N

N

bvKK2i'B+ 2tT 2bbBQM Q7 T°Qi2BMb BM i?2

TH +2MiQK H "BMm+H2 i2 +2HHb BM :B" z +

6 qQQ/BM;:- 6Q°?2 /-agBHb?2'-q HH2M- __Q#2 ib- (
J2HQ aQmb - :BHH2b *? "TB:Mv

hQ +Bi2 i?Bb p2 " bBQM,

6 qQQ/BM;- 6Q ?2 /-a qBHb?2-q HH2M- _ _Q#2 ib- 2i HXX bvKK2i’
i?72 ;° MMH2b Q7 i?2 TH +2MiQK H "BMm+H2 i2 +2HHb BM :B" z + K2HC
kykk- RO UR9 U9VV- TTXdNyX RyXRyNjf#BQH 2fBQ #k9d X ? H@yj8e

> G A/, ? HQyj8e8eyy
2iiTh,ff? HXBM® 2X7°f? H@yj8e8eyy
am#KBii2/ QM e CmM kykj

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


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

PLOS PATHOGENS

Check for
updates

a

Citation: ThébaultS, LejalN, DoglianiA, Donchet
A,UrvoasA, Valerio-LepiecM, etal. (2022)
Biosynthet proteingtargetinghe SARS-CoV-2
spikeasanti-vials.PLoSPathogl8(9):e1010799.
https://da.org/10.137 1§urnal.ppal010799

Editor:StanleyPerimanUniversityof lowa,
UNITELCSTATES

ReceivedMarch16,2022
AcceptedAugust, 2022
Published:Septembe6, 2022

Copyright: 2022Thébaultetal. Thisis anopen
accesaarticledistributedunderthetermsof the
CreativeCommongttributionLicensewhich
permitsunrestrictel use,distribuion,and
reproductiorin anymediumprovidedheoriginal
authorandsourcearecredited.

DataAvailability StatementAllrelevantiataare
withinthemanuscriptindits Supporing
Informatiorfiles.

FundingB.D.wassupportel by theAgence
NationalelelaRecherch (ANR)andbythe
Fa&ationpourlarecherchendlicale(ANR20
FlashCovidl9+ FRMprogram) S.T received
salaryfromthe Fai&ationpourlarecherche
médicale Thefundershadnorolein studydesign,
datacollectiorandanalysisdecisiorto publish,or
preparatiorof themanuscript.

Biosynthetic proteins targeting the SARS-CoV-
2 spike as anti-virals

Stdphanie Theébault*, Nathalie Lejal*, Alexis Dogliani 2, Améiie Donchet *, Agathe Urvoas ®,
Marie Valerio-Lepiniec 3, Muriel Lavie®, Cécile Baronti °, Franck Touret®, Bruno Da Costa®,
Clara Bourgon *, Audrey Fraysse ', Audrey Saint-Albin-Deliot *, Jessica Morel?,

Bernard Klonjkowski 6, Xavier de Lamballerie °, Jean Dubuisson #, Alain Roussel 2,
Philippe Minard 2, Sophie Le Poder®, Nicolas Meunier %, Bernard Delmas @*

1 Unitéde Virologie et Inmunologie Moldculaires, INRAE, UniversitdParis-Saclay, Jouy-en-Josas, France,
2 Centre National de la Recherche Scientifique, Architecture et Fonction des Macromolécules Biologiques,
UMR, Marseille, France, 3 UniversitdParis-Saclay, CEA, CNRS, Institute for Integrative Biology of the Cell
(12BC), Gif-sur-Yvette cedex, France, 4 UniversitdLille, CNRS, INSERM, CHU Lille, Institut Pasteur de Lille,
U1019-UMR 9017-ClIL-Center for Infection and Immunity of Lille, Lille, France, 5 Unitddes Virus Emergents
(UVE), Aix Marseille Universitd, IRD 190, INSERM 1207, Marseille, France, 6 UMR Virologie, INRAE-ENVA-
ANSES, Ecole Nationale Vétérinaire d'Alfort, UniversitdParis-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 (hamed 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 ECsq of 818 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 ECsg 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

Theentry of SARS-CoV-2n permissivecellsis mediatedby the binding of its spiketo
angiotensin-convertingnzyme? (ACE2)on the cellsurfaceTo selectigandsableto
blockthis interaction,wescreened library of phage®ncodingbiosyntheticproteins
(named Reps)for bindingto its receptorbinding domain (RBD). Two of themwereable
to bind the RBDwith high affinity andblock efficientlythe virus entryin culturedcells.
Assembled Repsthroughcovalenior non-covalentinkagesblockedvirus entry atlower
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virusvariantsInstillation of an Repdimerin the nasalkavityeffectivelyreducedvirus
replicationin the hamstemrmodelof SARS-CoV-2ind pathogenicity.

Introduction

With upto 6 million deathsvorldwidein lesshantwo yearsthe COVID-19 crisishasdemon-
stratedthe necessityo betterunderstandandfight the spreadandtransmissiorof respiratory
viruses Suchknowledgewill helpto developnewefficientanti-viral strategie$o mitigate
future epidemicsand pandemicsSARS-CoV-2nfection startsin the nasalcavity,the virus
replicatingathightitresin the olfactoryepitheliabeforereachingthe lowerrespiratorytract
whereit inducesthe main pathology[1]. Infection of the olfactoryepitheliumleadsto massive
damageavhich mayexplainthe high prevalencef smellloss(anosmia)during the COVID-19
pandemicandto environmentaldisseminatiorto infectconspecific$2], [3]. Blockingvirus
multiplication with antiviralsdeliveredn the noseandthe upperrespiratorytract might there-
fore allowtherapeutidbenefitand prophylacticprotection.

Serieof humanneutralizingmonoclonallgG antibodiesandnanobodies/VHHfusedto a
FclgG domainableto inhibit SARS-CoV-2nfection havebeenproducedandtestedfor sys-
temictreatmentg[4+6]), but their efficacyby deliveryin the nosemaynot beoptimal; their
firmnessupon nebulizationand aerosolizatiorbeingamain issuefor their useastherapeutics.
Furthermore their large-scal@roduction shouldbeeconomicallynot affordablein eucaryotic
system&ndtechnicallydifficult to achieven prokaryoteqd7].

Asanalternativeapproachto VHH andantibodiesafamily of biosynthetigoroteins,named

Rep,wasdesignedo provideahypervariablesurfaceon Repvariants(Fig 1) [8]. Repsarether-
mostableoroteinsconstitutedby alpha-helicoidaHEAT-like repeatg31-aminoacidsiong) com-
monly found in eukaryote$9] andprokaryoteg10], including thermophilesSequencesf
homologdorm asharplycontrastedsequencerofile in which mostpositionsareoccupiedby con-
servedaminoacidswhereasther positionsappeahighly variablegeneratingaversatilebinding
surfaceA large Replibrary hasbheenassembledndwasdemonstratedn awiderangeof unre-
latedprotein targetsto beagenericsourceof tight and specifichinders.Thus, Repswerepreviously
selecteadsinteractorsof HIV-1 nucleocapsi@dndto negativelyinterferewith virus maturation[11].

Asfor all coronaviruseghe SARS-CoV-2pike(S)protein mediatesvirus entry to permis-
sivecells.The Sproteinis atrimeric classl fusionproteinthat bindsto its cellreceptor.angio-
tensinconvertingenzyme? (ACE?2),beforeundergoingadramaticstructuralrearrangement
to fusethe host-cellmembranewith the viral membrang12], [13]. Fusionistriggeredwhen
the S1subunitbindsto ahost-cellreceptorviaits receptorbinding domain (RBD).In orderto
bind to thereceptor the RBDundergoesrticulatedmovementghat transientlyexposeor
hideits surfaceassociatetb the binding to ACE2[14]. Thetwo statesarereferredto asthe
adown® andthe2up® conformationsjn which down correspondso a stateincompetento
receptorbinding andup to a stateallowingreceptorrecognition.Dueto its keyfunctionin the
virus cycle the RBDrepresentstargetto identify bindersthat blockinteractionwith the host-
cellreceptoror movementof the RBDbetweerthe downto up conformationg15].

