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Abstract

Neutralizing antibody (Ab) function provides a foundation for vaccine and therapeutic
efficacy*®. Utilising a robustn vitro Ebola Virus(EBOV) pseudeparticle infection assay
together with avell-defined set of solid phase assaysdescribe a widgpectrum oaintibody
responses a cohort ohealthyEbolasurvivors from the Sierra Leoneutbreak(20132016)
Pseudaepatrticle virus(PPV)nAbscorrelated witltotalanttEBOV reactivityand nAbsagainst
live EBOV. VariantEBOV glycoprotein(EBOV-GP) (1995 and 2014trairs) werefound to
be similarlyneutralized During longitudinal follow upantibodyresponsecreasd rapidly

i n a -stichdatoad/e c ay 0 suggedtingle nondEBOV antigenicrestimulationafter
recovery A pharmacodynamic model ahtibodyreactivityidentified a decay halife of 771
100 days and a doublirtgne of 461 86 daysin a high proportion ogurvivors. Thehighest
antibodyreactivitywasinduced at around 200 dagestcure The model suggests thHaBOV
antibody reactivitydeclines over 0.5-2 years posture In a high proportionof healthy
survivorg® antibody responsasndergo rapid rstimulation Vigilant follow up of survivors
and possibleelective de-novo antigenic stimulationby vaccine immunisationneeds
consideration to prevent EBOV viral recrudescence in recovering indivitualgtigate the

potentid risk to reseethg anoutbreak
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Main
Limited Ebolavirus (EBOV) outbreaks have been recorded sii®&6%Y. The much larger
201312016 West African epidemic (28,610 cases) and the ongoing 2018 Eastern Zaire

outbreak (3,188 cases as of September 2019) (https://www.who.int/emergencies/

diseases/Ebola/di2019 in the Democratic Republic of Congwoved to bemore extensive

The larger outbreaks haimicatedviral persistence in some individuals with the potential for
subsequent transmission of viisDue to limited EBOV outbreaks the understanding of
natural induced immune responses is limited and vaccine induced corsedabefsomanimal
model$?. Thee models have indicated that total IgG bindargibodylevels can correlate
with protectionalong withneutralising antibodynAb) responses, which can typically be low.
Human outbreaks haveprovided valuable information regarding EBQkerapeuti¢’ and
vaccine interventiorstrategie§™. More recently nAbshave been théocus of therapeutic
developmet®1? wherea cocktail ofmonoclonalantibodes (mAbs) wasadministeredduring
the 2A.3-20160utbreak'?*® and with evidence of efficacy in triat®nductedn the DRC4,

In early 2015 two related studies[EbolaTx*> and Bbola-CP'®] were established where
apparently healtEEBOV survivors were recruited with the intesft usingtheir convalescent
plasma CP) to treatdiseasé*'®1), We wsed CP from the donorsof the Ebola-CP study
(Supplementary Table 13 where sampleswere collectedlongitudinally (36500 days)to
betterascertairhow nAb responses evolvBuchresponseblavepreviouslybeenstudied both

in humans and primategth broadnAb activity*1&29),

A range of solidphase enzyménked immunoassays (EIAs) based on Mayinga EBOV strain
recombinant antigen were initially developed to characterise antibody respomsgsntial

donors of therapeutic &. To circumvent th complexity of utilising replication competent

