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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

Ebolaviruswasresponsiblefor severalepidemicsin therecentyearsandisnowconsid-
eredasamajorpublichealthconcernin CentralandWestAfrican countries.Weandoth-
ersdemonstratedthatpathogeniceventsobservedduring Ebolavirusdiseasearelinked to
adeleteriousimmuneresponse.However,themechanismsimplicatedarenot fully under-
stood.Here,westudiedimmuneresponsesdependingon theviral loadsobservedin
infectedcynomolgusmonkeys.An antiviral treatmentallowedthereductionof viral load
in someanimalsandweobservedthat theseanimalsdid not experiencedeleterious
immuneresponseandthelossof hemostasis.Thereleaseof pathogen-associated
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molecularpatternsmaythusbelimited by theinhibition of viral replication,avoidingthe
overstimulationof theimmunesystemandconsequentlythepathogeniceventsobserved
in Ebolavirusdisease.

Introduction
WestAfrica sufferedfrom thebiggestEbolavirus(EBOV)epidemicto datebetween2014and
2016,resultingin 28,652casesand11,325deaths.This ledtheWHO to launchafast-trackpro-
cessto identify potentialdrug treatmentsagainstEBOV.In thiscontext,favipiravirwastested
for its benefitagainstEBOVinfection.A clinical trial in thefield showedonly limited efficacy
of thetreatment.However,themeasuredplasmaconcentrationsof favipiravirwerelowerthan
expected,whichcouldhaveaffectedtreatmentefficacy[1,2].

Theefficacyof favipiraviragainstEBOVinfectionhasalsobeenevaluatedin non-human
primates(NHPs),thegoldstandardmodelfor in vivopathogenesisstudies[3]. Althoughsome
of theexperimentsdid not showabenefitfor survival,thetime to deathwasat leastdelayed
andassociatedwith alowerviral loadthanthat in non-treatedmonkeys[4±6].Significantsur-
vivalwasobtainedwith intra-venoustreatmentonly.However,thereasonwhythereduction
of virusreplicationdid not allowabetterimprovementof survivalwasnot fully elucidated.

Thepathogenesisof EBOVhasbeenassociatedwith defectiveimmuneresponsesandthe
releaseof numerouscytokines[7±11].A deleteriousrole for theimmuneresponsehasbeen
proposed,supportedby thepooroutcome,which isassociatedwith thenon-regulatedsynthe-
sisof pro-inflammatoryandanti-inflammatorycytokines,chemokines,andcytotoxiccom-
pounds[8,11,12].Bycontrast,survivorshaveshownwell-balancedimmuneresponses,with
transientexpressionof thesemolecules.Thedysregulatedsynthesisof cytokinesin fatalcases
wasdefinedasaªcytokinestormºandmaybeinvolvedin impairmentof theendothelium,
leadingto thevascularleakageandintravascularcoagulationobservedin Ebolavirusdisease
(EVD) [13,14].

Westudiedthepotentialcorrelationsbetweenthecytokinesexpressed,outcome,andviral
loadto decipherthemechanismbywhichfavipiravirandimmuneresponsesaffectthedisease
outcome.Weusedsamplesfrom apreviousexperimentin whichthreedosesof favipiravir
weretestedon NHPsinfectedwith EBOV,thetwo highestdosesresultingin 40and60%sur-
vival[5]. Biochemical,virological,andimmunologicalparametersweremeasuredin thefavi-
piravir treated-anduntreated-infectedNHPsto establishthepotentialimpactof reducingthe
viral loadon theimmuneresponse.

Methods

Ethicsstatement
Animal experimentsreceivedtheagreementof theethicalcommitteeof Rhone-Alpes,regis-
teredwith theFrenchMinistry of Research(number2017APAFIS#6097±2016062713281115
andCECCAPPC2EA15)andwereperformedin accordancewith theEuropeanguidelinesfor
animalfacilities.

Non-humanprimate experimentandsampling
Briefly,plasmawastakenfrom 20cynomolgusmonkeysinfectedwith 1,000FFUof EBOV
(EbolaGabon2001strain)andtreated,or not, with favipiravir,either150mg/kgor 180mg/kg
twiceadayfor 14daysandstartingtwo daysbeforeinfection[5,6].All non-treatedanimals
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(n = 10)wereeuthanizedbetweendays7 and10,astheyhadreachedthepre-determinedclini-
calendpoint(5).Fivetreatedanimalswereeuthanizedbetweendays10and19(threeanimals
treatedwith 150mg/kgandtwo with 180mg/kg).Thefiveremaininganimalssurviveduntil
thepre-determinedendpointof theexperiment,atday21post-infection(two animalstreated
with 150mg/kgandthreeanimalstreatedwith 180mg/kg).Oneof thetreatedanimalswas
euthanizedduring thecourseof theprotocolbecauseof awoundon thelegthatpresented
signsof necrosiswith no evidentlink with thetreatmentor theEBOVinfection.It wasthus
removedfrom thestudyto avoidinducingabiasin theimmuneresponseobserved,astheend-
point wasnot reachedbecauseof EBOVinfection.