Most SARS-CoV-2nfectedpeoplepresentserumneutralizingantibodyactivity against
the RBDindicatingits immunodominanceg16]. To reduceantibodybinding, theviral evolu-
tion hasledto the appearancef specificescapenutationsin the RBD makingcurrentanti-
body-basedreatmentgapidly lesseffectivg17].
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Here,wefirst obtainedaserieonf Repsspecificof the receptorbinding domainof the
spikeof SARS-CoV-2T hesdigandsdisplayhigh affinitiesand blockedSARS-CoV-2nfection
Theassemblpf Repthroughcovalentandnon-covalentinkagedowersthe neutra-
lisationEC50to the 10nM range.The RepF9-C2fusionproteininstilledin the nosewas
foundto limit virusreplicationandinflammatoryresponseén ahamstemodelof SARS-CoV-
2infection.Furthermore the F9-C2fusion protein anda C2homotrimerwerefound aspotent
inhibitors of SARS-CoV-Zariantsincluding the antigenicallydistantomicron variant.

Results
Selectionof Repsbindersof the SARS-CoV-2Zeceptorbinding domain

An overviewof the selectiorprocesdo generatanti-SARS-CoV-2 Repsspecificof the spike
isshownin Fig 1.1n orderto selecbindersblockingSARS-CoV-2ntryinto cellsthe RBD
(aminoacids330to 5500f the spikeSsequencelvasusedasabait for screeningThe phage
displayprocedureincludedthreeroundsof panningfollowedby a screeningstepby phage-
ELISAon individual clonesNucleotidesequencingllowedtheidentification of >20 indepen-
dentcloneghatwereretainedfor further analyse¢selected Repsequencearelistedin S1
Fig). His-taggedrersionsof theanti-RBD Repwereexpressedh . andpurified. Wefirst
exploredtheir affinity for the RBD by biolayerinterferometry(BLI) atdifferentconcentrations
to determinetheir kinetic rate constantsFig 2 showsthe binding of two mostpotentanti-
RBDligands, RepsC2andF9.Their affinity for the RBDwasabout0.3and1.1nM, respec-
tively. RepC7 exhibitedan affinity in the10nM range.

Identification of neutralizing Reps

We nexttestedthe neutralizationactivity of thebest REPscandidatesagainstSARS-CoV-2
pseudotypednurine leukemiavirions (MLV) aspreviouslydescribed18]; Fig 2C]. Theseviri-
onsonly containthe SARS-CoV-3pikeprotein on their surfaceandbehavdike their native
coronaviruscounterpartdor entryin cellsexpressindACE2.Upon cellentry, theluciferase
reportergetsintegratednto the hostcellgenomeandis expressedhe measuredignalbeing
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Fig 1. Selectionand characterizaton of anti-spike Reps.Screeningin Repsphagdibrary allowedthe
identificaion of severabindersspecificof the RBD of the SARS-CoV2 spikeprotein. Their binding affinity for the S1
domainwasmeasued by biolayerinterferometry. The neutralization activity of selected Repswasevaluatedisinga
pseudo-ypedSSARS-CoV2 neutralizaion assayanda SARS-CoV-anfectionassayCompetitivebinding assaysiere
carriedout by BLI to identify Repsrecognizingnon-ovetappingbinding sitesThen, Repderivedconstructs
followedthe samecharacteization stepghantheir singlecounterpats. The protectivepotencyof the bestcandidate
wasanalyzed in thegoldenSyrianhamstemmodel.

https://abi.org/10.1371djurnal.ppal1010799y001
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Fig 2. Selectionof Repsbasedon their affinities and neutralization activities. BLI binding kineticsmeasurementareshownfor F9(A) andC2(B).
Equilibrium dissociatbn constantgKp) weredeterminel on the basiof fits, applyingl:linteractionmodel;ka,associatiomateconstantkd, dissociatn rate
constant(C) PseudaypedSARS-CoV2 neutralization assayvasshownwith selected Rep(C2,F9,C7,G1).An Repspecificto influenzapolymeras€H?7)
waschoserasanegativecontrol. To assessRepsspecificity pseudo-typed/SV-Gwereincubatel with the highestconcentratio of each Rep(3 M).
Pseudoypeparticlesentryinto cellswasquantified by measurinduciferaseactivity (n = 3,mean SEM,two-wayANOVA, <0.05). (D) Cellviability of
infectedcellsin presencef dilutionsof RepsC2,C7,F9,G1landH7 wasmonitoredusingthe CellTiter-GloLuminescenfAssayKit (Promega)lnfectedcells
(triangle)andmock-infectel cells(square)wereincludedin the assayascontrols(n = 2, meanis presented)(E) Half maximalinhibitory concentratia (ICsq)

werecalculate using®log(inhibitor) vs.normalizedresponsegquationfrom the neutralizaion potencycurveswith GraphPadPrism8 softwareND: Not
done,NA: Not available.

https://da.org/10.1371durnal.ppal010799.g002

correlatedwith RepneutralizationpropertiesC2,F9and C7 showedadose-dependenteu-
tralizationactivity, C2 displayingthe highestneutralisatiomactivity.Neither G1,an additional
selected@nti-RBD Rep,nor ananti-influenza REP(H7), usedasnegativecontrol, displayed
notableneutralizationactivity.Noneof the Repstestedatthe highestconcentration(3 M)
displayedcheutralizationactivity againstvesiculaistomatitisvirus G pseudo-typediLV, dem-
onstratingtheir specificity.

We confirmedthis neutralizationactivity usingSARS-CoV-2nfection of Vero E6 cells(Fig
2D). C2showedhehighesteutralizingpotencywith ahalf-maximalinhibitory concentration
(ICs0) valueof 0.1 M, whileC7andF9 RepsdisplayedCsgvaluesof4.8and11.7 M,
respectivelyFig 2E).Glaswellastheanti-influenzaH7 Repdid not showneutralization
activity. We thusidentified threepotentneutralizing Repswith C2and F9displayingaffinity
in thenM range.Thesawo lasts Repswereretainedfor further analyses.

Designof REP derivates

In orderto increaseavidity and neutralizationactivity of theseRBD binders,weaimedatgen-
eratingmultivalent RepsWefirst determinedif F9and C2recognizechon-overlapping
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Fig 3. Competitive binding assays(A and B) BLI experimentshowedhat C2andF9couldbind RBDsimultaneusly.(C) Binding of ACE2wasassessed
afterafirst associatiophasewith RepsC2andF9,the F9-C2constructthe VHH72 [19] or with anegativecontrol (NR). F9-C2and VHH-72 blockedthe
binding of RBDto ACE2.While Finhibited partially ACE2binding, C2did not competewith ACE2binding. (3D-F) Reciproal compettive binding assays
betweerWVHH-72,VHH H11D4,C2andF9.While C2andH11D4competel for binding to the RBD (immobilized on thechip) in areciprocalmanner,F9
andVHH-72 blockedreciprocallytheir interactionto the RBD.

