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Early control of viral load by favipiravir
promotes survival to Ebola virus challenge
and prevents cytokine storm in non-human
primates
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Abstract

Ebola virus has been responsible for two major epidemics over the last several years and
there has been a strong effort to find potential treatments that can improve the disease out-
come. Antiviral favipiravir was thus tested on non-human primates infected with Ebola virus.
Half of the treated animals survived the Ebola virus challenge, whereas the infection was
fully lethal for the untreated ones. Moreover, the treated animals that did not survive died
later than the controls. We evaluated the hematological, virological, biochemical, and immu-
nological parameters of the animals and performed proteomic analysis at various timepoints
of the disease. The viral load strongly correlated with dysregulation of the biological func-
tions involved in pathogenesis, notably the inflammatory response, hemostatic functions,
and response to stress. Thus, the management of viral replication in Ebola virus disease is
of crucial importance in preventing the immunopathogenic disorders and septic-like shock
syndrome generally observed in Ebola virus-infected patients.

Author summary

Ebolaviruswasresponsibldor severaépidemicsn therecentyearsandis now consid-
eredasamajor public healthconcernin CentralandWestAfrican countries We and oth-
ersdemonstratedhat pathogenieventobservedluring Ebolavirus diseasarelinked to
adeleteriousmmuneresponseHowever the mechanismémplicatedarenot fully under-
stood.Here,westudiedimmune responsedependingon the viral loadsobservedn
infectedcynomolguanonkeys An antiviral treatmentallowedthe reductionof viral load
in someanimalsandweobservedhat theseanimalsdid not experienceleleterious
immuneresponsandthelossof hemostasisThereleas®f pathogen-associated

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009300 March 29, 2021 1/18


https://orcid.org/0000-0002-8508-5167
https://orcid.org/0000-0002-5205-2262
https://orcid.org/0000-0001-8140-432X
https://orcid.org/0000-0002-5534-5482
https://orcid.org/0000-0002-4241-3255
https://orcid.org/0000-0002-3234-7477
https://doi.org/10.1371/journal.pntd.0009300
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0009300&domain=pdf&date_stamp=2021-04-08
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0009300&domain=pdf&date_stamp=2021-04-08
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0009300&domain=pdf&date_stamp=2021-04-08
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0009300&domain=pdf&date_stamp=2021-04-08
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0009300&domain=pdf&date_stamp=2021-04-08
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0009300&domain=pdf&date_stamp=2021-04-08
https://doi.org/10.1371/journal.pntd.0009300
https://doi.org/10.1371/journal.pntd.0009300
https://doi.org/10.1371/journal.pntd.0009300
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5281/zenodo.4611597
https://doi.org/10.5281/zenodo.4611597

PLOS NEGLECTED TROPICAL DISEASES Viral replication and cytokine storm during Ebola virus infection

Funding:Theauthorsreceivedo specificfunding

for thiswork. molecularpatternsmaythusbelimited by theinhibition of viral replication,avoidingthe
Competingnterests Theauthorshavedeclared pverstlmglatlor_nf theimmune systemand consequentlyhe pathogenieventobserved
thatno competingnterestsexist. in Ebolavirusdisease.

Introduction

WestAfrica sufferedrom the biggesEbolavirus (EBOV)epidemicto datebetweer?014and
2016 resultingin 28,65Zasesind11,325eathsThisledthe WHO to launchafast-trackpro-
cesgo identify potentialdrug treatmentsagainsEBOV.In this context,favipiravirwastested
for its benefitagainsEBOVinfection. A clinicaltrial in thefield showedonly limited efficacy
of thetreatment.However the measureglasmaconcentration®f favipiravir werelowerthan
expectedwhich couldhaveaffectedreatmentefficacy1,2].

The efficacyof favipiraviragainstEBOVinfection hasalsobeenevaluatedn non-human
primates(NHPs),the gold standardmodelfor in vivo pathogenesistudieq3]. Althoughsome
of theexperimentslid not showabenefitfor survival thetime to deathwasatleastdelayed
andassociatedith alowerviral loadthanthatin non-treatedmonkeyg4+6]. Significantsur-
vivalwasobtainedwith intra-venoustreatmentonly. However the reasonwhy the reduction
of virusreplicationdid not allowabetterimprovementof survivalwasnot fully elucidated.

Thepathogenesisf EBOVhasbeenassociatewith defectivémmune responseandthe
releasef numerouscytokineg7+11].A deleteriousole for theimmuneresponséiasbeen
proposedsupportedby the poor outcome whichis associatewith the non-regulatedsynthe-
sisof pro-inflammatoryandanti-inflammatorycytokines chemokinesand cytotoxiccom-
pounds[8,11,12]By contrast,survivorshaveshownwell-balancedmmune responsesyith
transientexpressiorof thesemoleculesThedysregulatedynthesi®f cytokinesn fatalcases
wasdefinedasa?cytokinestorm®andmaybeinvolvedin impairmentof the endothelium,
leadingto the vasculateakagendintravasculacoagulatiorobservedn Ebolavirus disease
(EVD) [13,14].