EBOV in expanding the analysis to characterise neutralisation responses we utilised single


https://www.who.int/emergencies/%20diseases/Ebola/drc-2019
https://www.who.int/emergencies/%20diseases/Ebola/drc-2019
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round infectious pseudparticle viruses (PVV) as describeseéMethods).Optimal virus
production and infectivity was identified by limiting dilution of EBOMVGP expressing
plasmid (Extended Data Fig. 1a). GPs from three EBOV strains weresed for PPV
production; the early 2014 epidemic strain (pDEBOMAR) (Accession: KP0964¥3, a
modified variant (pEBOV14rGP) comprising of mutations appearing early dyrime
outbreak Fig. 1b, Supplementary Table 3 and the 1995 Kikwit strain (pEBOV9GP)
(Accession: KC24279%% represented in the vaccine administelaterly inthe 213-2016
outbreak EBOV14-GP PPVdemonstrated consistently lower infedy\Fig. 18), presumably
attributed to the T5441 amino acid previoudscribef?. The A82V alteratioffpEBOV14m
GP) introduced early in the epidemic and subsequently found in more than 90% of the 2013
2016 isolates was also reported to have a higher infectivity pffilmterestingly, this

genotype did not associate with altered disease pathogenicity in a prindebsyseni?®.

We utilized the abovePPV infection assain order toquantfy nAb responses1 CP donors
(usinglimiting dilutions of plasma)ln order to determine nespecific neutralsation effects

we tested EBO\antibodynegative plasnm&a(n=6) to find the range of nospecific inhibition
(Extended DataFig. 1b) and CPs with resultssubsequentlyalling within this range wwre
considered lackingneutralizingpotential Furthermore, PPV expressing the HIVenvelope
protein were used to test a high titre EBOV antibody positive plasma that was within the non
neutralizing rangéExtended DataFig. 1b). The WHO Anti-EBOV Convalescent Plasma
International Reference Pan@NlIBSC 16/349 was used to demonstrate the neutralizing
potential of EBOV antibodypositive sera (I range: 6.337.01 log plasma dilution)
(Extended Data Fig. 19 which was found to beomparable to the values previously

published”. The obustness aheassay was tested usiBEOV s u r v iplasmatcsirdhibit



106 the threePPV strains producedeach in different batches with the assay repeated in two
107 Dbiologically independent experimer{sxtended DataFig. 1d).

108

109 CPs(n=52)demonstrated wide range ofneutralsationpotential(Supplementary Table 1b
110 d), however had comparable profileshen assayedusing all three EBOV PPV strains
111  (Extended Data Fig. 2ac). Half-maximal (1Go) and seventy percent (1§ inhibitory
112 concentratios determined correlated (Extended Data Fig. 3). Within this cohort no
113 differences in neutralizing titres were observed between the three virus gfmn&c,
114 Extended DataFig. 1§. pEBOV14GP PPVs demonstrating the lower infectivity profile
115 (Fig. 1), did not differ from the pEBOV9EGP strain isolated twenty years earlier the
116 pEBOV14mGP strain carrying early epidemic mutations including the A82V variant
117 associated with higher infectivitidowever individual CPs havinghigh ICso and 1Go values
118 againstonevirus straindid not necessarily neutralize tbéhertwo (Fig. 1d and Extended
119 Data Fig. 1f), potentiallyhighlighting epitope diversity amongst im@ual participantsas well
120 asvirus strains A subset ofdonor CPs (n=5) with sequential sampling&otalling n=30)
121  (Supplementary Table 1¢ were assayed against the replication compdeB®V (RCE)
122 Makona 2014 isolatéA significant correlationbetween the twameutralisatiorplatformswas
123  shown(Fig. leand Extended DataFig. 1g) (r=0.52 p<0.0001)In addition our neutrakation
124  data demonstrateasimilarlysignificantcorrelationwith total antiEBOV reactivitymeasured
125 using thedouble antigerbridging assay (DABA)(Fig. 1f) (r= 0.50, p<0.0001ICs0) and
126  (Extended Data Fig. 1h (r= 0.55, p<0.0001IC7) corroboraing previous resulté® plus
127 further validating our PPV neutralgation platform utilised here The RCE and PPV assays
128 demonstrated a stronger correlation when compared to neutralisation versus TH&BA two

129 assays are targeting the same antibodibge DABA measures all antibodies asdme



130 individuals would havedifferential responseshowever,this was observed only in a very
131  restricted number of donors.