For flow cytometryexperiments,wholebloodfrom 10of theanimalswasused(five
untreatedandfivetreatedanimals,including threesurvivors)andfiveanimalsfrom another
experiment(including onesurvivor)treatedwith 180mg/kgtwiceadayfrom day0 to day14.

Thedataof viral load,IFN��, IL6 andTNF�� presentedin thisarticlehavebeenpreviously
reportedin Madelainetal,2018[6], but thisstudyaimsatstudyingtheoutcomeof thedisease,
wethusneededto presentoncemorethedatadependingon our criteriaof analysis.

Viral loadsandbiochemicalandhematologicalparameters
Viral loadsandviral titersweremeasuredaspreviouslydescribed[5,6].Hematologicaland
biochemicalanalyseswereperformedateachsamplingpoint usingaPentraC200analyzer
(Horiba) andaMS9-5sHematologyanalyzer(MeletSchloesingLaboratories).

IFN�� ELISA
CynomolgusIFN-��2 wasdetectedbyELISAin theBSL4laboratoryusingmatchedpairedanti-
bodiesandaproteinstandard(Life Technologies),accordingto themanufacturer's
instructions.

Cytokine/chemokinemultiplex assays
In theBSL4laboratory,37parameterswereassayedin NHP plasmasamplesusingNHP cyto-
kinemagnetic-beadpanelsI andII (Merck).Plateswerepreparedaccordingto themanufac-
turer'srecommendationsandreadon aMagpixinstrument(Merck).

Flow cytometry
Freshwholebloodwasstainedwith surfaceantibodies.At day0,cellswerestainedwith CD3,
CD4,CD8,andCD69(BD Biosciences)for 30min on icebeforeredcelllysisandfixation
usingImmunoprepreagents(BeckamnCoulter).At day3,weobservedthat thefavipiravir
moleculewasfluorescentandemittedin thechannelsassociatedwith the405nm laser.Thus,
wewereunableto analyzethesesamplesandchangedthepanelof antibodiesfor thefollowing
pointsto avoiddetectingthefluorescenceof thetreatment.Fromday5,CD3,CD4,andCD69
wereused(only theCD3fluorochromechangedandwasusedin placeof CD8).Cellswere
analyzedusingaGalliosanalyzer(BeckmanCoulter).

Proteomicanalysis
Plasmasamplesfrom days0,3,and10(or 9 whenday10wasnot available)wereused.They
werepreparedandanalyzedaspreviouslydescribed[15]. Briefly,plasmasampleswere
depletedof albuminandimmunoglobulinsandthenanalyzedusingnanoLC-MS/MS
technology.
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Statisticalanalysis
Correlationsbetweenviral loadandproteinexpressionwerecalculatedwith Sigmaplot soft-
wareusingaPearsonproductmomentcorrelation.

All otherstatisticalanalyseswereperformedusingR3.6.1software[16] andgraphsusing
the������� R-package[17].

For theLuminexexperiments,proteindatawereanalyzedonly if morethan20%of the
NHPshadresultsavailable.A first comparisonwasperformedbetweenthemeanprotein levels
on day0 andday7 for all NHPsusingtheWilcoxonrank-sumtest.Then,proteinsfor which
theleveldiffered(p � 0.10)werecomparedbetweenthreegroups(control, fatal,nonfatal)
usingtheKruskal±Wallistest(p � 0.05).Principalcomponentanalysis(PCA)wasperformed
to summarizetheinformation containedin thedatafor theretainedproteinsby reducingits
dimensionalityusingthe��	��
��� R-package[18].

Forproteomicdata,proteinswith lessthantwo peptides,includingonespecificpeptide,
andthosedetectedfor lessthanfour NHPsateachtimepoint wereexcluded.Spectralcountsof
eachproteinwerelog2transformedandnormalizedusingthequantilenormalizationmethod
of the����� R-package[19].

Theviremialevel(VL) on day7waslog10transformedanddichotomizedinto two groups
(high VL for Log10(VL)> 5 andlow VL for Log10(VL)� 5).Normalizedspectralcountswere
analyzedusinglinearmixedeffectmodelswith the��� R-package[20]. Two modelswere
comparedusingalikelihoodratio test(LRT),onewith arandomeffectof theNHP andonly a
fixedeffectof time andthesecondaddinganinteractionwith theVL groupandtime.The
effectof eachparameterwasanalyzedto determinewhichpartof theregressionwassignifi-
cant.Dueto theinflation of thep-valueof this test,theempiricalp-valuewascalculatedbyper-
forming 100,000permutationsof theanalysisusingthesamestrategy,eachpermutation
correspondingto reallocationof theVL groupfor eachNHP,without changingtheprotein
data,for eachtimepoint.

Variousbiologicalpathwaysweredefinedandtheproportionsof proteinsin thesepathways
for theentireproteinpanelor thatamongproteinsselectedby theLRTtests(empiricalp-value
without BH correction< 0.05)werecalculated.Thetwo proportionswerecomparedusing
Fisher'sexacttest.