We studiedthe potentialcorrelationsbetweerthe cytokinesexpressedyutcome andviral
loadto decipherthe mechanisnby which favipiravirandimmune responseaffectthe disease
outcome We usedsamplegrom apreviousexperimenin which threedoseof favipiravir
weretestedon NHPsinfectedwith EBOV ,the two highestdosesesultingin 40and 60%sur-
vival[5]. Biochemicalyirological,andimmunologicalparametersveremeasuredn thefavi-
piravir treated-and untreated-infectedNHPsto establistthe potentialimpactof reducingthe
viral loadon theimmuneresponse.

Methods
Ethicsstatement

Animal experimentseceivedhe agreemenbf the ethicalcommitteeof Rhone-Alpestegis-
teredwith the FrenchMinistry of Researciinumber2017APAFIS#6097+2016¥ 13281115
and CECCAPRC2EA15)andwereperformedin accordancevith the Europearguidelinesor
animalfacilities.

Non-human primate experimentand sampling

Briefly, plasmawastakenfrom 20 cynomolgusnonkeysinfectedwith 1,000FFU of EBOV
(EbolaGabon2001strain) andtreated or not, with favipiravir, either150mg/kgor 180mg/kg
twiceadayfor 14 daysandstartingtwo daysbeforeinfection [5,6]. All non-treatedanimals
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(n = 10)wereeuthanizeetweerdays7 and 10,astheyhadreachedhe pre-determinectlini-
calendpoint(5). FivetreatedanimalswereeuthanizedetweerdayslOand 19 (threeanimals
treatedwith 150mg/kgandtwo with 180mg/kg). Thefive remaininganimalssurviveduntil
the pre-determinecendpointof the experimentat day21 post-infection(two animalstreated
with 150mg/kgandthreeanimalstreatedwith 180mg/kg).One of the treatedanimalswas
euthanizedduring the courseof the protocolbecausef awoundon thelegthat presented
signsof necrosiswith no evidentlink with thetreatmentor the EBOVinfection. It wasthus
removedfrom the studyto avoidinducing abiasin theimmunerespons@bservedasthe end-
point wasnot reachedecausef EBOVinfection.

For flow cytometryexperimentswholeblood from 100f the animalswasused(five
untreatedandfive treatedanimalsjncluding threesurvivors)andfive animalsfrom another
experiment(including onesurvivor)treatedwith 180mg/kgtwiceadayfrom dayOto day14.

Thedataof viral load,IFN , IL6 andTNF presentedn this articlehavebeenpreviously
reportedin Madelainetal,2018[6], but this studyaimsat studyingthe outcomeof the disease,
wethusneededo presentoncemorethe datadependingon our criteria of analysis.

Viral loadsand biochemicaland hematologicalparameters

Viral loadsandviral titersweremeasuredspreviouslydescribed5,6]. Hematologicabnd
biochemicabnalysesvereperformedat eachsamplingpoint usinga PentraC200analyzer
(Horiba) andaMS9-5sHematologyanalyze(Melet Schloesindg.aboratories).

IFN ELISA

CynomolgudFN- 2 wasdetectedy ELISAIn the BSL4laboratoryusingmatchedpairedanti-
bodiesanda protein standard(Life Technologies)accordingto the manufacturer's
instructions.

Cytokine/chemokinemultiplex assays

In the BSL4laboratory, 37 parametersvereassayeth NHP plasmasamplesisingNHP cyto-
kine magnetic-beaganeld andll (Merck). Platesverepreparedaccordingto the manufac-
turer'srecommendationgndreadon aMagpixinstrument(Merck).

Flow cytometry

Freshwholebloodwasstainedwith surfaceantibodies At dayO0, cellswerestainedwith CD3,
CD4,CD8,andCD69(BD Biosciencedpr 30min onicebeforered celllysisandfixation
usinglmmunoprepreagentgBeckamnCoulter).At day3, weobservedhatthefavipiravir
moleculewasfluorescenandemittedin the channelsassociatewith the 405nm laser.Thus,
wewereunableto analyzeéhesesamplegand changedhe panelof antibodiedor the following
pointsto avoiddetectingthe fluorescencef thetreatment.From day5, CD3,CD4,and CD69
wereused(only the CD3fluorochromechangedaindwasusedin placeof CD8).Cellswere
analyzedisinga GalliosanalyzelBeckmanCoulter).

Proteomicanalysis

Plasmaamplegrom days0, 3,and 10(or 9 whendayl10wasnot availablewereused.They
werepreparedandanalyzedaspreviouslydescribed15]. Briefly, plasmasamplesvere
depleteddf albuminandimmunoglobulinsandthenanalyzedisingnanoLC-MS/MS
technology.
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Statisticalanalysis

Correlationsbetweerviral loadand protein expressiomwerecalculatedvith Sigmaplot soft-
wareusingaPearsorproductmomentcorrelation.

All other statisticabnalysesvereperformedusingR 3.6.1softwarg16] andgraphsusing
the R-packagél7].

