dpi.
Foreachhamster,wecollectedtheheadwhichwasseparatedinto two hemi-heads,of which
onewasusedfor histologyandtheotherfor qPCRanalysis.
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Geneexpressionquantification by RT-qPCR. TotalRNA wasextractedfrom frozen
olfactorymucosaandlungsusingtheTrizol method.Oligo-dT first strandcDNA weresynthe-
sizedfrom 5 �g totalRNA by iScriptAdvcDNA kit (Biorad,#1725038)followingthemanufac-
turersrecommendations.qPCRwasperformedusingcDNA templates(5 �L) addedto a15�L
reactionmixturecontaining500nM primers(sequencesin Table1) andiTaqUniversalSYBR
GreenSupermix(Biorad,# 1725124)usingathermocycler(Mastercyclereprealplex2, Eppen-
dorf). Theexpressionlevelsof targetgenesweremeasuredusingtheEppendorfrealplex2 soft-
ware.A dissociationcurvewascarriedout at theendof thePCRcycleto verify theefficiency
of theprimersto produceasingleandspecificPCRamplification.Quantificationwasachieved
usingthe����Ct method.Standardcontrolsof specificityandefficiencyof theqPCRassays
wereperformed.ThemRNA expressionwasnormalizedto theexpressionlevelof ��-actinand
anefficiencycorrectivefactorwasappliedfor eachprimer pair [27].

Viral titration of nasalswabs. Nasalswabswerediluted in 400�L of DMEM medium
supplementedwith 1%sodiumpyruvateandantibioticsandstoredat -80ÊCuntil titration by
tissuecultureinfectiousdose50%(TCID50) on VeroE6cells.Briefly,eachnasalswabwas
incubatedin eightconsecutivewellsof 96-wellmicroplates,andthenseriallydilutedfrom 10�1

to 10�6 within DMEM containing1%SodiumPyruvateand1%antibiotics(Penicillin/Strepto-
mycin).After 1h30incubationat37ÊC,100�L of completeDMEM mediumwith 5%FCS,1%
sodiumpyruvateandantibioticsareadded.Thecellsarethenincubatedfor 4 daysat37ÊC.
Then,microplateswerequalitativelyreadaccordingto anªall or nothingº scoringmethodfor
thepresenceof viral cytopathiceffect(CPE).InfectioustitresareexpressedasTCID50permL
accordingto theSpearmanKarbermethod[28].

Histopathology. Theimmunohistochemistryanalysisof theolfactorymucosatissuesec-
tionswasperformedasdescribedpreviouslyin mice[29]. Briefly,thehamsterhemi-headwas
fixedfor 3 daysat room temperaturein 4%NeutralBufferFormalin(F0043,Diapath),then
decalcifiedfor threeweeksin Osteosoftmild decalcifiersolution(1017281000,Merck)at4ÊC.
Blocksandtissueswerecryoprotectedwith sucrose(30%)thenembeddingwith EprediaNeg-
50(11912365,FisherScientific).Cryo-sectioning(14�m) wasperformedon mediantransver-
salsectionsof thenasalcavity,perpendicularto thehardpalate,in orderto highlightvomero-
nasalorgan,olfactorymucosa,Steno'sglandandolfactorybulb.Sectionswerestoredat �80ÊC
until use.Sectionswererehydratedin PBSfor 5 min andnon-specificstainingwasblockedby
incubationin PBSwith 1%bovineserumalbumin(BSA)and0.05%Tween-20.Thesections
werethenincubatedovernightin PBSwith 0.2%BSAand0.05%Tween-20with primary anti-
bodiesdirectedagainstSARS-CoV-2NucleocapsidProtein(1:500;mousemonoclonal,#
ZMS1075,Merck);Iba1(1:1000;goatpolyclonal;ab178846,Abcam,France).Fluorescence
stainingwasperformedusinggoatanti-rabbitAlexa-Fluor-488(1:800;MolecularProbes±
A32731;Invitrogen,CergyPontoise,France)anddonkeyanti-mouseAlexa-Fluor555(1:800;
MolecularProbes±A32773;Invitrogen,CergyPontoise,France)secondaryantibodies.Images
weretakenat �100 magnificationusinganOlympusIX71invertedmicroscopeequippedwith
anOrcaERHamamatsucooledCCDcamera(HamamatsuPhotonicsFrance,Massy,France).

Table1. Primersusedfor qPCRreactions.