https:/Hoi.org/10.137/ournal.ppat.210799.g003

binding siteson the RBDto assestheir interestto belinked in afusionprotein. Competitive
binding assaysarriedout by BLI showedhat C2andF9bindingson the RBDdid not inter-
ferein areciprocalmanner(Fig 3A and 3B). Competitivebinding assaybetweerthesetwo
RepsandsolublehACE2showedhat ACE2binding occurredefficientlyafterbinding of C2
ontheRBD.In contrastbinding of F9on the RBD partiallyinhibited recognitionof hACE2.
Asapositivecontrol, VHH72 [19] fully blockedhACE2binding on the RBD(Fig 3C). These
resultssuggesthatthe neutralizationactivityof the C2 Repis not associatetb astericinhibi-
tion of the binding of theRBDon ACE2.To mapthe binding sitesof F9andC2on the RBD,
we carriedout competitivebinding assaysisingthe neutralizingVHH-72 andVHH H11D4
previouslydescribed19][20] ascompetitors As shownby X-ray crystallographylata,these
two VHHSs recognizealistantepitopesn the RBD,thebinding siteof H11D4partiallyoverlap-
ping the ACE2binding motif (PDBnumbersof the RBD-VHH complexes6WAQ and6YZ5).
AsexpectedyHH-72 andVHH H11D4did not competefor their binding to the RBD (Fig
3D). RepC2andVHH H11D4competedor thebinding to the RBDin areciprocalmanner
(Fig 3E)aswellas RepF9with VHH72 (Fig 3F). Thesedatasuggesthat RepsF9andC2
recognizalistantbinding sitesoverlappingyHH-72 andVHH11D4 binding sitesrespec-
tively,andthatafusionbetweenC2andF9 RepsmaybesynergisticWethusengineered
bivalent RepsconstructausingF9andC2 RepsWe alsogeneratedrivalent Repsthrough
theaddition of atrimerization foldon domain(correspondingo the C-terminalpart of T4
fibritin) behindC2andF9 Repg[21].
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Propertiesof REP heterodimersand homotrimers

To build the F9-C2and C2-F9heterodimersyeinserteda25aminoacidlong flexiblelinker
(GGGGS] betweerthesetwo subunits(S1Fig). Thislinker length(that canreach8 nmin
length)allowsthe binding of theseheterodimerdetweeradjacenRBDsin thetrimer, evenin
the@up® to 2down® spikeconformers.To generatehe homotrimeric C2-and F9-foldon

Repsthefoldon sequencavasconnectedo the C-ter of the REPsthroughal6-aminoacid
longlinker (GSAGSAGGSGGAGGS@E1Fig). Thesdinkerswould allowcross-links
betweerspikesatthe surfaceof the virus particle.Unableto expresefficientlythe C2-F9
construct,only the F9-C2affinity wascharacterizedby BLI experimentgFig 4A). F9-C2
displayedan equilibrium dissociatiorconstant(Kp) of 91pM, atleastthreefoldsbetterthan
that of monomersF9-C2alsoshoweda substantiallysloweddissociatiorrate constantof
5.86x 10°s* owingto enhancedhvidity. Circular dichroismrevealedneltingtemperaturesf
86.5E88.3fand86.0EGor C2,F9and F9-C2 respectivelyconfirming the high stability of this
classof protein (S2Fig).

Fig 4. The F9-C2and C2-foldon constructsproperties. (A) BLI binding kineticsmeasurementtor F9-C2to the
Sl-immobilized biosensor(B) PseudotypedSARS-CoV2 particlesneutralzationassayvasperformed with F9,C2,
F9-C2andC2-foldonconstructgn = 3,mean SEM two-wayANOVA, <0.0001). (C) Cellviability of SARS-CoV-
2-infectedcellsin presencef dilutions of F9-C2,C2-foldon,C2,F9andH7 (an Repnegativecontrol) wasmonitored
usingthe CellTiter-Go LuminescenAssayKit (Promega)n = 2, meanis presented)Infectedcells(triangle)and
mock-infectedcells(square)wereincludedin theassayHalf maximalinhibitory concentraion (ICsq) weredisplayed.
(D) SARS-CoV-2eutralsationby aRepsonstricts.Virus replicationwasquantifiedby gqRT-PCRin infectedcells
treatedby C2,F9,F9-C2,C2-foldon(n = 3,mean SEM).Half maximaleffectiveconcentraion (EGso) wereshown.

https://abi.org/10.1371durnal.ppal010799004
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We nextinvestigatedhe ability of F9-C2to block RBD-ACE2nteractionby BLI measurements
(Fig 3C).WhenF9-C2wasboundto the RBD,addition of ACE2inducedno signalshift demonstrat-
ing that F9-C2dimer is apotentinhibitor of spikebinding to ACE2,similarlyto the VHH72 [19].

We nextexploredthe neutralizationactivity of F9-C2and C2- and F9-foldonfor compari-
sonwith their parentalsubunitsagainstSARS-CoV-2pikepseudo-typediLV (Fig 4B).A
synergiceffectin neutralisationefficiencywasevidencedvhenthe F9and C2 subunitswere
covalentiyinked andwhenC2wasassembledsahomotrimer. While C2 almostfully blocked
entry of SARS-CoV-2seudo-typeataconcentrationof 250nM, F9-C2and C2-foldonneu-
tralizedinfectionat 50nM. We nextinvestigatedheir viral neutralizationpotenciesn SARS--
CoV-2/ Vero E6cellinfection assayby measuringcellviability (Fig 4C) andviral replication
(Fig 4D). F9-C2and C2-foldonweremore effectivethan their monomericcounterpartgo
protectcellsfrom SARS-CoV-2nfection,with anICsq0f 12nM and3 nM, respectivelywhile
C2aloneneutralizedSARS-CoV-2vith anICsg0f 77nM. F9-foldondisplayedasimilar activ-
ity thanits monomericcounterpartindicatingno addedvalueof this construction.Quantifica-
tion of virusreplicationconfirmedthe samerend, with an EGsoof 18nM for F9-C2and8 nM
for C2-foldon,indicatingahigherneutralizingactivity than C2 (ECsg of 128nM).

Thus,the covalentinkagebetweerthe F9and C2 subunitsor the trimerization of C2
revealed synergistieffect(~x 10+25)f REPsoligomerizationto neutralizeSARS-CoV-2.
SinceF9-C2targetedwo differentepitopesand maybelesssensibléo spikeantigenicshift,
weretainedthis heterodimerfor further analyses.

F9-C2prophylaxislimits SARS-CoV-2anfection

In orderto evaluatef F9-C2nasainstillation prophylaxisvaseffectiveto limit SARS-CoV-2
infection ., wefirst examined Repstabilityin the nasalcavityof rodent(in mice).Using
westerrblot analysisweobservedslightdeclinein theamountof F9-C2at 1h post-adminis-
tration anddid not evidenceprotein degradation(S3Fig). We nextusedSyriangoldenham-
stersknownto reflecttheinfectionin human[22]. We focusedn the nasalcavityaswe
choosdo examinehow alocaltreatmentcouldlimit the startof theinfectionin aphysiological
context.We pre-treatedhe hamsteravith 0.6mg of F9-C2distributedbetweerthetwo nos-
trils 1h prior to infectionwith 5.1¢ TCIDso 0f SARS-CoV-2f the circulatingEuropearstrain
in 2020(harbouringthe D614Gmutationin the spikeprotein) (Fig 5A). After suchtreatment,
weobservedhe presencef infiltrated Repson the surfaceof the epitheliumlayer,indicating
an efficientabsorptionof the molecule(S4Fig). The grouptreatedwith the non-neutralizing
REPG1loseweightstartingfrom day2. Treatmentwith F9-C2limited weightlossandthe
differencewith G1treatmentalmostreachsignificanceat 3 dpi (P = 0.057 2-wayANOVA, Fig
5B).During the 3 daysfollowing infection, virustitresin nasalwabsverelowerin thegroup
treatedwith F9-C2thanin the G1-treatedyroup (Fig 5C,two-wayANOVA, <0.0001). In
theolfactoryturbinateswherevirus startsto replicateat hightitres,amountof viral RNA was
significantlylowerat 1 dpi in F9-C2treatedanimals(Mann Whitney,P = 0.0286Fig 5D), con-
sistentwith atendencyof lowerexpressiorof inflammationmarkers,n particularlL-6 and
TNF . At 3dpi, no significantdifferencesvereobservedor viral RNA andinflammation
markersbetweerthe two treatmentsThus,while we observed significativedifferencein
infectiousparticlespresentn nasakwabdetweerthetwo conditions(treatedwith G1or
F9-C2 atday3 post-infection),wedid not reveala differencein theamountof viral RNAin
the nasalkepithelium,suggestingn erosionof the F9-C2inhibitory activity atlatetimespost
infection. Next,weexaminedf the loweramountof viral RNA at 1 dpi in the nasalcavityof
F9-C2-treatecnimalswasreflectedatthe histologicalevel.While the virus waspresentin
largepatchesf the epitheliumin the G1-treatedanimals,t wasonly presenin smallstretches