For the Luminexexperimentsprotein datawereanalyzednly if morethan 20%0f the
NHPshadresultsavailableA first comparisonwasperformedbetweerthe meanproteinlevels
on day0andday?7 for all NHPsusingthe Wilcoxon rank-sumtest.Then, proteinsfor which
theleveldiffered(p  0.10)werecomparedbetweerthreegroups(control, fatal,nonfatal)
usingthe KruskalxWalligest(p  0.05).PrincipalcomponentanalysifPCA)wasperformed
to summarizeheinformation containedin the datafor the retainedproteinsby reducingits
dimensionalityusingthe R-packag¢l18].

For proteomicdata,proteinswith lesshantwo peptidesincluding onespecificpeptide,
andthosedetectedor lesshanfour NHPsat eachtimepoint wereexcluded Spectratountsof
eachprotein werelog2transformedand normalizedusingthe quantilenormalizationmethod
ofthe R-packagél9].

Theviremialevel(VL) on day7 waslog10transformedanddichotomizedinto two groups
(high VL for Log10(VL)> 5andlow VL for Log10(VL) 5).Normalizedspectratountswere
analyzedusinglinear mixed effectmodelswith the R-packag§20]. Two modelswere
comparedusingalikelihoodratio test(LRT),onewith arandomeffectof the NHP andonly a
fixed effectof time andthe secondaddinganinteractionwith the VL groupandtime. The
effectof eachparametemwasanalyzedo determinewhich part of the regressiorwassignifi-
cant.Dueto theinflation of the p-valueof this test,the empiricalp-valuewascalculatedy per-
forming 100,00(permutationsof the analysisisingthe samestrategyeachpermutation
correspondingo reallocationof the VL groupfor eachNHP, without changingthe protein
data,for eachtimepoint.

Variousbiologicalpathwaysveredefinedandthe proportionsof proteinsin thesepathways
for the entire protein panelor thatamongproteinsselectedy the LRT tests(empiricalp-value
without BH correction< 0.05)werecalculatedThetwo proportionswerecomparedusing
Fisher'sexactest.

Results
Viremia and hematologicaland biochemicalparameters

To investigatahe efficiencyof favipiravir antiviral treatmenton EBOVinfection,theviral
loadsweremeasuredn plasmasamplesHematologicahnd biochemicaparametersverealso
of interest.Hepaticandrenalmarkersarehighly upregulatediuring EBOVinfectionstogether
with deeplymphopeniaandthrombocytopeniaThe Cynomolgusmonkeyswerethusclassi-
fied dependingon their statug(untreatedcontrol or favipiravir treated)and outcome(eutha-
nizedduring the courseof the experimentecauséheyreachedhe clinical endpointor
survivingthe disease)Viral loadsandviral titers arepresentedor eachgroup.Viremia
reachedts peakatday7 for controlsandat day10for the treatedanimals(Fig 1A). However,
thetreatedanimalsthat survivedpresentednore heterogenousiral loads,ncluding an ani-
malthat nevershowedletectablénfectiousparticlesdespiteviral RNA wasfound in all plasma
samplesViremiawaslowerwith favipiravirtreatment,aspreviouslydescribed5,6].
Profoundlymphopeniaandthrombocytopeniavereobservedn eachgroup (Fig 1B).In
fatally-infectedanimals Jlymphocytecountsdroppeduntil euthanasiagxceptor afewanimals
for whichtheystartedto risejust beforereachingthe clinicalendpoint.Lymphopeniavasalso
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Fig 1. Virological, hematologial,and biochemical parameters Individual valuesrom control (black,n = 10),
treatedandfatally-infe¢ed (red, n = 4),andtreatedandsurviving(blue,n = 5) animalsweremeasuredluring the
courseof the experimet andarepresentedA. Viral loadsandviral titersweredeterminal by RT-PCRandplaque
assayrespectivelyto determinethe absolutevalueof genomecopiesandinfectiousparticles B. Lymphocye and
plateletcountsweredeterminedusingahematobgicalanalyzemndexpressedsGiga/L (10°/L). C. Theprototypic
hepaticenzymeALP,AST,andALT weredeterminel, alongwith blood ureanitrogen, to evaluatdiver andkidney
function during EVD.

https://abi.org/10.1371durnal.pntdd009300.g001

observedintil day10in the survivors but clearlymphocytosideganfrom dayl12andwasnot
fully resolvedby day21. Thrombocytopenigerfectlymatchedtheviremia,the lowestplatelet
countsbeingobserveditdays7 and 10for untreatedandtreatedanimalsyespectivelyThrom-
bocytosisalsoappearedn survivorsfrom day12.

Biochemicahnalysesvereperformedthroughoutthe experimentHepaticenzymesvere
stronglyexpressedn the lastdaysbeforeeuthanasian the animalsthatdiedfrom theinfec-
tion (Fig 1C).Severabf the control animalsshowedextremelyhigh levelsof thesehepatic
markersin the latestageof the diseasewherea®only oneof the treatedandfatally-infectecdani-
malsexpressegeryhigh levelsof ALP only. On the contrary,survivorsdid not showhigh lev-
elsof theseenzymes.

In addition,severatontrol animalsalsoexpressedigh levelsof plasmaurea,indicating
dehydration kidneyinjury or hemorrhage.