Results

Viremia andhematologicalandbiochemicalparameters
To investigatetheefficiencyof favipiravirantiviral treatmenton EBOVinfection,theviral
loadsweremeasuredin plasmasamples.Hematologicalandbiochemicalparameterswerealso
of interest.Hepaticandrenalmarkersarehighlyupregulatedduring EBOVinfectionstogether
with deeplymphopeniaandthrombocytopenia.TheCynomolgusmonkeyswerethusclassi-
fieddependingon their status(untreatedcontrol or favipiravir treated)andoutcome(eutha-
nizedduring thecourseof theexperimentbecausetheyreachedtheclinicalendpointor
survivingthedisease).Viral loadsandviral titersarepresentedfor eachgroup.Viremia
reachedits peakatday7 for controlsandatday10for thetreatedanimals(Fig1A).However,
thetreatedanimalsthatsurvivedpresentedmoreheterogenousviral loads,includinganani-
mal thatnevershoweddetectableinfectiousparticlesdespiteviral RNA wasfound in all plasma
samples.Viremiawaslowerwith favipiravir treatment,aspreviouslydescribed[5,6].

Profoundlymphopeniaandthrombocytopeniawereobservedin eachgroup(Fig1B).In
fatally-infectedanimals,lymphocytecountsdroppeduntil euthanasia,exceptfor afewanimals
for whichtheystartedto risejustbeforereachingtheclinicalendpoint.Lymphopeniawasalso
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observeduntil day10in thesurvivors,but clearlymphocytosisbeganfrom day12andwasnot
fully resolvedbyday21.Thrombocytopeniaperfectlymatchedtheviremia,thelowestplatelet
countsbeingobservedatdays7and10for untreatedandtreatedanimals,respectively.Throm-
bocytosisalsoappearedin survivorsfrom day12.

Biochemicalanalyseswereperformedthroughouttheexperiment.Hepaticenzymeswere
stronglyexpressedon thelastdaysbeforeeuthanasiain theanimalsthatdiedfrom theinfec-
tion (Fig1C).Severalof thecontrol animalsshowedextremelyhigh levelsof thesehepatic
markersin thelatestageof thedisease,whereasonly oneof thetreatedandfatally-infectedani-
malsexpressedveryhigh levelsof ALPonly.On thecontrary,survivorsdid not showhigh lev-
elsof theseenzymes.

In addition,severalcontrol animalsalsoexpressedhigh levelsof plasmaurea,indicating
dehydration,kidneyinjury or hemorrhage.

Inflammatory response
Inflammatorymarkersweremeasuredusingamultiplex technology,exceptfor IFN��, which
wastestedbyELISA.All control animalsstronglyexpressedIFN�� andTNF�� (Fig2A).The
otherpro-inflammatorycytokinestestedwereexpressedmoreheterogeneouslybut increased
markedlyin severalanimalsbeforeeuthanasia.Thetreatedanimalswith alethalinfectionalso
synthesizedpro-inflammatorycytokines,but atsignificantlylowerlevelsandlater(from day7
vsday5 for controls).Theanimalsthatsurvivedexpressedpro-inflammatorycytokinesat
moderatelevels,exceptfor IL6 andIL18,whichwerenot detectablein mostof thesamples

Fig 1. Virological, hematological,andbiochemicalparameters. Individual valuesfrom control (black,n = 10),
treatedandfatally-infected(red,n = 4),andtreatedandsurviving(blue,n = 5) animalsweremeasuredduring the
courseof theexperiment andarepresented.A. Viral loadsandviral titersweredetermined byRT-PCRandplaque
assay,respectively,to determinetheabsolutevaluesof genomecopiesandinfectiousparticles.B.Lymphocyteand
plateletcountsweredeterminedusingahematologicalanalyzerandexpressedasGiga/L(109/L). C.Theprototypic
hepaticenzymesALP,AST,andALT weredetermined, alongwith bloodureanitrogen, to evaluateliver andkidney
function during EVD.

https://doi.org/10.1371/journal.pntd.0009300.g001
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testedor atverylow levels.Interestingly,oneanimalhadhigh levelsof TNF��, whichpeakedat
day14andremainedhighuntil theendof theprotocol(day21).

Theanti-inflammatorycytokinesIL10andIL1-RA werealsostronglyexpressedin control
animals(Fig2B).High amountsweresynthesizedfrom day7,conjointly with thepro-inflam-
matorymolecules.Treatedanimalssecretedsignificantlylowerlevelsof thesemolecules.We
observedonly slightexpressionon day10in survivors.