132

133 While nAbsare thought to develop later in infecti&hour data demonstrates their presence as
134 early as 30 days pestire, also supporting previous stuéit®) indicating that nAb levels are
135 detectable and persist following viral clearancegSsectional angkis ofantibodyresponses
136 did not indicate notablehangsin titresduring the observation windo{#500day9 (ICso/Fig.
137 2aandICso/Fig. 2b), comparable to the findings wheully replicating virusneutralgation
138 was performedKig. 2¢). However,within individualsoftensustainedleclinewasfollowed by
139 asharpantibody titreincreasgFig. 2ac).

140

141  Theobservedleclinesandsubsequent rises mAb levelsidentified in a portion of the study
142  participants (Fig. 2ac) indicates postrecovery de novo antigen smulation. This was
143 comprehensivelgemonstratedh DonorCP-Pat045whereantibody reactivity in all EIAsind
144  including nAbinitially decreased over 45-day period (sampled six months postovery
145  prior to a sudden boost antibodyresponsesver a 23 daperiod(Fig. 2d). It should be noted
146 thatall donos weretestedfor plasmaEBOV RNA twice in Sierra Leonand shown to be
147 aviraemicbefore discharge from Ebola Treatment Urifisrthermoreall samples received in
148 the United Kingdom (UK) wersubsequentlye-testedupon arrival,providing evidence oho
149 detectableviremiain the available samples takanthis observatiorperiod. Intriguingly, the
150 increasein antibodyreactivity was higheragainstEBOV95-GP thanEBOV14-GP though
151 participaton in any vaccire study(where the immunogen would mimic the 1995 stramps
152 ruled out through selfeportingandlater confirmedy the lead investigators of the twiebola
153 vaccine stues

154



155 Following on from these observation®onorCP-Pat045 alongwith DonorsCP-Pat-018, -

156 019, -021 and-049 werefurthertested using an additional panel of Enzyme Immune Assays
157 (targeting the EBOV GP, nucleoprotein (NP) avid40 matrix proteip and where similar

158 variations in antibody responsesvere demonstratedFig. 2ef, Extended Data Fig. 3

159 indicating thatantibodyre-stimulation targeted viral antigemghich are not present in current
160 vaccinesand not just GP alone Furthermore, similar variations in antibody responses were
161 observed when implementing an IgG captaseayas well asa competitive antibody binding
162 immunoassayboth targeting GP Extended Data Fig. . DonorCP-Pat -019 and -021

163 antibodiesvere alsdound toincrease beforsubsequentlgecreasingTheincreases ibonor-

164 CP-Pat045EBOV antibodiesoccurred between mibecember 2015 and mighnuary 2016.

165 Two cases of Ebolwere reportednid-January 2016 in the northern districts although Sierra
166 Leone had been decl ared OEbol a freebod

167 (https://www.thequardian.com/world/2015/sep/04/sidecmevillage-in-quarantineafter

168 eboladeath These donors and a control group of donors who did not demonstrate late rises in
169 nAb reactivity were interviewed. All denied any intercurrent iliness, knexposurdo Ebola

170 casesor participation in EBOV vaccm studies.It should also be borne in mind that by

171  definition these convalescent donors had to meet individually the Sierra Leone National Safe
172 Blood criteria for fitness to donate blood. Furthermameerview and physical examinations

173  were undertaken at each attande for plasmanesis.Whilst re-exposue to EBOVcamot

174 beexcludedit is assumedhatthe increasean antibody reactivityepresentsle novaantigenic

175 stimulation at immune privileged s#tdboosing immunity. EBOV presenceand ongoing

176 replicationin such siteshas beerdescribedas late clinical recrudescence amgborting of

177  sporadicviral transmissiofi*29.