Inflammatory response

Inflammatorymarkersweremeasuredisingamultiplextechnologyexcepffor IFN , which
wastestedby ELISA.All control animalsstronglyexpressetFN andTNF (Fig2A). The
other pro-inflammatorycytokinestestedwereexpressedore heterogeneouslyut increased
markedlyin severahnimalsbeforeeuthanasialhetreatedanimalswith alethalinfectionalso
synthesizegro-inflammatorycytokines put at significantlylowerlevelsandlater (from day7
vsday5 for controls).Theanimalsthat survivedexpressegro-inflammatorycytokinesat
moderatdevelsgxcepffor IL6 and IL18,whichwerenot detectablén mostof the samples
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Fig 2. Inflammatory and anti-infla mmatory mediators.A. Inflammatay solublemediatas weremeasureateach
samplingpoint during the courseof the experimat by Luminexassayr ELISAfor IFN . Theanimalstestedandthe
representabn of thevaluesarethe sameasin Fig 1. Thewhiskerplotspresenthe dispersiorof valuesatday 7. P-
valuesareindicatedfor pairwisecomparisos( p< 0.05; p< 0.01).Ctrl correspondto the control NHPs,fataland
non-fatalcorrespondo treatedNHPs,dependingon the outcome B. Anti-inflammatory solublemediatas were
analyzedindarepresentedsin A.

https://cbi.org/10.137 1djurnal.pntdd009300.g002

testedor atverylow levelsinterestingly,oneanimalhadhigh levelsof TNF , which peakedat
dayl4andremainedhigh until the endof the protocol(day21).
Theanti-inflammatorycytokineslL10 and IL1-RA werealsostronglyexpresseth control
animals(Fig 2B).High amountsweresynthesizedrom day7, conjointly with the pro-inflam-
matorymoleculesTreatedanimalssecretedignificantlylowerlevelsof thesemoleculesWe
observednly slightexpressioron day10in survivors.
Chemokineexpressioralsodependedn the treatmentstatus The control animalssynthe-
sizedsignificantlyhigherlevelsof chemokinesn day7 thanthosethat weretreated excepfor
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Fig 3. Chemokineexpressim. Chemokinsweremeasuredy Luminexassayndtheresultsarepresentedsin Fig 2.
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IL8, whichwasnot stronglyexpresseth mostof the controls.Only threeof tenanimals
showechigh amountsof this protein, but only onesamplewvasavailableon day7 andthus
includedin the groupcomparison(Fig 3). MCP1wasthe only chemokinetestedthat wasmas-
sivelyproducedin all control animals Plasmdevelsf this moleculewerealsoelevatedn the
treatedandfatally-infectedanimalsfrom day10,insteadof day7 in controls.Thosewho sur-
vivedshowedonly apeakatthis timepoint. The otherchemokinegestedwerenot strongly
expresseth thetreatedanimals.

T-cell response

Cytokinesresponsibldor the activation differentiation,and proliferation of ymphocytes
weresignificantlyover-expresseith the final daysbeforedeathin the controls,peakingat day
7 (Fig4A).CD69,amarkerof T-cell activation,non-specifidor the antigen,wasalsotran-
sientlyexpressedt this timepoint. Lowerexpressiorof T-cell cytokinesand CD69wasalso
observedn treatedanimals A delayeccytokinepeakappearean day10in theseanimals,
whereast remainedon day7 for CD69.All cytokinestestedreturnedto basalevelsn the sur-
vivors,excepfor oneanimalthat maintainedIL2 expressiomuntil the end of the experiment.

Cytotoxicmoleculesverealsodifferentiallyexpressetietweercontrol andtreatedanimals
(Fig4B).IFN andGrzBremainedatverylow levelsn thefavipiravir-treatedanimals
throughoutthe courseof the experimentwhereasheywereover-expresseith mostof the
control animals.Theexpressiorf GrzBandsFaslbegarnfrom day7 in the control animals,
makingit impossibleto performasignificanceestatday7, the peakof viremia.However,
sFaslalsotendedto bemore highly releasedh the control animals By contrast perforin was
stronglyexpressedly both groupsbut thetiming of expressiorifferedin the survivors(from
day5 vsday3). Theanimalswho died from the infection expressethcreasingevelsof
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Fig 4. T-cell responseA. Cytokinesinvolvedin the T-cellresponsarepresente@sin Fig 2. Theactivationof T
lymphocytswasevaluatedy flow cytometry.CD69expressionvascalculatd for CD4and CD8 T-cellpopulations.
Resultsarepresentedsfor the LuminexassayB. Solublecytotoxicmoleculesvereassayedndarepresentedisin Fig
2.