Chemokineexpressionalsodependedon thetreatmentstatus.Thecontrol animalssynthe-
sizedsignificantlyhigherlevelsof chemokineson day7 thanthosethatweretreated,exceptfor

Fig 2. Inflammatory andanti-infla mmatory mediators.A. Inflammatory solublemediatorsweremeasuredateach
samplingpoint during thecourseof theexperiment byLuminexassayor ELISAfor IFN��. Theanimalstestedandthe
representation of thevaluesarethesameasin Fig1.Thewhiskerplotspresentthedispersionof valuesatday7.P-
valuesareindicatedfor pairwisecomparisons(� p < 0.05;� � p < 0.01).Ctrl correspondsto thecontrolNHPs,fataland
non-fatalcorrespondto treatedNHPs,dependingon theoutcome.B.Anti-inflammatorysolublemediatorswere
analyzedandarepresentedasin A.

https://doi.org/10.1371/journal.pntd.0009300.g002
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IL8, whichwasnot stronglyexpressedin mostof thecontrols.Only threeof tenanimals
showedhighamountsof thisprotein,but only onesamplewasavailableon day7 andthus
includedin thegroupcomparison(Fig3).MCP1wastheonly chemokinetestedthatwasmas-
sivelyproducedin all control animals.Plasmalevelsof thismoleculewerealsoelevatedin the
treatedandfatally-infectedanimalsfrom day10,insteadof day7 in controls.Thosewhosur-
vivedshowedonly apeakat this timepoint.Theotherchemokinestestedwerenot strongly
expressedin thetreatedanimals.

T-cell response
Cytokinesresponsiblefor theactivation,differentiation,andproliferationof lymphocytes
weresignificantlyover-expressedin thefinal daysbeforedeathin thecontrols,peakingatday
7 (Fig4A).CD69,amarkerof T-cellactivation,non-specificfor theantigen,wasalsotran-
sientlyexpressedat this timepoint.Lowerexpressionof T-cellcytokinesandCD69wasalso
observedin treatedanimals.A delayedcytokinepeakappearedon day10in theseanimals,
whereasit remainedon day7 for CD69.All cytokinestestedreturnedto basallevelsin thesur-
vivors,exceptfor oneanimalthatmaintainedIL2 expressionuntil theendof theexperiment.

Cytotoxicmoleculeswerealsodifferentiallyexpressedbetweencontrol andtreatedanimals
(Fig4B).IFN� andGrzBremainedatverylow levelsin thefavipiravir-treatedanimals
throughoutthecourseof theexperiment,whereastheywereover-expressedin mostof the
control animals.Theexpressionof GrzBandsFasLbeganfrom day7 in thecontrol animals,
makingit impossibleto performasignificancetestatday7,thepeakof viremia.However,
sFasLalsotendedto bemorehighly releasedin thecontrol animals.Bycontrast,perforin was
stronglyexpressedbybothgroupsbut thetiming of expressiondifferedin thesurvivors(from
day5 vsday3).Theanimalswhodiedfrom theinfectionexpressedincreasinglevelsof

Fig 3. Chemokineexpression. ChemokinesweremeasuredbyLuminexassayandtheresultsarepresentedasin Fig2.

https://doi.org/10.1371/journal.pntd.0009300.g003
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perforin until death.Treatedanimalsshowedsignificantlylowerexpressionatday7 thancon-
trol animals.Perforinvaluesfor mostof thesurvivinganimalsreturnedto normalafterthe
peakatday10.Theexpressionof theco-stimulatorymoleculesCD40Lwasalsoevaluated(S1
Fig)andthismoleculetendsto increasein thedaysbeforedeathin control animals.

Fig 4. T-cell response.A. Cytokinesinvolvedin theT-cellresponsearepresentedasin Fig2.Theactivationof T
lymphocyteswasevaluatedby flow cytometry.CD69expressionwascalculated for CD4andCD8T-cellpopulations.
Resultsarepresentedasfor theLuminexassay.B.Solublecytotoxicmoleculeswereassayedandarepresentedasin Fig
2.

https://doi.org/10.1371/journal.pntd.0009300.g004
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Cytokineexpressionis correlatedto viremia
All proteinstestedthatweredetectablein theplasmasampleswereincludedin aPCA(Fig
5A).Valuesobtainedatday7wereused,correspondingto thepeakof viremiain control ani-
mals.Certainsamplesweremissingfor this timepoint andthecorrespondingsubjects
excludedto avoidinducingabias:viremiaandprotein levelsevolveveryquickly in thisphase