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010799 September 6, 2022 7121



PLOS PATHOGENS Reps and SARS-CoV-2

Fig 5. Efficacyof F9-C2 Rep prophylaxisin SARS-C¥-2 infection in agoldenSyrianhamstermodel. (A) Overviewof the experimat design 6 mg/kgof
Repsweredeliveredntranasaly in hamstes 1h prior to infection with 5.1F TCIDs, 0f SARS-@V-2. (B) Evolutionof animalweight(n = 4, meanof the

relativeweightto 1-dayprior infection SEM,two-wayANOVA). (C) Evolutionof virustitre in nasakwabgn = 4, meanof TCIDsy SEM,two-way

ANOVA, <0.0001) (D) Quantificaton of RNA encodingSARS-CoV2 proteinE,IL-6, TNF , Ncf2in the olfactoryturbinatesyrelativeto viral infection,

inflammation andneutrophi respectivly (normalizedto G-actin,mean SEM,ManntWhtney <0.05). (E) Represetativeimageof theinfectedolfactory

epitheliumareatreatedby G1or F9-C2in therostralzoneof the nasalkavity(1 dpi) showingrespectivelya strongand partialinfection. (F) Measuremat of the

extentareaof infectionin the dorso-mediapart of the hamstemose Valuesrepresenthe meanof infectedarea(Arbitrary Unit  SEM,ManntWhitney
<0.05).

https://da.org/10.1371durnal.ppal010799.g005

in F9-C2-treatedhnimals(Fig 5E). We measuredhe infectedareain therostralpart of the
nasalcavityat 1 dpi wheretheinfection starts. The differencebetweenG1landF9-C2treated
animalswascloseto significancgMann Whitney, P = 0.057 Fig 5F).

Repeated=9-C2treatmentsfurther limit SARS-CoV-2nfection

In orderto improvethe efficiencyof the treatment hamstersveretreatedwith F9-C2(0.6mg
perdose)lh prior infectionandon daysl and2 post-infection(Fig 6A). F9-C2treatments
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Fig 6. Efficacyof F9-C2 Reprepeatedtreatmentsin SARS-CoV2 infection in agoldenSyrianhamstermodel. (A) Overviewof the experimat design6
mg/kgof Repsweredeliveredntranasaly in hamsterslh prior to infection with 5.1F TCIDs, of SARS-CoV-2Thetreatmentwasrepeatedn 1 dpi and2 dpi
for thegroupexaminedat 3 dpi. (B) Evolution of animalweight(n = 4, meanof therelativeweightto 1-dayprior infection SEM,two-wayANOVA). (C)
Evolutionof virustitre in nasaswabgn = 4,meanof TCIDsg SEM,two-wayANOVA, <0.0001) (D) quantificaton of RNA encodingSARS-@V-2
proteinE,IL-6, TNF , Ncf2in theolfactoryturbinatesyelativeto viral infection,inflammation andneutrophi respectivly (normalizedto G-actin,

mean SEM,ManntWhtney <0.05). (E) Represetativeimagesof theinfectedolfactoryepitheliumareatreatedby F9-C2or H7 in the dorso-mediakzone
of the nasakavity(1 dpi) showingrespectivly apartialinfectionwith alow numberof Ibal" immune cellinfiltration andastronginfection associatedith
damageof the olfactoryepitheliumandlibal’ cellinfiltration aswellasdesquamagdcellsin thelumenof the nasalkavity(white asterisk)(F) Measuremat of
the extentareaof infectionin the dorso-melial part of the hamstemose Valuesrepresenthe meanof infectedarea(Arbitrary Unit  SEM,Mann+Whitney

<0.05).
https://da.org/10.1371durnal.ppal010799.g006

limited weightlossandthe differencereachsignificanceat 3 dpi whencomparedo controls
(P=0.0152-wayANOVA, Fig 6B). During the 3 dayspost-infection virustitresin nasal
swabswverelowerin the grouptreatedwith F9-C2thanin the control group (Fig 6C, two-way
ANOVA, <0.0001). Viral RNA wassignificantlylowerin olfactoryturbinatesat 1 dpi and3
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dpi in F9-C2treatedanimals(Mann Whitney, P = 0.0286Fig 6D) whencomparedo anirrel-
evant Rep.Thisobservatiorcorrelatesith lowerexpressiorf inflammationmarkers(IL-6,
TNF andNcf2,thelastonebeingrelatedto neutrophilinfiltration). We observedessdamage
of the olfactoryepitheliumaccompaniedavith areductionofimmunecellinfiltration (revealed
bytheibal” marker)anddesquamatedellsin thelumenof the nasakavityfor animalstreated
by F9-C2 especiallyat 1 dpi (Figs6E and S5).Theinfectedareain therostralpart of the nasal
cavityat 1 dpi wassignificantlyreducedn F9-C2treatedanimalscomparedo controls(Mann
Whitney, P = 0.0286Fig 6F). Thesearesultssuggestethat repeatednjectionsof F9-C2signifi-
cantlyreducethe spreadf the virus up to 3 dayspost-infection.

REP derivatesneutralize numerousSARS-CoV-Z/ariants

We nextexploredthe ability of F9-C2and C2-foldonto neutralizepseudo-typeand SARS--
CoV-2variants.To this end,wefirst generatedive different SARS-CoV-Z5 pseudo-typed
MLV carryingthe RBDmutationsspecificof eachofthe , , , and variants[23] (Fig 7A).
In all cased-9-C2and C2-foldonappearedo synergiséhe neutralisationactivitiesof their
monomericcounterpartsTheyinhibited the pseudo-typesepresentativesfthe , , and
variantsentry asefficientlyasthe parentalpseudo-typéwith analmostfull neutralizationof
pseudo-typegbarticlesat 100nM). In contrast, / like-variantentrywasonly 90%-and
70%-blockedby F9-C2and C2-foldonataconcentrationof 500nM, suggestinghatamino
acidsin positions452and484represenpart of the C2binding site.Furthermore C2-foldon
exhibiteda similar activity againstvariantsthan F9-C2.Fig 7B showsthe neutralizingpoten-
ciesof F9-C2and C2-foldonagainstauthenticvirus variantsby viral RNA quantification.
C2-foldonneutralizedefficiently , , and virusvariants(with ECsorangingfrom 13to 32
nM) (Fig 7C).F9-C2exhibitedsimilar neutralizationactivities,exceptfor the variant(with
anEGs50>184 nM). Asexpectedtheir monomericcounterpartgdisplayedowerspecificactivi-
ties(with EG5o> 283nM).