https://abi.org/10.1371durnal.pntdd009300.g004

perforin until death.Treatedanimalsshowedsignificantlylowerexpressiorat day7 than con-
trol animals Perforinvaluedor mostof the survivinganimalsreturnedto normal afterthe
peakatday10.Theexpressiorf the co-stimulatorymoleculesCD40LwasalsoevaluatedS1
Fig) andthis moleculetendsto increasen the daysbeforedeathin control animals.
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Fig 5. Correlation betweenviremia and cytokine expressionA. PCA, including resultsfrom all paraméersanalyzednd
for whichmeasurablealuesvereobtained is presentedControl animals(black),treatedanimalswith afatalinfection
(red),andtreatedanimalswho survived(blue)arepresentedndividually. Thetrend for the evolutionof the proteinlevelis
presentedy anarrow.B. Dot plotspresentinghe correlation betweertheviral loadand proteinlevel.Proteinvaluesrom
eachanimalareplottedfor eachtimepoint. Control animalsareindicatedby blackdots,fatally-infeced andtreated
animalsby red dots,andsurvivorsby bluedots.A Pearsorcorrelation coefficientandthe associateg valuewascalculatel
andis presentedn eachplot. C. Proteomicanalyss wasperformed on plasmasampledrom days0, 3,and 10.Proteins
involvedin theinflammatoly pathwayandsignificartly regulatecdbetweergroupandtimepointarerepresentd (ATRN:
Attractin, CD5L:CD5 moleculdike, ILIRAP:IL1 receptoraccessorprotein, KLKB1:Kallikrein BLand KNG1:Kininogen
1). Theevolutionof the protein levelwasplotteddependingon the levelof viremia(left: high viremia,right: low viremia).
Thecolorsof thedotsandlinesareasin B. P valuesverecalculatedlependig on timepoint andgroup (low or high
viremia)andareindicated( p< 0.05; p< 0.01; p< 0.001)Thep valuestatedatdayO of the high-virema group
(left) indicatesthatthe proteinlevelactuallyevolvesiependingon the viremiaand/or thetime point. For the graphof low
viremiagroup(right), the p valueat dayO indicatesthe differenceon day0 betweerthe low- and high-viremiagroups.For
days3and10,thep valuesndicatethe significarceof the changeelativeto day0 insidethe group.

https://da.org/10.1371durnal.pntd009300.g005

Cytokine expressiornis correlatedto viremia

All proteinstestedhat weredetectablén the plasmasamplesvereincludedin aPCA (Fig
5A). Valuesobtainedat day 7 wereused correspondingo the peakof viremiain control ani-
mals.Certainsamplesveremissingfor this timepoint andthe correspondingsubjects
excludedo avoidinducing abias:viremiaandprotein levelsevolveveryquicklyin this phase

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009300 March 29, 2021 9/18



PLOS NEGLECTED TROPICAL DISEASES Viral replication and cytokine storm during Ebola virus infection

of the diseaseControl animalsappearedo beclearlyclusteredwith the treatedanimalssepa-
ratedfrom thembut appearingo bemore heterogeneoud.he cytokinestormwasconsistently
associatewvith uncontrolledviral replication.Moreover the peakof expressiorof thesecyto-
kineswasshiftedfrom day7 in the controlsto day10in thetreatedanimals,aswereviremia
levelsThus,weplottedthe concentrationf the prototypicinflammatoryandanti-inflamma-
tory cytokineschemokineandcytotoxicmoleculelFN /TNF , IL10/IL1RA,MCP1,and
GrzB,respectivelyin the plasmaasafunction of theviral loadfor eachanimalandeachtime-
point (Fig 5B). Theexpressiorof all thesemoleculesignificantlyand positivelycorrelated
with viremia.Cytokinelevelsarethereforecorrelatedwith viral replication.We performeda
proteomicanalysi®f plasmasampledy liquid chromatography-masspectrometryto further
studythe biologicalpathwaysnvolvedin the physiopathologyssociatewith EVD. Three
time pointswerestudied:day0 asabaselindor eachsubjectday3 for earlybiologicalevents,
andday10for theacutephasen fatally-infectedndividuals.Thedirect correlationbetween
viral loadandprotein levelled usto analyzehe proteomicresultsasafunction of viremia.
Animalswerethereforedividedinto two groups:high (Log10> 5)andlow (Logl0 5)vire-
mia, basedn thevalueatday7. All control animalswereobviouslyincludedin the high-vire-
mia group,alongwith threeof four treatedandfatally-infectecanimals.Thefive animalsthat
survivedandthetreatedanimalthat survivedthe longest(until day19),comprisedthe low-
viremiagroup.Sixof 17 proteinsin the inflammatorypathwayweresignificantlydifferentially
expressedependingon thegroup.A heatmapepresentinghe protein expressiorighlights
the heterogeneitpmongsubjectsalongwith differencesn thetrendsin the evolutionof pro-
tein expressiorfS2Fig). The proteinsthat weredifferentiallyexpressedrerepresentedhdivid-
uallyfor eachtimepoint (Fig 5C). Theseproteinsareinvolvedin the regulationof chemotactic
activity (attractin) andthe mechanism®f inflammation (CD5-like molecule) the inhibition of
the pro-inflammatoryeffectof the cytokinelL1 (IL1R accessorprotein),andcoagulationkalli-
krein andkininogen).ThevaluesatdayO did not differ betweerthetwo groups.excepffor
KNG1,whichwasslightlyunder-expresseith the low-viremiagroup. Theregulationof these
proteinswasmostsignificantin the high-viremiagroup.Indeed,the evolutionof the protein
level while significant,did not showa cleartendencyin the low-viremiagroup,but ahighly sig-
nificant drop wasobservedn day10in the plasmeof the high-viremiaanimals.