Fig 5. Correlation betweenviremia andcytokineexpression.A. PCA,includingresultsfrom all parametersanalyzedand
for whichmeasurablevalueswereobtained, ispresented.Control animals(black),treatedanimalswith afatalinfection
(red),andtreatedanimalswhosurvived(blue)arepresentedindividually.Thetrendfor theevolutionof theprotein levelis
presentedbyanarrow.B.Dot plotspresentingthecorrelation betweentheviral loadandprotein level.Proteinvaluesfrom
eachanimalareplottedfor eachtimepoint. Control animalsareindicatedbyblackdots,fatally-infectedandtreated
animalsby reddots,andsurvivorsbybluedots.A Pearsoncorrelation coefficientandtheassociatedp valuewascalculated
andispresentedin eachplot.C.Proteomicanalysiswasperformed on plasmasamplesfrom days0,3,and10.Proteins
involvedin theinflammatory pathwayandsignificantly regulatedbetweengroupandtimepointarerepresented (ATRN:
Attractin,CD5L:CD5moleculelike, IL1RAP:IL1 receptoraccessoryprotein,KLKB1:Kallikrein B1andKNG1:Kininogen
1).Theevolutionof theprotein levelwasplotteddependingon thelevelof viremia(left:highviremia,right: low viremia).
Thecolorsof thedotsandlinesareasin B.Pvalueswerecalculateddependingon timepoint andgroup(low or high
viremia)andareindicated(� p < 0.05;� � p < 0.01;� � � p < 0.001).Thep valuestatedatday0of thehigh-viremia group
(left) indicatesthat theprotein levelactuallyevolvesdependingon theviremiaand/or thetime point. For thegraphof low
viremiagroup(right), thep valueatday0 indicatesthedifferenceon day0betweenthelow- andhigh-viremiagroups.For
days3and10,thep valuesindicatethesignificanceof thechangerelativeto day0 insidethegroup.

https://doi.org/10.1371/journal.pntd.0009300.g005
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of thedisease.Control animalsappearedto beclearlyclustered,with thetreatedanimalssepa-
ratedfrom thembut appearingto bemoreheterogeneous.Thecytokinestormwasconsistently
associatedwith uncontrolledviral replication.Moreover,thepeakof expressionof thesecyto-
kineswasshiftedfrom day7 in thecontrolsto day10in thetreatedanimals,aswereviremia
levels.Thus,weplottedtheconcentrationsof theprototypicinflammatoryandanti-inflamma-
tory cytokines,chemokine,andcytotoxicmoleculeIFN��/TNF��, IL10/IL1RA,MCP1,and
GrzB,respectively,in theplasmaasafunction of theviral loadfor eachanimalandeachtime-
point (Fig5B).Theexpressionof all thesemoleculessignificantlyandpositivelycorrelated
with viremia.Cytokinelevelsarethereforecorrelatedwith viral replication.Weperformeda
proteomicanalysisof plasmasamplesby liquid chromatography-massspectrometryto further
studythebiologicalpathwaysinvolvedin thephysiopathologyassociatedwith EVD.Three
time pointswerestudied:day0 asabaselinefor eachsubject,day3 for earlybiologicalevents,
andday10for theacutephasein fatally-infectedindividuals.Thedirectcorrelationbetween
viral loadandprotein levelledusto analyzetheproteomicresultsasafunction of viremia.
Animalswerethereforedividedinto two groups:high (Log10> 5) andlow (Log10� 5) vire-
mia,basedon thevalueatday7.All control animalswereobviouslyincludedin thehigh-vire-
miagroup,alongwith threeof four treatedandfatally-infectedanimals.Thefiveanimalsthat
survivedandthetreatedanimalthatsurvivedthelongest(until day19),comprisedthelow-
viremiagroup.Sixof 17proteinsin theinflammatorypathwayweresignificantlydifferentially
expresseddependingon thegroup.A heatmaprepresentingtheproteinexpressionhighlights
theheterogeneityamongsubjects,alongwith differencesin thetrendsin theevolutionof pro-
tein expression(S2Fig).Theproteinsthatweredifferentiallyexpressedarerepresentedindivid-
uallyfor eachtimepoint (Fig5C).Theseproteinsareinvolvedin theregulationof chemotactic
activity(attractin)andthemechanismsof inflammation(CD5-likemolecule),theinhibition of
thepro-inflammatoryeffectof thecytokineIL1 (IL1Raccessoryprotein),andcoagulation(kalli-
krein andkininogen).Thevaluesatday0did not differ betweenthetwo groups,exceptfor
KNG1,whichwasslightlyunder-expressedin thelow-viremiagroup.Theregulationof these
proteinswasmostsignificantin thehigh-viremiagroup.Indeed,theevolutionof theprotein
level,whilesignificant,did not showacleartendencyin thelow-viremiagroup,but ahighlysig-
nificant drop wasobservedon day10in theplasmaof thehigh-viremiaanimals.

Pathogeniceffectsand tissuedamagedependon the viral load
Proteomicanalysisof plasmarevealedthemodulationof pathwaysthatcouldexplaincertain
pathologicaleventsin EVD.First,thecoagulationpathwaytendedto bedifferentiallyregu-
lated,dependingon thelevelof viremia.Theheatmapshowstheexpressionof thecoagulation
factorsto bequitehomogeneousbetweenanimals,whichtendedto begloballydown-regulated
whenviremiawashigh (S3Fig).Tenof 29proteinsweresignificantlydifferentiallyexpressed
in thispathway.Valueson day0did not differ betweenthetwo groups,exceptfor KNG1and
thefibrinogengammachain(FGG),whichwereslightlyunderandover-expressed,respec-
tively,in thelow-viremiagroup(Fig6A).On day3,theevolutionof expressionwashighlyhet-
erogeneousfor certainproteins,perhapsbecauseof differencesin thetime of response
dependingon theindividual.However,thelevelsof mostof theseproteinsweresignificantly
anddramaticallyalteredin high-viremiasubjectsin thelatephaseof thedisease.Thelevel
droppedfor eightof tenof theproteins.Thetwo remainingproteins,coagulationfactorV (F5)
andFGG(fibrinogengammachain)whereinsteadupregulated.Thelevelsof coagulationfac-
torswerealsosignificantlymodified,but moremoderately,in low-viremiasamples.