178


https://www.theguardian.com/world/2015/sep/04/sierra-leone-village-in-quarantine-after-ebola-death
https://www.theguardian.com/world/2015/sep/04/sierra-leone-village-in-quarantine-after-ebola-death

179  Given this high degree daftra-patientfluctuation inEBOV virusantibodyresponses we used
180 the data available to develop compartmental population pharmacodynamic models fg quanti
181 antibodystimulation and decay trendstims cohort. The strong association between nAb and
182 total antibodybinding measured bYpABA reactivity (Fig 1f and Extended DataFig. 1h)

183  enablel us toutilise themore repletdABA data sewhich incorporates extensive longitudinal
184 time-pointsas describe{Supplementary Table 1j to perform model selection for stimulation
185 and decay trends. The best fitting models for stimulation and decay were objectively identified
186 By comparison of the logkelihood based AIC BIC metrics (see methods and

187 Supplementary Table 3ac) as a one compament model withreduced stimulation at high

188 antibody levels(Fig. 3a) and a two-compartment decay model with saturable recycling of
189 antibaly (Fig. 3b). The rate constant for stimulation ftmtal antibodybinding reactivitywas

190 found to be 0.03 day equivalent to a doubling time of 23 dayBupplementary Table 4)

191  whilst the decay model provided a variablatibodyconcentration dependent rate constant
192 equivalent to 30 days at half the maximamtibodylevel measuredSupplementary Table

193  4). The two best structural models as selected using the DABA data, were then fitted using the
194 nAbtitre values for the EBOVEEGP & EBOVI5GP strainand simulations performegFig.

195 3e-h). The calculated stimulation rate constants for the virus staiants were 0.067 day

196 and 0.046 day, respectively, possibly reflecting variation in epitope targets. The calculated
197 endogenousAb decay rates were found to be similar for the different virus strains (0.025 day
198 1/ EBOV14GP and 0.025 day EBOV95-GP) and matching the results initially found while
199 modelling DABA reactivity (population mean of 0.028 d&y (Supplementary Table 4).

200 Resultant concentration dependent Higkfs at half maximal observeghtibodylevels were

201 calculated to be 51 and 70 ddgs EBOV14GP and EBOV9E5P, respectively. Interestingly,

202 our findings are fully congruent with recent studies modelling endogenativody
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metabolisrf¥?. To our knowledge this is the first population modedofibodylevel dynamics

in EBOV survivors.

We next simulatedhe stimulation and decay profiles for 1000 EBOV survivors using the
developed population modelsed Fig. 3c-3h). The interquartile range odtalantibodylevels

can be seen to vary widely for the simulated cohort when trdokegdudinally, indicating a
wide-ranging array of doubling times/hdives The mean simulated doubling times were
found to be 18.93 days [IQR: 11.683.62], 10.36 days [IQR2.96:10.81] and 13.76 days
[IQR: 9.52 23.56], for total binding antibody nAbs againstEBOV14-GP and against
EBOV95-GPrespectivelyindicating that overall EBOY4-GPwas simulated the fastest with
the least variability, which is reasonable gittis was the 20122016 epidemicstrain The
median simulated endogenous detayf-lives were found to be 20.86 days [IQR:13:81
42.81], 27.40 days [IQR:19.621.66] and 28.23 days [IQR:24-33.33] respectivelyjn-line

with previous estimates of Igkalf-life ®?.

Longitudinalanalysis demonstrated increasing antibody reactivity in agrigortion of study
participans, somewhere between 200 and 300 dagstcure shown by DABA(Fig 2e)
(Extended Data Fig. 6) blocking EIA (Fig. 26 (Extended Data Fig. 4),lgG Capture and
competitive EIA(Extended Data Fig. 5aswell as withantibody neutragation measurements
(Fig. 2d). This suggestshatasantibodyresponses are waniagtigenlevelsincreag resulting

in a boost tahe residuaprimary antibody respons&/hen comparing the lowest observed
antibody titres after decline with the highest antibody titres following stimulation (prior to
furtherde novadecline) we observe a statistical difference in antibody levels (n=080@14)

(Extended Data Fig 7). We have simulated a typical decagstimulationdecay profile based

10



227  on population median parameters and starting levels demonstrating a pryjeici@dcenario
228 in asubstantiaproportion of EBOV survivorgFig. 3i).