Gene Primer 5' > 3' Primer 3' < 5'

��-actin ACTGCCGCATCCTCTTCCT TCGTTGCCAATGGTGATGAC

IL-6 AGACAAAGCCAGAGTCATT TCGGTATGCTAAGGCACAG

IL-1�� ATCTTCTGTGACTCCTGG GGTTTATGTTCTGTCCGT

TNF-�� AACTCCAGCCGGTGCCTAT GTTCAGCAGGCAGAAGAGGATT

Ncf-2 ATGTTCAATGGACAGAAGGGGC TGGGATCTTTCTGGGGCACT

https://doi.org/10.1371/journal.ppat.1010799.t001
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ImageswerequantifiedusingImageJ(Rasband,W.S.,ImageJ,U. S.NationalInstitutesof
Health,Bethesda,Maryland,USA,http://imagej.nih.gov/ij/, 1997±2012)to thresholdspecific
stainingof SARS-CoV-2in thedorso-medialareaof thenasalcavity.Wemeasuredthetotal
infectedareain thiszonedisplayingthehighestareaof olfactoryepitheliumusingthesame
thresholdfor all animals.

Quantification of ��Repsneutralization activity of SARS-CoV-2virus
variants

Cell line. VeroE6TMPRSS2cells(ID 100978)wereobtainedfrom CFARandweregrown
in minimal essentialmedium(Life Technologies)with 7.5%heat-inactivatedfetalcalfserum
(FCS;Life Technologieswith 1%penicillin/streptomycin(PS,5000U.mL�1and5000�g.mL�1
respectively;LifeTechnologies)andsupplementedwith 1%non-essentialaminoacids(Life
Technologies)andG-418(Life Technologies),at37ÊCwith 5%CO2.

Virus strains. SARS-CoV-2strainBavPat1wasobtainedfrom Pr.C.Drostenthrough
EVA GLOBAL(https://www.european-virus-archive.com/)andcontainstheD614Gmuta-
tion. SARS-CoV-2Alpha,(201/501YV.1)wasisolatedfrom a18years-oldpatient.Thefull
genomesequencehasbeendepositedon GISAID:EPI_ISL_918165.Thestrainisavailable
throughEVA GLOBAL:UVE/SARS-CoV-2/2021/FR/7b(lineageB1.1 .7,exUK) athttps://
www.european-virus-archive.com/virus/sars-cov-2-uvesars-cov-22021fr7b-lineage-b-1-1-
7-ex-uk.SARSCoV-2Beta(SAlineageB1.351)wasisolatedin Francein 2021,Thestrainis
availablethroughEVA GLOBAL:UVE/SARS-CoV-2/2021/FR/1299-exSA(lineageB1.351)at
https://www.european-virus-archive.com/virus/sars-cov-2-uvesars-cov-22021fr1299-ex-sa-
lineage-b-1351.Sars-Cov-2Gamma(SARS-CoV-2/2021/JP/TY7-503lineageP.1,exBrazil)
wasisolatedin Japanin January2021.Thefull genomesequencehasbeendepositedon
GISAID:EPI_ISL_877769.ThestrainisavailablethroughEVA GLOBALathttps://www.
european-virus-archive.com/virus/sars-cov-2-virus-strain-sars-cov-22021jpty7-503-lineage-
p1-ex-brazil.SARS-CoV-2Delta,(India lineageB.1.617.2):thefull genomesequencehasbeen
depositedon GISAID:EPI_ISL_2838050.ThestrainisavailablethroughEVA GLOBAL:
SARS-CoV-2/2021/FR/0610(LineageB1.617.2,Delta)athttps://www.european-virus-archive.
com/virus/sars-cov-2-virus-strain-sars-cov-22021fr0610-lineage-b-16172-delta.

To preparethevirusworking stocks,a25cm2cultureflaskof confluentVeroE6TMPRSS2
cellsgrowingwith MEM mediumwith 2.5%FCSwasinoculatedatamultiplicity of infection
(MOI) of 0.001.Cellsupernatantmediumwasharvestedat thepeakof replicationandsupple-
mentedwith 25mM HEPES(Sigma-Aldrich)beforebeingstoredfrozenin aliquotsat -80ÊC.
All experimentswith infectiousviruswereconductedin abiosafetylevel3 laboratory.