Pathogeniceffectsand tissuedamagedependon the viral load

Proteomicanalysi®f plasmarevealedhe modulationof pathwayghat could explaincertain
pathologicakventdn EVD. First,the coagulatiorpathwaytendedto bedifferentiallyregu-
lated,dependingon thelevelof viremia. The heatmapshowsthe expressiorof the coagulation
factorsto bequite homogeneoubetweeranimalswhich tendedto begloballydown-regulated
whenviremiawashigh (S3Fig). Tenof 29 proteinsweresignificantlydifferentiallyexpressed
in this pathwayValueson dayO0 did not differ betweerthetwo groups,exceptfor KNG1and
thefibrinogengammachain (FGG),whichwereslightlyunderand over-expressedespec-
tively,in the low-viremiagroup (Fig 6A). On day3,the evolutionof expressiowashighly het-
erogeneoufor certainproteins,perhapsecausef differencesn thetime of response
dependingon theindividual. However the levelsof mostof theseproteinsweresignificantly
anddramaticallyalteredin high-viremiasubjectsn the latephaseof the diseaseThelevel
droppedfor eightof ten of the proteins.Thetwo remainingproteins,coagulatiorfactorV (F5)
and FGG(fibrinogengammachain)whereinsteadupregulatedThelevelsof coagulatiorfac-
torswerealsosignificantlymodified,but more moderatelyjn low-viremiasamples.

In addition, the complemenipathwayappearedo behighly alteredduring the disease.
Proteinsinvolvedin this pathwayweregloballydifferentiallyregulateddependingon the
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Fig 6. Dysregulaton of pathwaysinvolved in homeostasisA. Thecoagulatiorpathwaywasstudiedbasedn the
resultsof the proteomicanalysisTheproteinssignificartly reguldedin this pathwayarerepresenteasin Fig5C (F5:
Coaguléion factorV, HRG:Histidine Rich Glycopotein, F13B:Coaguléion factorXlll B chain,SERPINC1Serpin
family C memberl, KLKB1:Kallikrein B1,SERPINLL: Serpinfamily D memberl, KNG1:Kininogenl, PROC:
Anticoagulant protein C, PROZ:ProteinZ and FGG:Fibrinogengammachain).B. Thecomplemat pathwaywasalso
analyzedandtheresultsarepresentedsin Fig5C (C1QB:ComplenentC1gB chain,C1QC:Complemeat C1qC chain,
MBL2:MannoseBinding Lectin2, C7:ComplenentC7,MASP2:MBL-assocatedserineprotease?, C1QA:
ComplenentC1gA chain,CR1:Complemat ReceptoiTypel, MASP1:MBL-assodtedserineproteasel, CR2:
ComplementReceptotype2 andC1RL:ComplenentC1rsubcomponet like). C. Heat-shek proteinsthatwere
significartly regulatedn the stress-resp@epathwayarerepresentd asin Fig5C (HSPA4:HeatShock70kDaProtein4
andHSP90AR: HeatShockProtein90kDaProteinl beta).

https://dbi.org/10.137Aournal.pntd009300.g006

levelof viremia(p = 9.6x10" by the permutationscalculation) Expressiorof the complement
factorswasdramaticallydownregulatedn the animalswith uncontrolledviremia(S4AFig).
Thelevelsof proteinsthat weresignificantlydifferentiallyexpressedid not differ on day0
betweerthetwo groups,excepffor MASP1(mannanbinding lectin serinepeptidasel),
whichwasslightlyunder-expresseith the low-viremiagroup (Fig 6B). Thelevelsof all but
oneprotein showeda highly significantdrop on day10in the subjectith ahighviral load.
Their expressiorin the low-viremiagroup,while significantlymodified,did not evolvewith a
distinguishabldrend. The exceptionwascomplementomponent? (C7),whichtendedto be
regulatedonly in this group,with overexpressioatday10,but not in the high-viremia
subjects.

Finally,weexaminedhe stresgesponsg@athwaylndeed,the proteinsinvolvedin this
pathwaytendedto beupregulatedmoreintensivelyin highly viremic animalsthanthosein
the othergroup (S4BFig). Two heat-shoclproteinsweresignificantlydifferentiallyexpressed
by the permutationscalculationand weresignificantlyupregulatediuring the latephaseof the
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diseasén high-viremiaanimalswhereashis changenaslesspronouncedandnon-significant
in the otheranimals(Fig 6C).

Discussion

Here,westudiedthe hostresponseluring EBOVinfectionin NHPsaccordingto favipiravir
treatmentand outcometo understanchow suchtreatmentmodulateghe pathogenesisf
EVD. Previousstudiesshowedhat patientswho succumbto EVD presentdramaticand
relentlesslyncreasingyviral loadstogetherwith anexacerbatedeleas®f solubleimmune
mediators By contrast,survivorsbenefitfrom lowerviral replicationandabalancedmmune
responsei)lustratedby earlyandwell-regulatedexpressiorf cytokinesandchemokines
[7,8,10+£12,21+23].