In addition,thecomplementpathwayappearedto behighlyalteredduring thedisease.
Proteinsinvolvedin thispathwayweregloballydifferentiallyregulateddependingon the
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levelof viremia(p = 9.6x10-4 by thepermutationscalculation).Expressionof thecomplement
factorswasdramaticallydownregulatedin theanimalswith uncontrolledviremia(S4AFig).
Thelevelsof proteinsthatweresignificantlydifferentiallyexpresseddid not differ on day0
betweenthetwo groups,exceptfor MASP1(mannanbinding lectinserinepeptidase1),
whichwasslightlyunder-expressedin thelow-viremiagroup(Fig6B).Thelevelsof all but
oneproteinshowedahighlysignificantdrop on day10in thesubjectswith ahighviral load.
Their expressionin thelow-viremiagroup,whilesignificantlymodified,did not evolvewith a
distinguishabletrend.Theexceptionwascomplementcomponent7 (C7),whichtendedto be
regulatedonly in thisgroup,with overexpressionatday10,but not in thehigh-viremia
subjects.

Finally,weexaminedthestressresponsepathway.Indeed,theproteinsinvolvedin this
pathwaytendedto beupregulated,moreintensivelyin highlyviremicanimalsthanthosein
theothergroup(S4BFig).Two heat-shockproteinsweresignificantlydifferentiallyexpressed
by thepermutationscalculationandweresignificantlyupregulatedduring thelatephaseof the

Fig 6. Dysregulation of pathwaysinvolved in homeostasis.A. Thecoagulationpathwaywasstudiedbasedon the
resultsof theproteomicanalysis.Theproteinssignificantly regulatedin thispathwayarerepresentedasin Fig5C(F5:
Coagulation factorV, HRG:HistidineRichGlycoprotein,F13B:Coagulation factorXIII Bchain,SERPINC1:Serpin
familyC member1,KLKB1:Kallikrein B1,SERPIND1:SerpinfamilyD member1,KNG1:Kininogen1,PROC:
AnticoagulantproteinC,PROZ:ProteinZ andFGG:Fibrinogengammachain).B.Thecomplement pathwaywasalso
analyzedandtheresultsarepresentedasin Fig5C(C1QB:ComplementC1qBchain,C1QC:Complement C1qC chain,
MBL2:MannoseBindingLectin2,C7:ComplementC7,MASP2:MBL-assocoatedserineprotease2,C1QA:
ComplementC1qA chain,CR1:Complement ReceptorType1,MASP1:MBL-associatedserineprotease1,CR2:
ComplementReceptor type2andC1RL:ComplementC1rsubcomponent like).C.Heat-shockproteinsthatwere
significantly regulatedin thestress-responsepathwayarerepresented asin Fig5C(HSPA4:HeatShock70kDaProtein4
andHSP90AB1:HeatShockProtein90kDaProtein1beta).

https://doi.org/10.1371/journal.pntd.0009300.g006

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

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009300 March 29, 2021 11 / 18



diseasein high-viremiaanimals,whereasthischangewaslesspronouncedandnon-significant
in theotheranimals(Fig6C).

Discussion
Here,westudiedthehostresponseduring EBOVinfectionin NHPsaccordingto favipiravir
treatmentandoutcometo understandhowsuchtreatmentmodulatesthepathogenesisof
EVD.Previousstudiesshowedthatpatientswhosuccumbto EVD presentdramaticand
relentlesslyincreasingviral loads,togetherwith anexacerbatedreleaseof solubleimmune
mediators.Bycontrast,survivorsbenefitfrom lowerviral replicationandabalancedimmune
response,illustratedbyearlyandwell-regulatedexpressionof cytokinesandchemokines
[7,8,10±12,21±23].

Weconfirm that fatalEVD isassociatedwith themassivereleaseof inflammatoryandanti-
inflammatorycytokinesandchemokines,reminiscentof septic-shocksyndrome.Thisdysre-
gulatedinflammatoryresponseisdirectlyresponsiblefor someif not mostof thepathological
eventsthatcharacterizefatalEVD,suchasvascularleakageandmultiorganfailure[13,24].We
thereforeobservedhighvariabilityon somecytokineexpressionsin control animals,IL8 for
example.Thiscouldbedueto theendpointof theexperiment:someof theanimalscouldhave
beeneuthanizedbecauseof their clinicalstatusbut justbeforetheintensereleaseof cytokines
thatprecedesdeath.WealsoshowthatsevereEVD isaccompaniedby theintensereleaseof T-
cellandcytotoxiccell-relatedcytokinesandsolublefactors.Thisobservationindicatesthata
cellularimmuneresponseis inducedbut failsto control viral replicationandsuggeststhat
immunopathogenesislinked to T cellsandcytotoxiccellscancontributeto EVD.Similar
resultshavebeenreportedduring severeEVD in humans[11,25,26].