229

230 Analyses of naturally occurringgAb responses our EBOV CP donorcohortrevealeda high
231 degree oWariationin strength and breadif inducedresponses.ongitudinal analysis of B
232 cell responses in EBOV infected individuals has revealed stark changes in immunoglobulin
233 subclass switchindjeightened alterations to hypermutations and naive B cstimaulatiors
234 over timé®®. Our results would indicate that EBOV antigeresgosure will be contributing
235 to theseobserved alterations in antibody phenotypes describésl.encouraging talescribe
236  strongneutralgation crossreactivity betweenEBOV strainsrepresentingoutbreaks20 years
237 apart This provides confidence thahtibod/ induced either through natural infection or via a
238 vaccine should elicit protecin covering future outbreak®©ur resultsindicate that EBOV
239 evolutior®*#9, albeit slow, may result in altered neutralizing potential thus losscgine
240 efficacy (Fig. 1c and Extended Data Fig. 1f) Furthermore, fi CP possessing broadly
241 neutralizing advity were to be used in therapeutic protocols then combining pla$om
242 severalindividuals may ensure a more successful outcohire. best optiorcould be he
243 preparation of a hypenmune intravenous immunoglobulin blood prodéram a panel of
244  donorsrather than relyingurrentlyon the useof individually sourcedcomponentsThe high
245 frequency ofde novoantigenic stimulation described within the cohort indicateeedfor
246  heightened surveillance of survivdms meet the potential clinical needs associated with virus
247 recrudescencesubclinical recrudescence magensify the long-lasting post Ebola sequelae
248 suffered by most EBV survivor$*“?, The cohortof CP donorsstudied here however
249 represert a highly selected group diealthyindividuals, further chosen through the use of
250 field testing to haveplasma antibody to EBOV in the upper quartilesf serological

251 reactivity?d. Thereforethey may represembnvalescenindividuals least likely to suéf viral

11
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272

recrudescenc@ccult vrus persistence ihereforelikely to bemore frequent thapreviously

predicted, supportin§ndingsthat vius persists at sequestered sites in samdeviduald®®.

In a case study of an immunocompromised HIMfectedindividual (C D 4

cel

count

EBOV could be detected in semen twears afterthe individualwas dischargedrom the

treatmentunit®” further underlining the importance of immuoempetencefor EBOV

clearanceA longerand more frequergampling would provide a more accurate indication of

the extend oAb re-stimulation occurrence in these Ebola survivors

The calculated mean halife at mediamantibodylevelshas allowedredictiors of time taken

to reach 95% depletiaof any given levepost antigenistimulationand gventheexponential

decayratewe canpredictthat the duration ofix halflife periods ¢180to 417 daypwill result

in depletion ofantibodylevels by >95%. As a resultprotection of EBOV survivor§om viral

recrudescence mediated &gquired immunitys likely to be 0.5-2 years postecoveryunless

boosted

Continued surveillancef EBOV survivors is warrantedgonsidering the frequency sub

clinical de-novoantigenic stimulationve havedescribedVaccimtioncould be consideredo

boost protectiveantibodyresponses isurvivors This would also have a particular rafe

EBQOV survivorsare to be considered as plasma donorsuar infuture antiEbola passive

immunotherapy

12
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Figure legends

Fig 1: EBOV GP HIV -1 pseudetyped virus neutralisation assay. (a) Virus produced in 10

cm culture dishes (n=60), using 285 ng of pEBONGR, pEBOV14m or pEBOV95 plasmids,

the infectivity of virus from each plate assayed and plotted individually for the three virus
strains produced)ata are presented as mean valuesipficate measurementsruskatWallis

test was performgd(b) amino acid (aa) differences in the glycoproteins (yellow boxes) of the
three virus isolates studied. The differences are found in the GP1 base (orange), GP1 head
(blue), Glycan cap (purple), nmdy in the Mucin like domain (green) and the fusion loop (red).
The black bars above sequences indicate potentizlkid glycosylation site modifications.