Discussion

Fromthe beginningof the COVID-19 pandemichumerousstudiesreportedthe selectiorof
monoclonalantibodiesor nanobodiegargetingthe SARS-CoV-RBD[15] with theaimto
blockRBD-ACEZ2interactionandconsequentlyirus entryin permissiveepithelialcells[5],
[4]. Althoughhigh-affinity antibodieshavebeenprioritized aspotentialtherapeuticstheyare
expensiveo producein mammaliancellexpressiorsystemandtheymustbeinjectedrather
takenorally or by spray[7]. Usually largedosesarerequiredbecausenly asmallproportion
maycrossthe epithelialcellbarrierlining the airwaysNanobodiesepresenaninteresting
alternativeto antibodiessincetheyareeasyto producein bacterisor yeastHowever their sta-
bility dueto structuralconstraintgthe existencef aninternal disulfidebridge)in external
bodycompartmentsnayrepresentbottleneckfor their industrial productionand prevent
their aerosolizatioruse[24]. In this study,weaimedat producingstableantiviralsthat could
beeasilyadaptedagainstSARS-CoV-¥ariantsat low cost.

We usedaphagedisplayscreeningof alibrary encodingartificial proteins,named Reps,
to identify ligandstargetingthe spikeRBD of SARS-CoV-2Two of them(C2andF9 Reps)
displayedaffinity in thenM range Competitivebinding assayshowedhat thesdastmole-
culeswereableto neutralizethe virus throughdifferentmechanismswith C2binding asite
distantof the receptorbinding motif to ACE2andoverlappingvHH H11D4epitope,n con-
trastto F9that competewith ACE2andVHH-72 for binding on the RBD.We demonstrated
thesimplicityof Repbioengineeringo increasdhe neutralizationactivity with a multivalent
form. The F9-C2heterodimerandthe homotrimeric C2-foldondisplayechigher SARS-CoV-2
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Fig 7. Neutralization activity of the F9-C2and C2-foldon constructsagainstSARS-CoV-2seudo-tyedand virus variants. (A) F9,C2,F9-C2and
C2-foldonweretestedor their ability to neutralzefour SARS-CoV-pseudo-typedRBDmutants.Pseudo-type VSV-Gwasincubatedwith the highest
concentratim of each Rep(500nM) to validatespecificityof Repneutralization activity(n = 3,mean SEM,two-wayANOVA, <0.0001). (B) F9,C2,
F9-C2andC2-foldonweretestedor their ability to neutralizeauthenticSARS-CoV2 virus variants(beta,gammagdeltaandomicron) (n = 3,mean SEM).
(C) Chartlistingthe EC500f Repsandderivatedowardsvariantviruses.

https://da.org/10.1371¢urnal.ppal010799.g007
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neutralizationactivitythanthetwo parental Repswith ICsq0f 3to 12nM. We exploredif
nasalnstillation of F9-C2could effectivelyimit SARS-CoV-2nfectionin ahamstemodel.
Suchtreatmentinducedareductionof thevirusloadin nasakwabsandin the nasalcavity
(the primary replicationsiteof SARS-CoV-2)aswell asa declineof all theinflammation
markersof infection.

BlockingSARS-CoV-2Zontaminationchainsrepresentsmainissueto control Covid-19
pandemic Asthetreatmentwasnot sufficientto fully blockinfectionin the nasakavity,we
anticipatethat optimisationofthe Repdeliverythroughnebulisationor aerosolizationand
usingadequatearriers mayincreaseheir efficiencyIndeed,nebulizationof atrivalentnano-
bodyimprovedtheir effectivenesw reducethe RSVIoadin nasalwabsn childrenhospital-
izedfor lowerrespiratorytractinfection [25]. The useof drugssuchas Repsderivatesor
otherlow-costantiviralsin infectedpeopleand contactcasegouldthusbehelpfulto block
SARS-CoV-2liffusionin conspecifics.

F9-C2andC2-foldonresultedn efficientneutralizationof awide varietyof SARS-CoV-2
variants( , , , / andomicronvariants)afeaturethat mayresultfrom theintrinsic high
affinity of the Repsubunitsfor the RBDandtheir multimerizationthat allowalessdepen-
denceto aminoacidsubstitutionsn thetarget.Currentantibody-basedherapeuticstrategies
arebeingjeopardizedy the continuousemergencef SARS-CoV-¥ariantsthrough potential
lossof binding and neutralizationactivity [16]. Combining Repssubunitsin multivalent
formscouldthusrepresentrealoption to treatemergingvariants.

Besidehefactthat Repsassembliesanbeeasilyengineeredi.e.easilyassociately link-
ersor multimerizedto generatavidity on targetsof interest theseproteinshavealsofavorable
biophysicapropertiesof production, purification and stabilityand canbeveryefficientlypro-
duced(20mg of purified protein C2,F9,F9-C2and C2-foldonperliter of bacterialkulture) by
recombinantprotein expressioriechnologiesn bacteriaTheyareparticularlyrobust,highly
thermostableand canbestoredat room temperaturewhichis a significantadvantagéor fur-
thertherapeuticdevelopments.

Immunogenicityof the Repsisapotentialproblemthat shouldbeaddresseéh thefuture,
but their relativelysmallsize(the C2 Repis 18.5kDa), their associationthroughflexiblelink-
ersandtheir high solubility and stabilitymayresultin low immunogenicactivity and maynot
induceadversaindesirableeffectsvhendeliveredn the nasalcavity.

To concludeweselectedviosyntheticproteins( Reps)asspecificand versatileneutralizing
binderstargetingthe spikeof SARS-CoV-2Thesebiosynthetigproteinsprovidestarting
pointsfor SARS-CoV-2herapeuticableto targetemergingvariants With technicaloptimisa-
tion in binder selectiorand effort to stabilizethemin the nasalcavity,webelievethat stable
proteinaceougnhibitors like Repsandderivateshavearealfuture to threatfuture pandemics
associatetb variousemergingrespiratoryviruses.

Materials and methods
Ethicsstatement

Thestudywascarriedout following a protocolapprovedoy the ANSES/EnvA/UPEE&thicsCom-
mittee (CE2A-16)and authorizedby the Frenchministry of Researclinderthe numberAPA-
FIS#25384+202004151528 /85 accordancevith the Frenchand Europearregulations.

Production of the receptorbinding domain (RBD) of the SARS-CoV-Xpike

TheRBD(223aminoacidsstartingat position 3190f the spikesequenceyodingsequencevas
clonedin framebehindasequencencodingasignalpeptideandin front of aHis-tagcoding
sequencén theeukaryoticpYD11expressiomplasmid.Theresultingplasmidwastransfected
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with PEImax(24765+1JPolysciencesdnc.) in EXPI-293Fcells(A14527)Thermofisher).
Transfectedellswerethenmaintainedin EXPlexpressiomedium(Gibco, Thermofisher).
Cellswereremovedby mild centrifugationat day+7,andthe RBDwasextractedrom the cell
culturemediumby Ni?* affinity chromatographyollowedby gelfiltration. About 10mg of
RBDwerepurified for Repsscreeningandfurther characterization.