We confirm thatfatalEVD is associateith the massiveeleas®f inflammatoryand anti-
inflammatorycytokinesand chemokinesteminiscentof septic-shoclsyndrome This dysre-
gulatedinflammatoryresponses directly responsibldor someif not mostof the pathological
eventghat characterizéatal EVD, suchasvasculateakagend multiorganfailure[13,24].We
thereforeobservedigh variability on somecytokineexpressions control animals IL8 for
exampleThis couldbedueto the endpointof the experimentsomeof the animalscould have
beeneuthanizedecausef their clinical statushut just beforethe intensereleas®f cytokines
that precedesleath.We alsoshowthat severdeVD is accompaniedy theintensereleasef T-
cellandcytotoxiccell-relateccytokinesand solublefactors.This observatiorindicatesthat a
cellularimmuneresponseés inducedbut failsto control viral replicationand suggestthat
immunopathogenesiknkedto T cellsand cytotoxiccellscancontributeto EVD. Similar
resultshavebeenreportedduring severdeVD in humang[11,25,26].

Favipiravirtreatmentof NHPsleadgo asignificantdecreasé theviral load,evenin ani-
malsthat succumbedo the diseasdn thesdatteranimalsthetime of survivalwasneverthe-
lessextendedaccordingto thedropin viral load[6]. In our study,the levelsof soluble
mediatorsrelatedto inflammatoryand T-cellresponsesorrelatedwith viral loads.These
resultsdemonstratehat reductionof the viral load by favipiravir treatmentcorrelatedwith
decreasedytokine/chemokineeleaseHalf of the treatedanimalssurvivedacuteEVD,
whereasll untreatedanimalssuccumbedActing on viral replicationandthe resultingcyto-
kine/chemokinestormis thuscrucialfor decreasinghe severityof EVD. As previously
described11], aprobablehypothesigo explainthe pathogenicascadéuring EVD is thatthe
absencef theearlycontrol of viral replicationleadsto systemicspreadingandanexplosive
increasen viral load.Dueto the pantropismof EBOV,massiveviral replicationoccurs result-
ing in the considerableeleas®f pathogen-associalenolecularpatterns(PAMPS),suchas
viral RNA andEBOV glycoprotein.Thereleased® AMPstheninduceintenseactivationof
inflammatorycellswith thereleas®f solublemediatorswhichin turn provokemostof the
damageandorganfailure characteristiof EVD. Favipiraviris aninhibitor of viral RNA poly-
merasg27], wethushypothesizehatit decreasethe viral loadandlimits theflood of PAMPs
andasaconsequenceheintensityof the hostresponseéo PAMPSs resultingin lowerinflam-
matoryresponseandreducedpathologyasobservedn patientsthat naturallypreseniower
symptomsandrecove{28]. Thelowerlevelof markersrelatedto hepaticandrenalfailure
detectedn favipiravir-treatedNHPs,eventhosewho died, thanin untreatedanimalsarecon-
sistentwith this hypothesisMoreover,proteomicanalysisighlightedthe downregulationof
proteinsinvolvedin the regulationof theinflammatoryresponsdattractin,ILLRAP,CD5L)in
theanimalswith the highestviremia.Overall thesedatashowthat the cytokine/chemokire
storm correlatesith the excessiveiral load.However theimprovementof clinicaland
inflammatoryparametersvasnot sufficientto allowall animalsto recoverfrom acuteEVD. In
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contrastto the levelsof inflammatoryresponse-relateshediatorswhich uniformly decreased
afterfavipiravirtreatment,T-celland cytotoxicresponse-relatesharkerswereonly partially
affectedn thetreatedanimalsIndeed whereasctivationof CD4" T cellsandthelevelsof IL-
15,IFN , GrzB,andsFaslsubstantiallydropped,thelevelsof IL-2, IL-4, and perforin andthe
percentagef activatedCD8" T cellswereonly partiallydiminishedin favipiravir-treatedani-
mals.If this cellularresponsélaysarole in the pathogenesisf EVD, its persistencaftertreat-
mentmaypartially explaintheincompleteefficacyof favipiravir. Interestingly the expression
of solubleCD40Lobservedn humansin thelatephaseof the diseaséasbeenassociatewith
recovery[11,14].lt isimplicatedin CD4T cellresponsdout wasnot evidentin our study(S1
Fig).A veryslightexpressionvasobservedn the acutephaseof thediseasén control animals.
Thisdiscrepancyetweerhumansand NHP couldbeof interestto investigate.