In pPEBOV14mGP the glycosylation at the 230 position site is lost. The colour code for the aa
is indicated on the first line.(c) Neutralsation potential of CPs against three virus strains
(PEBOV14GP/n=98, pEBOV985P/n=80 and pEBOV146GP/n=79) expressed indg{Data

are presented as mean values of duplicate measureestalWallis test waperformed. (d)
deltalCso neutralgation titres between virus strains pairs by each-post study participant.

(e) Positive association between PP\kdGtres the live virus plaque reduction neutation

test (PRNT).(f) Positive association betwe&PV |Go neutralgation titres and the double

antigen bridging assay (DABA).

Fig.2: Convalescent neutralizing antibody titres. (anAb ICso, (b) nAb 1C7o values against

three PPV isolates; (EBOV14 (n=92), EBOV14m (n=70) and EBOV95 (n=76) followed over
time. (c) nAb 1Cso values against PRNEBOV14 (n=30) followed over time. In all three
panels (2a, b and c) day 0 is defined as the day when virus PCR test became negative or when
the individual was declared Ebola free and discharged from the Ebola Tredtmient
Individual lines indicate individuals who has donated sequential plasma samples demonstrating

non-canonical antibody titre variatioithe black dotted lines are thed5 and 2575 quatrtiles
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and the red areas represent the 95% confidence intervidis dhear association (red solid
line), that for PPV was calculated separately for each half of the observation gddjiod.
Longitudinal follow up of Dono045. Longitudinal posture antibody variation of don@45
demonstrated by PPV neutsaliion of BOV14 (light blue) and EBOV95 (dark blue) strains
overlaid with virus neutradation using the RCE PRNT (orange in upper panel) or total
antibodies measured by DABA (green in lower par(@) Blocking EIAs using RCE were
carried out for the detection ahtibody against the Nucleoprotein [NP] (brown squares), the
viral matrix protein 40 [VP40] (purple squares) and the Glycoprotein [GP] (green squares)

using longitudinal plasma samples from doefd6(e) and from donoi049 ).

Fig. 3: Rates of EBOV antbody decay and recovery following the 20236 West Africa
outbreak. (@) Schematic depicting the one compart me

(based on a |l ogis(thgcchgmawt & ©heddéecloimpamd mé n i
h
decay/ metabolism of I(gaGVena hanstaitbuordayblstet irneucl yact

Bbgndt?ﬂe& cent i | e Schoandceedn tbraantdiso nisn.di cat e 95% CI
( d )total antiEBOVr eact i vity as Mmeéaqnxewrted! byi DABANt i
against the EBOVY¥nevutrruasl isztirnagi na natnidbody t i tr
Ki kwit strain. Percentil es are calculated
simul aai popubé&ation of 1000 randomly sampl ed
percentile trajectories indicate 0.05 and O.
poshfection acquired i mmune respansen, hypouh
extrapolated from simulation of median f ittt e
depicts the acuitref esechtairpn i aarcd etedasr eplocshvth e ecclr seears

period during this satwuidyg itsheigmtilgpddeydr eae:
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protection.

METHODS

Ebola survivor cohort

Ebola virus disease survivors (N=115), previously desctfoeith certificates (issued by
Ebola Treatment Centers on discharge) were recruited as potential donors through 34 Military
Hospital, Freetown, and the Sierra Leone Assamiatf Ebola Survivors as participants in the
study o6éConval esc elnEbolgpvires sisease i Si€ra LefbnEhe stedy r
(ISRCTN13990511 & ACTR201602001355272) was approved by the Scientific Review
Committee and Sierra Leone Ethics, authorised by the Pharmacy Board of Sierra Leone

(PBSL/CTAN/MOHSCSTO001) and sponsored by thaversity of Liverpool.