Screeningof the Replibrary againstthe RBD

Theconstructionof the Repphagdibrary 2.1hasbeenpreviouslydescribed26]. The Rep
library wasconstructedy polymerizationof syntheticmicrogenesorrespondingo individ-
ualHEAT-like repeatsandthe Repproteinswereexpressedtthe surfaceof M13-derivedfil-
amentousphagesThelibrary is estimatedo contain1.7x 10° independentlonesThe Rep
library screeningvascarriedout asdescribedy Hadpechetal.,2017[11] with minor modifi-
cations Purified RBDdiluted at1 mM in PBScontaining0.05%Tween-2QPBST)wasimmo-
bilizedon Ni**-NTA-biotin streptavidin-coate@®6-well[ELISAplateby incubationovernight
at4EQn amoisturechamber The coatedwellswerewashedour timeswith PBST andsatu-
ratedwith blockingsolution(2%BSAin PBST200 L/well) for 1h,afterwhichanaliquotof
the phagdibrary wasaddedto the RBD coatedwells,andincubatedatroom temperaturgor
2hwith shaking Next,wellswereextensivelyvashedn PBSTandboundphagesvereeluted
by threesuccessiveoundsof adsorption/elution Phageelution wasperformedby an acidic
glycinesolution(0.1M glycine-HCI,pH 2.5)andbufferedusingTris 1 M. Thepopulationof
Rep-displayeghage<®lutedfrom the RBD baitwasamplifiedand subclonedn aXL-1Blue
cells.ndividual phagecloneswereselectecind amplifiedaspreviouslydescribed8], and
their respectivdinding activity towardsthe RBDwasdeterminedoy ELISA.100 L-aliquots
of purified RBDwerediluted in PBSandloadedinto the wellsof aNi**-NTA-biotin streptavi-
din-coatedELISAplate thenincubatedovernightat 4ECThe coatedplatewaswashedour
timeswith TBST thenblockedwith PBST-BSA200 L perwell) for 1 hour with shaking.
After awashingstep,100 L-aliquots of eachphageculture supernatantvereaddedto the
wellsandincubatedatroom temperaturdor 1 hour, followedby HRP-conjugateanouseanti-
M13 (Interchim) dilutedto 1:2,000n TBST-BSA100 L-aliquot perwell),andincubation
proceededor anextral hour. Thewellswerewashedagain prior to the addition of 100 L
BM BluePOD solubleSubstrat€Roche) Reactionwvasstoppedwith 1 N HCI, andabsorbance
measuredt450nm. Phageclonesshowingahigh binding activity towardstheimmobilized
targetweresequencedndkeptfor cytoplasmiexpressiorof individual Repproteins.

Repsexpressionand purification

The Repgenesncodingthe RBDbindersweresubclonedn the bacterialexpressiowvector
pQE8landresultingplasmidsusedfor transformingRosettacells. Repgeneexpressionwas
inducedby IPTG addition (0.5to 1 mM final concentration)or 4 hoursat 37ECNext, bacte-
ria werepelletedby centrifugation(5.000x g for 30min at4EC)ndbacteriakell pelletsvere
resuspendeth 200mM NaCl,20mM Tris pH 7.4to 8, containinga cocktailof proteasenhib-
itors (RocheDiagnosticssmbH). Then,bacterialsuspensionvaslysedby sonicationin ice (5
timesx (30ssonicationat around40%sonicationamplitudeand 30srest))usingaQ700
QSONICASonicatorBacteriakellslysatesvereclarified by centrifugationat 10.000 gfor 30
min at4ECSoluble Repswerepurified by affinity chromatographyn HisTrap columns(GE
Healthcare.ife Sciencesandanalyzedy SDS-PAGEFractionsof interestwerepooledand
injectedin aGelfiltration Superdex520Qreviouslyequilibratedwith PBS Fractionscontain-
ing purified Repswerepooledandfrozenat-20EC.
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Repscircular dichroism

Circulardichro smspectravererecordedwith aJascd-810system200 L of eachpurified

RepsC2,F9andF9-C2in PBShufferatrespectivel¥).5mg/mL,0.75mg/mL and 1 mg/mL
weredisposedn a3 mm quartzcuvette Samplesvereexposedo increasingemperatures
from 25EQo 95EGwith ameasuremengvery0.5EGt 230nm.

Affinity determination by Bio layerinterferometry

Binding kineticsexperimentsvereperformedon an OctetsystemOctetRED96)(FortéBio,
CA). A blackbottom 96-wellmicroplate(GreinerBio-One# 655209)wasfilled with 200 L of
solution( Repsin PBShuffer) and agitatedat 1 000rpm, andall experimentsverecarriedout
at25ECTipswerehydratedin PBSoufferfor 1 hour atroom temperaturegorior experiments.
BiotinylatedSARS-CoV-RBDor S1(4 g/mL) wereloadedon streptavidinSA(18+0009)
biosensorgPallForteBio)for 1 min. After abaselinestepin assayuffer(PBYpH 7.4],0.1%
bovineserumalbumin,0.02%Tween20)andaquenchingstepin 5 g/mL biocytin, ligand-
loadedsensorsveredippedinto known concentration®f Repsfor anassociatiorphasedur-
ing 500to 700secondsThesensorsverethendippedin assayufferfor adissociatiorstep
during 1000secondsn assayuffer. Associatiorand dissociatiorcurvesweregloballyfitted to
al:1binding modelexcepffor F9-C2whosefitting modelwasl:2.Binding curveswerefit
usingthe3associatiorthen dissociation®quationin the Fort8io Dataanalysisoftwarever-
sion7.1to calculateK .

Competition assays

Competitionassaybetween Repswereperformedwith biotinylatedSARS-CoV-RBD
(4 g/mL) loadedon SAbiosensorsor 1 min. After abaselinestepin assayufferanda
guenchingstep,afirst associatioris realisedvith an Repat 100nM for 2000secondgol-
lowedby asecondassociatiorstepwith asecond Repat100nM during 1000secondsand
finally ashortdissociatiorstepof 300sin assayuffer.For competitionbetween REPand
ACE2,the secondanalytes replacedy solubleACE2at 100nM.

MLV pseudo-typedparticlesproduction and Repsneutralization activity
of SARS-CoV-2seudotypes

For pseudotypingmurine leukemiavirus pseudo-typegbarticles(PP)containingthe spikeof
SARS-CoV-2r derivedmutantswereproducedaccordingto a publishedprotocol[18].
Briefly, HEK-293TTcells(1(P cellsper P6well) weretransfectedvith plasmidsencoding
GAG-POL,F-LUC and SARS-CoV-&pikes Supernatantsontainingthe pseudo-typegarti-
cleswereharvestedit48hoursaftertransfectionpooledandfilteredthrough0.45 m pore-
sizedmembraneskFivedifferentPPwereproduced afirst containingthe spikeof the SARS--
CoV-2type(Genebankaccessiomumber:MN908947) andthefour otherscontainingthe
spikewith RBD mutationsrepresentativesfthe variant(N501Ysubstitution),the variant
(N501Y,K417NandE484Kmutations),the variant(N501Y,K417Tand E484Ksubstitu-
tions),the / variant(substitutionsd_452RandE484Q)andthe variant(S371LS373P,
S375FK417N,N440K,G446SS477NT478K,E484AQ493K,G496SQ498RN501Y,Y505H
substitutions).

Thedaybeforetransduction,around2 x 10* hACE2-HEK-293 cellswereseededn wells
of P96platesThreeto five-foldsserialdilutions of Repsin completemedium(DMEM + 10%
FBS)werepre-incubatedwvith pseudo-typegbarticlesto afinal volumeof 200 L for onehour
at37ECThemixture wasnextaddedto cellsfor 48to 72hoursat 37ECThen,cellswere
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washedn PBSandlysedasindicatedby the manufacturer(Promegat E1501L uciferaséAssay
system)Luciferasectivitywasmeasurean an Infinite M200ProTECAN apparatusMLV
pseudo-typegbarticleswith the G glycoproteinof the vesiculaistomatitisvirus (VSV) were
usedto monitor the specificityof the neutralizationactivity at the highest Repconcentration
usedin the assayluciferasectivity of eachcondition wasnormalisedto thereferencevalue,i.
etheluciferaseactivity of theinfectedcellswithout Reps.

Virus stockproduction and quantification of Repsneutralization activity

SARS-CoV-2solateFrance/IDF0372020waskindly suppliedby Sylvievander Werf. Viral
stockswerepreparedby propagationin Vero E6cellsin Dulbecco'snodified Eagle'snedium
(DMEM) supplementeadvith 2%(v/v) fetalbovineserum(FBS Invitrogen). Titres of virus
stockswveredeterminedby plaqueassay.