Favipiravirtreatmentof NHPsleadsto asignificantdecreasein theviral load,evenin ani-
malsthatsuccumbedto thedisease.In theselatteranimals,thetime of survivalwasneverthe-
lessextendedaccordingto thedrop in viral load[6]. In our study,thelevelsof soluble
mediatorsrelatedto inflammatoryandT-cell responsescorrelatedwith viral loads.These
resultsdemonstratethat reductionof theviral loadby favipiravir treatmentcorrelatedwith
decreasedcytokine/chemokinerelease.Half of thetreatedanimalssurvivedacuteEVD,
whereasall untreatedanimalssuccumbed.Acting on viral replicationandtheresultingcyto-
kine/chemokinestormis thuscrucialfor decreasingtheseverityof EVD.Aspreviously
described[11], aprobablehypothesisto explainthepathogeniccascadeduring EVD is that the
absenceof theearlycontrol of viral replicationleadsto systemicspreadingandanexplosive
increasein viral load.Dueto thepantropismof EBOV,massiveviral replicationoccurs,result-
ing in theconsiderablereleaseof pathogen-associated molecularpatterns(PAMPs),suchas
viral RNA andEBOVglycoprotein.ThereleasedPAMPstheninduceintenseactivationof
inflammatorycells,with thereleaseof solublemediators,whichin turn provokemostof the
damageandorganfailurecharacteristicof EVD.Favipiravirisaninhibitor of viral RNA poly-
merase[27], wethushypothesizethat it decreasestheviral loadandlimits theflood of PAMPs
andasaconsequence,theintensityof thehostresponseto PAMPs,resultingin lowerinflam-
matoryresponsesandreducedpathologyasobservedin patientsthatnaturallypresentlower
symptomsandrecover[28]. Thelowerlevelsof markersrelatedto hepaticandrenalfailure
detectedin favipiravir-treatedNHPs,eventhosewhodied,thanin untreatedanimalsarecon-
sistentwith thishypothesis.Moreover,proteomicanalysishighlightedthedownregulationof
proteinsinvolvedin theregulationof theinflammatoryresponse(attractin,IL1RAP,CD5L)in
theanimalswith thehighestviremia.Overall,thesedatashowthat thecytokine/chemokine
stormcorrelateswith theexcessiveviral load.However,theimprovementof clinicaland
inflammatoryparameterswasnot sufficientto allowall animalsto recoverfrom acuteEVD. In
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contrastto thelevelsof inflammatoryresponse-relatedmediators,whichuniformly decreased
afterfavipiravir treatment,T-cellandcytotoxicresponse-relatedmarkerswereonly partially
affectedin thetreatedanimals.Indeed,whereasactivationof CD4+ T cellsandthelevelsof IL-
15,IFN�, GrzB,andsFasLsubstantiallydropped,thelevelsof IL-2, IL-4, andperforin andthe
percentageof activatedCD8+ T cellswereonly partiallydiminishedin favipiravir-treatedani-
mals.If thiscellularresponseplaysarole in thepathogenesisof EVD, its persistenceaftertreat-
mentmaypartiallyexplaintheincompleteefficacyof favipiravir.Interestingly,theexpression
of solubleCD40Lobservedin humansin thelatephaseof thediseasehasbeenassociatedwith
recovery[11,14].It is implicatedin CD4T cellresponsebut wasnot evidentin our study(S1
Fig).A veryslightexpressionwasobservedin theacutephaseof thediseasein control animals.
ThisdiscrepancybetweenhumansandNHP couldbeof interestto investigate.

Althoughthepathogenicdisordersweretightly linked to theinflammatoryresponse,the
additiveeffectof dysregulationof thecoagulationandcomplementpathwaysandtheresponse
to stressmustbeconsidered.A closerelationshipbetweeninflammationandcoagulationhas
beenreportedandmayprovidetheenvironmentresponsiblefor thedisseminatedintravascu-
lar coagulationobservedin EVD [29,30].In particular,weobservedthedownregulationof
HRG,aprotein thatcaninteractwith numerouscoagulationfactors.Thisprotein isdegraded
in thecontextof intravascularimmunothrombi [31] andits losshaspreviouslybeendescribed
to beastrongmarkerof sepsis[32]. Not only is thecomplementpathwayinvolvedin thepath-
ogenesisof EBOVthroughantibody-dependentenhancement(ADE) [33,34],it isalso
involvedin theseverityof otherviral infectionsandinhibition of theT-cell response[35].
Indeed,thecomplementandcoagulationpathwayscanactivateeachotherandareclosely
related[36]. Thelossof proteinsfrom thecomplementpathwayin plasmasamplesmaybea
signof their participationin thepathologicaleventsobservedin EVD.Of note,MBL protein,
whichcanbind to EBOVglycoprotein,wasalsodownregulated.It hasbeenshownto beaneu-
tralizingprotein for EBOV,aswellasbeingresponsiblefor theenhancementof infectionin
thecontextof low complement[37,38].Interestingly,low MBL levelsarealsoassociatedwith
sepsissyndrome[39], addinganewargumentin supportof asepsis-likesyndromein severe
EVD cases.Finally,heat-shockproteinshavealsobeenimplicatedin EVD. It wasthussug-
gestedthat theinhibition of HSP90mayreduceEBOVreplication[40]. Here,weobservedele-
vatedlevelsof thisprotein in theacutephaseof thedisease,thiscouldsuggestadeleterious
contribution to theoutcome.HSP70appearsto beableto stimulatetheimmunesystemvia
TLRsandits upregulationmaythusparticipatein inflammatorydisorders[41]. Our datadem-
onstrateglobaldysregulationof thebiologicalfunctionscloselyrelatedto innateimmunity
andinflammation,contributing to thelossof hemostasis.