Althoughthe pathogenidisordersweretightly linked to theinflammatoryresponsethe
additiveeffectof dysregulatiorof the coagulatiorand complementpathwaysndtheresponse
to stressmustbeconsideredA closerelationshipbetweerinflammationand coagulatiorhas
beenreportedandmayprovidethe environmentresponsibldor the disseminatedntravascu-
lar coagulatiorobservedn EVD [29,30].In particular,weobservedhe downregulationof
HRG,aproteinthat caninteractwith numerouscoagulatiorfactors.This proteinis degraded
in the contextof intravasculaimmunothrombi [31] andits losshaspreviouslybeendescribed
to beastrongmarkerof sepsi§32]. Not only is the complementpathwayinvolvedin the path-
ogenesisf EBOVthroughantibody-dependentnhancementADE) [33,34],it isalso
involvedin the severityof otherviral infectionsandinhibition of the T-cellresponsg35].
Indeed the complemeniand coagulatiorpathwaysanactivateeachotherandareclosely
related[36]. Thelossof proteinsfrom the complemenipathwayin plasmasamplesnaybea
signof their participationin the pathologicakventobservedn EVD. Of note, MBL protein,
which canbind to EBOVglycoproteinwasalsodownregulatedlt hasbheenshownto beaneu-
tralizing protein for EBOV,aswell asbeingresponsibldor the enhancementf infectionin
the contextof low complemen{37,38].Interestingly low MBL levelsarealsoassociate@ith
sepsisyndrome[39], addinganewargumentin supportof asepsis-likessyndromein severe
EVD casedFinally,heat-shoclproteinshavealsobeenimplicatedin EVD. It wasthussug-
gestedhattheinhibition of HSP90mayreduceEBOVreplication[40]. Here,weobservedtle-
vatedlevelsof this proteinin the acutephaseof the diseasethis could suggesadeleterious
contribution to the outcome HSP70appeardo beableto stimulatetheimmune systenvia
TLRsandits upregulationmaythusparticipatein inflammatorydisorderg41]. Our datadem-
onstrateglobaldysregulatiorof the biologicalfunctionscloselyrelatedto innateimmunity
andinflammation,contributing to thelossof hemostasis.

SeveralreatmentsagainstEBOV havebeenproposedNeutralizingantibodiegNabs)
weresuccessfulljestedn NHPsandsometo alesseextent,in humans[42+44].Theanti-
bodycocktailREGN-EBGhasbeenapprovedoy the FDA in October2020;t reducesnortal-
ity ratefrom 51%to 34%.Severaantiviral moleculessuchasfavipiravir, havealsoshown
someefficacyin reducingmortality in NHPs[5,45]but failedto demonstratearesounding
benefitin clinicaltrials[2,42].Becausef evidentethicalreasonsthe protocolsconducted
with NHPscomprisefewanimalsandthe mortality observeds to be consideredwith reser-
vationbecausef the euthanasiaf animalswith acutesyndrome Theresultsobservedn
studiessuchasthe oneweanalyzechereis howeveweryinformativein the understandingof
the parametersnvolvedin the outcomeandin the evaluationof treatmentefficiency Fur-
ther studieswould beneededo improvethe doseregimenandthekinetic of treatment[6].
Indeed patientswho cameto seekcareduring the epidemicgrobablyarrivedtoo lateafter
symptomonsetwith alreadya massiveviral load,to allowthe antiviral drugsandNAbsto
significantlycounteracthe progressiorof the diseaseindeed the drugstestedwerealways
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muchmore efficienton patientswith low viral loadsbut their efficiencydramatically
droppedwhenadministeringis delayedafterdiseas®nset[42,46].For patientsin the acute
phaseof the diseasatadmissiont would probablybemore efficientto acton both viral load
anddeleterioushostresponsg22,46+48]Thedrop of lethalityobservediuring the 2014+
2016WestAfrican EBOVoutbreakin EVD patientshospitalizedn intensivecareunitsin
northern countries(18%)relativeto that of patientscaredfor in EbolaTreatmentCentersin
the epidemicarea(63%)demonstratehe beneficiakole of supportivecareandthus,is con-
sistentwith the therapeuticvalueof hostresponsenitigation [49,50].In patientswith apoor
prognosisEVD is accompaniedy a cytokinestorm evocativeof septicshocksyndrome
[11,51,52]Combinedtherapyaimingto reduceboth theintensity of the dysregulated
inflammatoryresponsendthe viral loadwould probablyhelp patientsto recoverfrom
EVD. Thelongersurvivalobservedor patientstreatedwith favipiravirduring the clinical
trial [53] isin accordancevith our findingsin NHPs.This observatiorindicateshat antivi-
ral treatmentswould probablynot besufficientto cureahighly acuteinfection suchaseVvD,
atleastin the epidemicsetting,wheninitiated afterdiseas®nset.Treatmentcombiningthe
administrationof anantiviral, supportivecare ,andthe mitigation of pathogenidost
responseprobablyrepresentshe keyto curing EBOVinfection.

Supporting information

S1Fig. Expressionof soluble CD40L.sCD40Lwasmeasuredteachsamplingpoint during
the courseof the experimentoy LuminexassayTheanimalstestedandthe representatiorof
thevaluesarethe sameasin Fig 1.

(PDF)

S2Fig. Heatmaprepresentingthe individual valuesof all proteins from the inflammatory
pathway.Peptidesarerankedbasedn the significanceof the regulationof the protein,
accordingto groupandthetimepoint. Thecolorindicatesthe evolutionof the proteinlevel:
red correspondgo upregulationandblueto downregulation.

(PDF)

S3Fig. Heatmaprepresentingthe individual valuesof the proteinsinvolvedin the coagula-
tion pathway.Thedatais presentedsin S2Fig.
(PDF)

S4Fig. Heatmapsrepresentingthe individual valuesof the proteins involvedin the com-
plementpathwayandin the responseo stress A. Heatmaprepresentinghe levelof proteins
from thecomplemenipathway B. Representatioof the stress-respongeathway Therepre-
sentationandcolorsfor thetwo heatmapsreasin S2Fig.

(PDF)
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