To measurdhe neutralizationactivityof Repsthreeor five-foldsdilutionsof Repswere
mixedwith 2 x 10* plaqueforming units of SARS-CoV-2n DMEM for onehour at37ECThis
mixture wasaddedto Vero-E6cells(CRL-1586 ATCC) seededn a96-wellplateoneday
before Cellviability wasmeasured 2 hourspost-infectionby adding100 | of CellTiter-Glo
reagento eachwellasdescribedn the manufacturerprotocol (CellTiter-GloLuminescent
CellViability AssayPromegat G7571) Luminescencevasquantifiedusingthe Infinite
M200ProTECAN apparatus.

GoldenSyrianhamsterinfections and assessmemf REPsantiviral
activity

REPsbioavailability in the nasalcavity. Fourmiceweretreatedwith F9-C2(30 | of
PBScontaining0.12mg of Rep)by nasalinstillation. At 15min and1 hour afterprotein
delivery wecollectedheolfactorymucosan = 2). Tissuesvereresuspendeth Tris-HCI 50
mM pH8, 150mM NaClbufferandhomogenisedavith the Precellys2ZissueHomogenizer.
After aclarificationby centrifugation cellextractsvereresuspendednd submittedto
SDS-PAGEnNndWesternblot analysis. REPswererevealedisingan anti-His-tagmouseanti-
bodyfollowedby incubationwith ananti-mouseHRP secondanantibody.Anti-tubulin anti-
bodieswereusedasloadingcontrol.

Hamsterinfections. Thirty-two specific-pathogen-freSPF)8 weeks-oldsoldenSyrian
hamsterg ,  malesprovidedby Janvier-Labd,e Genest-Saint-Isld;rance)
housedunderBSL-Ill conditionswerekeptaccordingto the standardof Frenchlawfor ani-
mal experimentation.

Groupsof eighthamstersveretreatedwith eitherF9-C2,G1or H7 (recognizinganinflu-
enzavirus protein) by nasalinstillation (80 L of PBScontaining0.6mgof Rep).Animals
wereinfected1 hour later (Figs5A and 6A) with 5.1 TCIDso of SARS-CoV-2solateBeta-
CoV/France/IDF/200107/2@xkindly providedby the UrgentResponséo BiologicalThreats
(CIBU) hostedby Institut Pasteu(Paris,France)and headedy Dr. Jean-Claud&anuguerra.
Thehumansamplerom which strain BetaCoV/France/IDF/200107/20wasisolatedhas
beenprovidedby Dr Olivier Paccoudrom the La Piti&Salphri re Hospital.With ahistory of
3passagds VeroE6cells theseedstockwastitratedin Vero E6cellsto aconcentrationof
6.8log,o TCIDs¢mL. Nasalswabavereperformeddaily to measurghe secretediirusloadby
brushingthe nostrilsof the animal.Eightanimalswereeuthanizedl-daypostinfection (dpi).
Thetreatmentwith Repswasrepeatediaily for onegroupof hamstersuthanizedat 3 dpi.
For eachhamsterwe collectedhe headwhich wasseparatedto two hemi-headsof which
onewasusedfor histologyandthe otherfor gPCRanalysis.
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Tablel. Primers usedfor gPCRreactions

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

-actin ACTGCCGCATCCTCTTCCT TCGTTGCCAATGGTGATGAC
IL-6 AGACAAAGCCAGAGTCATT TCGGTATGCTAAGGCACAG
IL-1 ATCTTCTGTGACTCCTGG GGTTTATGTTCTGTCCGT
TNF- AACTCCAGCCGGTGCETAT GTTCAGCAGGCAGAAGAGGATT
Ncf-2 ATGTTCAATGGACAGAAGGGGC TGGGATCTTTCTGGGGAACT

https://da.org/10.1371durnal.ppal010799.t01

Geneexpressionquantification by RT-gPCR. Total RNA wasextractedrom frozen
olfactorymucosaandlungsusingthe Trizol method.Oligo-dT first strandcDNA weresynthe-
sizedfrom 5 g total RNA by iScriptAdvcDNA kit (Biorad,# 1725038jollowing the manufac-
turersrecommendationsgPCRwasperformedusingcDNA templateg5 L) addedtoal5 L
reactionmixture containing500nM primers(sequencem Tablel) andiTaqUniversalSYBR
GreenSupermix(Biorad,# 1725124)isingathermocycler(MastercycleeprealpleX, Eppen-
dorf). Theexpressionevelsof targetgenesveremeasuredisingthe Eppendorfrealple® soft-
ware.A dissociationcurvewascarriedout at the endof the PCRcycleto verify the efficiency
of the primersto produceasingleand specificPCRamplification.Quantificationwasachieved
usingthe Ct method.Standardcontrolsof specificityand efficiencyof the gPCRassays
wereperformed.The mRNA expressiowasnormalizedto the expressiorevelof -actinand
anefficiencycorrectivefactorwasappliedfor eachprimer pair [27].

Viral titration of nasalswabs. Nasalswabaveredilutedin 400 L of DMEM medium
supplementedvith 1%sodiumpyruvateandantibioticsandstoredat-80EQuntil titration by
tissuecultureinfectiousdose50%(TCIDsg) on Vero E6cells Briefly,eachnasakwabwas
incubatedn eightconsecutivavellsof 96-wellmicroplatesandthenseriallydiluted from 10*
to 10° within DMEM containing1%SodiumPyruvateand 1%antibiotics(Penicillin/Strepto-
mycin). After 1h30incubationat 37EC100 L of completeDMEM mediumwith 5%FCS 1%
sodiumpyruvateandantibioticsareadded The cellsarethenincubatedfor 4 daysat 37EC.
Then, microplatesverequalitativelyreadaccordingto an@all or nothing® scoringmethodfor
the presencef viral cytopathiceffect(CPE).Infectioustitres areexpressedsTCIDsgpermL
accordingto the SpearmarKarbermethod[28].

Histopathology. Theimmunohistochemistryanalysiof the olfactorymucosdissuesec-
tionswasperformedasdescribedoreviouslyin mice[29]. Briefly,the hamstethemi-headvas
fixedfor 3daysatroom temperatureén 4%Neutral BufferFormalin (FO043Diapath),then
decalcifiedor threeweeksn Osteosofmild decalcifiersolution(1017281000erck) at4EC.
Blocksandtissuesverecryoprotectedvith sucros€30%)thenembeddingwith EprediaNeg-
50(11912365isherScientific)Cryo-sectioning 14 m) wasperformedon mediantransver-
salsectionsf the nasalcavity,perpendiculato the hard palatejn orderto highlightvomero-
nasalorgan,olfactorymucosaSteno'gylandandolfactorybulb. Sectionsverestoredat 80EC
until use Sectionsvererehydratedn PBSfor 5 min and non-specificstainingwasblockedby
incubationin PBSwith 1%bovineserumalbumin(BSA)and0.05%Tween-20Thesections
werethenincubatedovernightin PBSwith 0.2%BSAand 0.05%Tween-20with primary anti-
bodiesdirectedagainstSARS-CoV-MNucleocapsidProtein (1:500mousemonoclonal #
ZMS1075Merck);1bal(1:1000goatpolyclonal;ab178846Abcam,France) Fluorescence
stainingwasperformedusinggoatanti-rabbit Alexa-Fluor-488(1:800MolecularProbes+
A32731jnvitrogen, CergyPontoise France)and donkeyanti-mouseAlexa-Fluor555(1:800;
MolecularProbes+A32773nvitrogen, CergyPontoise France)secondanantibodiesimages
weretakenat 100 magnificationusingan OlympusIX71invertedmicroscopesquippedwith
anOrcaERHamamatsicooledCCD camera HamamatsuPhotonicsFrance Massy France).
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ImageswverequantifiedusinglmageJRasbandy.S. ImageJU. S.NationalInstitutesof
Health,Bethesdaviaryland,USA, http://imagej.nih.govij/, 1997+2012o thresholdspecific
stainingof SARS-CoV-2n the dorso-mediakreaof the nasalcavity.We measuredhetotal
infectedareain this zonedisplayingthe highestareaof olfactoryepitheliumusingthe same
thresholdfor all animals.