EC50determination
Onedayprior to infection,5�104 VeroE6/TMPRSS2cellsperwellwereseededin 100�L assay
medium(containing2.5%FCS)in 96wellcultureplates.��Repswerediluted in PBSwith �
dilutions from 10.000to 9.76ng/ml. Thenextday,25�L of avirusmix diluted in mediumwas
addedto thewells.Theamountof virusworking stockusedwascalibratedprior to theassay,
basedon areplicationkinetics,sothat theviral replicationwasstill in theexponentialgrowth
phasefor thereadoutaspreviouslydescribed[30±34].Thiscorrespondshereto aMOI of
0.002.Theneleven2-foldserialdilutionsof ��Repsin triplicatewereaddedto thecells(25�L/
well,in assaymedium).Fourviruscontrol wellsweresupplementedwith 25�L of assay
medium.Plateswerefirst incubated15min at room temperatureandthen2 daysat37ÊC
prior to quantificationof theviral genomeby real-timeRT-PCR.To do so,100�L of viral
supernatantwascollectedin S-Block(Qiagen)previouslyloadedwith VXL lysisbuffer
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containingproteinaseK andRNA carrier.RNA extractionwasperformedusingtheQiacube
HT automatandtheQIAamp96DNA kit HT followingmanufacturerinstructions.Viral
RNA wasquantifiedby real-timeRT-qPCR(GoTaq1-stepqRt-PCR,Promega)using3.8�L of
extractedRNA and6.2�L of RT-qPCRmix andstandardfastcyclingparameters,i.e.,10min
at50ÊC,2 min at95ÊC,and40amplificationcycles(95ÊCfor 3 secfollowedby30secat60ÊC).
Quantificationwasprovidedby four 2 logserialdilutionsof anappropriateT7-generatedsyn-
theticRNA standardof knownquantities(102to 108copies/reaction).RT-qPCRreactions
wereperformedon QuantStudio12KFlexReal-TimePCRSystem(AppliedBiosystems)and
analyzedusingQuantStudio12KFlexAppliedBiosystemssoftwarev1.2.3.Primersandprobe
sequences,whichtargetSARS-CoV-2N gene,were:Fw:GGCCGCAAATTGCACAAT;Rev:
CCAATGCGCGACATTCC;Probe:FAM-CCCCCAGCGCTTCAGCGTTCT-BHQ1.Viral
inhibition wascalculatedasfollow:100� (quantitymeanVC- samplequantity)/ quantitymean
VC. The50%effectiveconcentrations(EC50;compoundconcentrationrequiredto inhibit
viral RNA replicationby50%)weredeterminedusinglogarithmicinterpolationafterperform-
ing anonlinearregression(log(agonist)vs.responseÐVariableslope(four parameters))as
previouslydescribed[30±34].All dataobtainedwereanalyzedusingGraphPadPrism8 soft-
ware(Graphpadsoftware).

Statisticalanalysis
Datashownasthemeans� SEM.All statisticalcomparisonswereperformedusingPrism8
(GraphPad).Quantitativedatawerecomparedacrossgroupsusingtwo-wayANOVA testfor
pseudovirusassay,weight,nasalswabandvirustitre evolution.All otherparameterswere
testedusingtheMann-Whitneynon-parametrictest.Statisticalsignificancewasdeterminedas
p-value<0.05.

Supporting information
S1Fig. ��Repssequences.
(TIF)

S2Fig.Thermal denaturation of ��Repsassessedby circular dichroism measurementof
molar ellipticity at 230nm.
(TIF)

S3Fig.Westernblot revelationof F9-C2fusion protein found in the nasalcavityof two
miceat two timespost-administration (15min and1 h). His-tagged��Repsarerevealedwith
ananti-HisTagmouseantibodyandwith asecondaryHRP-anti-mouseantibodyusinga
horseradishperoxidasesubstrate.OE:Olfactoryepithelium.His-taggedF9-C2,F9andC2(500
ng)wereloadedasinternalcontrols.
(TIF)

S4Fig.Representativeimageof the olfactory epithelium (dorsomedialarea)15min after
F9-C2instillation revealedby an anti-His Tag.F9-C2ismainlypresentin themucuslayer
but somecellshaveintegratedthem(OE:OlfactoryEpithelium/ LP:LaminaPropria/ white
asteriskLumenof thenasalcavity/ redarrow:sustentacularcelllike shape/ whitearrow
(olfactorysensoryneuronlike shape).
(TIF)

S5Fig.Representativeimagesof the dorso-medialpart of the infectedhamsternose
treatedby F9-C2or H7 (1 dpi). SARS-CoV-2infectedcellswererevealedwith ananti-N
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antibody.F9-C2wasfound to protectthenasalcavityepithelium.
(TIF)
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