SeveraltreatmentsagainstEBOVhavebeenproposed.Neutralizingantibodies(Nabs)
weresuccessfullytestedin NHPsandsome,to alesserextent,in humans[42±44].Theanti-
bodycocktailREGN-EB3hasbeenapprovedby theFDA in October2020;it reducesmortal-
ity ratefrom 51%to 34%.Severalantiviralmolecules,suchasfavipiravir,havealsoshown
someefficacyin reducingmortality in NHPs[5,45]but failedto demonstratearesounding
benefitin clinical trials [2,42].Becauseof evidentethicalreasons,theprotocolsconducted
with NHPscomprisefewanimalsandthemortality observedis to beconsideredwith reser-
vationbecauseof theeuthanasiaof animalswith acutesyndrome.Theresultsobservedin
studiessuchastheoneweanalyzedhereis howeververyinformativein theunderstandingof
theparametersinvolvedin theoutcomeandin theevaluationof treatmentefficiency.Fur-
ther studieswouldbeneededto improvethedoseregimenandthekinetic of treatment[6].
Indeed,patientswhocameto seekcareduring theepidemicsprobablyarrivedtoo lateafter
symptomonset,with alreadyamassiveviral load,to allowtheantiviral drugsandNAbsto
significantlycounteracttheprogressionof thedisease.Indeed,thedrugstestedwerealways
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muchmoreefficienton patientswith low viral loadsbut their efficiencydramatically
droppedwhenadministeringis delayedafterdiseaseonset[42,46].For patientsin theacute
phaseof thediseaseatadmissionit wouldprobablybemoreefficientto acton bothviral load
anddeleterioushostresponse[22,46±48].Thedrop of lethalityobservedduring the2014±
2016WestAfrican EBOVoutbreakin EVD patientshospitalizedin intensivecareunits in
northerncountries(18%)relativeto thatof patientscaredfor in EbolaTreatmentCentersin
theepidemicarea(63%)demonstratethebeneficialroleof supportivecareandthus,iscon-
sistentwith thetherapeuticvalueof hostresponsemitigation [49,50].In patientswith apoor
prognosis,EVD is accompaniedbyacytokinestormevocativeof septicshocksyndrome
[11,51,52].Combinedtherapyaimingto reduceboth theintensityof thedysregulated
inflammatoryresponseandtheviral loadwouldprobablyhelppatientsto recoverfrom
EVD.Thelongersurvivalobservedfor patientstreatedwith favipiravirduring theclinical
trial [53] is in accordancewith our findingsin NHPs.Thisobservationindicatesthatantivi-
ral treatmentswouldprobablynot besufficientto cureahighlyacuteinfectionsuchasEVD,
at leastin theepidemicsetting,wheninitiated afterdiseaseonset.Treatmentcombiningthe
administrationof anantiviral,supportivecare,andthemitigation of pathogenichost
responsesprobablyrepresentsthekeyto curingEBOVinfection.

Supporting information
S1Fig.Expressionof solubleCD40L.sCD40Lwasmeasuredateachsamplingpoint during
thecourseof theexperimentbyLuminexassay.Theanimalstestedandtherepresentationof
thevaluesarethesameasin Fig1.
(PDF)

S2Fig.Heatmaprepresentingthe individual valuesof all proteins from the inflammatory
pathway.Peptidesarerankedbasedon thesignificanceof theregulationof theprotein,
accordingto groupandthetimepoint.Thecolor indicatestheevolutionof theprotein level:
redcorrespondsto upregulationandblueto downregulation.
(PDF)

S3Fig.Heatmaprepresentingthe individual valuesof the proteins involved in the coagula-
tion pathway.Thedataispresentedasin S2Fig.
(PDF)

S4Fig.Heatmapsrepresentingthe individual valuesof the proteins involved in the com-
plementpathwayand in the responseto stress.A. Heatmaprepresentingthelevelof proteins
from thecomplementpathway.B.Representationof thestress-responsepathway.Therepre-
sentationandcolorsfor thetwo heatmapsareasin S2Fig.
(PDF)
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