Quantification of Repsneutralization activity of SARS-CoV-2sirus
variants

Cellline. VeroE6TMPRSSZzells(ID 100978)wereobtainedfrom CFARandweregrown
in minimal essentiamedium (Life Technologiesvith 7.5%heat-inactivatedetalcalfserum
(FCSiLife Technologiesvith 1%penicillin/streptomycin(PS,5000U.mL 1and5000 g.mL 1
respectivelyt ife Technologiesand supplementedavith 1% non-essentighmino acids(Life
Technologiesind G-418(Life Technologies)at 37EGwith 5%CO2.

Virus strains. SARS-CoV-3trainBavPatWwasobtainedfrom Pr. C. Drostenthrough
EVA GLOBAL (https://www.european-virsarchive.com/and containsthe D614Gmuta-
tion. SARS-CoV-Alpha,(201/501YV.1asisolatedrom a 18years-oldoatient. Thefull
genomesequenciasbeendepositecbn GISAID: EPI_ISL_91816F.hestrainis available
throughEVA GLOBAL:UVE/SARS-CoV-2/20P[FR/7b(lineageB 1.1.7,exUK) athttps://
WWW.european-virus-archiveom/virus/sars-cov-2-uvesars-ca2021fr7b-lineage-b-1-1-
7-ex-uk.SARSCoV-2Beta(SAlineageB 1.351)wasisolatedn Francein 2021, Thestrainis
availablehroughEVA GLOBAL:UVE/SARS-CoV-2/2021/FR/98-exSA(lineageB 1.351)at
https://www.european-virs-archive.com/virus/sars-cov-2-esars-cov-22021fr1299-ex-sa-
lineage-b-1351Sars-Cov-Lamma(SARS-CoV-2/2021/IP/T¢503lineageP. 1,exBrazil)
wasisolatedin Japarin January2021.Thefull genomesequencéasbeendepositebn
GISAID:EPI_ISL_87776T.hestrainis availablehroughEVA GLOBAL at https://www.
european-virus-archive.conifas/sars-cov-2-virus-strain-saree-22021jpty 7-503-lineage-
pl-ex-brazilSARS-CoV-Delta,(India lineageB.1.617.2)hefull genomesequenchasbeen
depositecbn GISAID: EPI_ISL_2838050hestrainis availablehroughEVA GLOBAL:
SARS-CoV-2/2021/FR/0610ineageB 1.617.2Delta)at https://www.european-virus-ahive.
com/virus/sars-cov-2-virus-sin-sars-cov-22021fr0610-linealgel 6172-delta.

To preparethevirusworking stocksa 25cm2cultureflaskof confluentVeroE6TMPRSS2
cellsgrowingwith MEM mediumwith 2.5%FCSwasinoculatedat amultiplicity of infection
(MOI) of 0.001Cellsupernatanmediumwasharvestedt the peakof replicationand supple-
mentedwith 25mM HEPESSigma-Aldrich)beforebeingstoredfrozenin aliquotsat-80EC.
All experimentswith infectiousviruswereconductedn abiosafetylevel3 laboratory.

EC50determination

Onedayprior to infection,5 10* VeroE6/TMPRSSgellsperwellwereseededn 100 L assay
medium(containing2.5%FCS)in 96well cultureplates. Repsweredilutedin PBSwith
dilutions from 10.00Q0 9.76ng/ml. Thenextday,25 L of avirusmix dilutedin mediumwas
addedto thewells.Theamountof virusworking stockusedwascalibratedprior to the assay,
basedn areplicationkinetics,sothatthe viral replicationwasstill in the exponentiagrowth
phasédor the readoutaspreviouslydescribed30+34].This correspond$ereto aMOI of
0.002Thenelever2-fold serialdilutions of Repsin triplicate wereaddedto the cells(25 L/
well,in assaynedium).Fourvirus control wellsweresupplementedvith 25 L of assay
medium.Platesverefirst incubatedl5min atroom temperatureandthen2 daysat 37EC
prior to quantificationof theviral genomeby real-timeRT-PCR.To doso0,100 L of viral
supernatantvascollectedn S-Block(Qiagen)previousiyloadedwith VXL lysisbuffer
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containingproteinaseK and RNA carrier.RNA extractionwasperformedusingthe Qiacube
HT automatandthe QlAamp 96 DNA kit HT following manufactureiinstructions.Viral

RNA wasquantifiedby real-timeRT-gPCR(GoTagl-stepgRt-PCRPromega)ysing3.8 L of
extractedRNA and6.2 L of RT-gPCRmix andstandardfastcyclingparametersi,e.,10min
at50EC2 min at95ECand40amplificationcycleg95EGor 3 sedfollowedby 30secat 60EC).
Quantificationwasprovidedby four 2 log serialdilutions of anappropriateT 7-generatedyn-
thetic RNA standardof known quantities(102to 108copies/reaction)RT-qPCRreactions
wereperformedon QuantStudiol 2K FlexReal-TimePCRSystenm(Applied Biosystemsand
analyzedisingQuantStudiol 2K FlexApplied Biosystemsoftwarev1.2.3Primersand probe
sequencesyhichtargetSARS-CoV-2A genewere:Fw:GGCCGCAAATTGCACAAT;Rev:
CCAATGCGCGACATTCCProbe:FAM-CCCCCAGCGCTTAGCGTTCT-BHQ1Viral
inhibition wascalculatedasfollow: 100 (quantitymeanVC- samplequantity)/ quantitymean
VC. The50%effectiveconcentrationgEC50;,compoundconcentratiorrequiredto inhibit
viral RNA replicationby 50%)weredeterminedusinglogarithmicinterpolationafterperform-
ing anonlinearregressior{log(agonistys.responsebVariablslope(four parameters)as
previouslydescribed30+34].All dataobtainedwereanalyzedisingGraphPadPrism8 soft-
ware(Graphpadsoftware).

Statisticalanalysis

Datashownasthemeans SEM.AIll statisticakomparisonsvereperformedusingPrism8
(GraphPad)Quantitativedatawerecomparedacrosgroupsusingtwo-wayANOVA testfor
pseudovirusssayweight,nasakswabandvirustitre evolution.All otherparametersvere
testedusingthe Mann-Whitney non-parametrictest.Statisticakignificancavasdeterminedas
p-value<0.05.

Supporting information

S1Fig. Repssequences.
(TIF)

S2Fig. Thermal denaturation of Repsassesselby circular dichroism measuremenbof
molar ellipticity at230nm.
(TIF)

S3Fig. Westernblot revelation of F9-C2fusion protein found in the nasalcavity of two
mice at two times post-administration (15min and 1 h). His-tagged Repsarerevealedvith
ananti-HisTagmouseantibodyandwith asecondarHRP-anti-mousentibodyusinga
horseradistperoxidasesubstrateOE: Olfactoryepithelium.His-tagged=9-C2,F9and C2 (500
ng) wereloadedasinternal controls.

(TIF)

S4Fig. Representativémageof the olfactory epithelium (dorsomedialarea)15min after
F9-C2instillation revealedby ananti-His Tag. F9-C2is mainly presentn the mucuslayer
but somecellshaveintegratedthem (OE: OlfactoryEpithelium/ LP:LaminaPropria/ white
asterisk_.umenof the nasalcavity/ red arrow: sustentaculacelllike shapéd white arrow
(olfactorysensoryneuronlike shape).

(TIF)

S5Fig. Representativémagesof the dorso-medialpart of the infected hamsternose
treatedby F9-C2or H7 (1 dpi). SARS-CoV-2nfectedcellswererevealedvith ananti-N
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antibody.F9-C2wasfound to protectthe nasalcavityepithelium.
(TIF)
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