Volunteers were considered suitable to donate plasma if they tested negative for blood borne
infections (hepatitis B, hepatitis C, HIV, malaria and syphilis), had had 2 documented negative
EBOV PCR tests 72 hours apart, had notadebrile illness and had no comorbidity, such as
heart failure, to suggest they might be at increased risk of adverse events during apheresis.
Patients were not excluded if they exhibited indications of post Ebola syndrome (PES) (for
example: musculosketal pain, headache, ocular problems) although such complaints were
noted and subsequently contributed to the characterisation 8t &% The majorityof the
participants were male (n=82), their age ranging between 18 and 52 with a median 0§27 year
ol d. T h e (n=B2 ape Iramged between 18 and 42 with a median of 27 years

(Supplementary Table 13.
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450 For transfusion safety reasons donor identity numbers were not confidential to donors during
451 the conduct of the study; for the avoidance of dodbhor identity numbers have since been
452  dissociated. All participants (n=115) were tested using DABA, blocking EGA@®@ capture

453 immunoassays. PPV antibody neutralisation assays were performed with a subset of
454  participants not selected on any critemther than sample availability (N=52). The
455 compartmental population pharmacodynamics model was developed on the eplete r
456 DABA dataset using those participants with longitudinal data (n=Sdpglementary Table

457  1f).

458

459  Cell culture

460 HEK293T ATCC® CRL-3216 ) and TZMbI*>* cells are adherent cdihes cultivated in

461 Dul beccods modified 824930298, supgedhéentednwith 10%\neat r o0 g e |
462 treated foetal bovine serum (FBS) (Sigma: F7524), 2mM/aglutamine (Invitrogen:

463 25030024), 100 U/ml penién (Invitrogen: 15140148)and 100 mg/ml streptomycin
464  (Invitrogen: 15140148Yyeferred to as complete DMEM (Thermofisher: 12491028)ls were

465 grown in a humidified atmosphere at°G7and 5% CQ@ Vero E6 cells (ECACC85020206)

466  were grown in VPSFM (ThernoFisher:11681020).

467

468 EBOV PPV construct design

469 Three viral strain glycoprotein genes were cloned into pCDNA3.1 produced by Gesexyt

470 genesynthesis. A 2014 isolate (KP096423)a variant carrying the A82V, T230A, 1371V,
471 P375T, and T544Hig. 1b) identified by analysis of sequenced EBOV strains between March
472  August 2012° and the AY354458 1995 Kikwit isolafe The later been used in ring
473  vaccinations during the 2014 epidemic.

474
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EBOV PPV production

We chose to utilise the HRY S G 3 amgEBOVY-GP expression plasmids, -t@nsfected
into HEK293T cells, to generate infectious pseuorticle virus (PPV) stock&°2 The
EBOV-GP-pseudetyped lentiviral system generates singiele infectious viral particles
HEK293T cells were plated at a density of 1.2ifDa 10cm diameter tissue culture dish
(Corning: 430167 in 8ml of complete DMEM and incubated overnight. The cells were
transfected with 20g of pSG3@env al o@R with
using a cationic polymer transfection reagent (Polyethylenimine/polysci&89662), in the
presence of OptiMEM (Invitroge®1985070) OptiMEM was replaced 6 hrs post transfection
with 8 ml of complete DMEM. 72 hours pestansfection supernatant daiming the generated
stock of singlecycle infectious EBOVGP pseuddyped virus particles were harvested, passed
through a 045 uM filter and stored in aliquotst 17 8 0 AGP plaskiB @86 ng /10 cm
culture dishes) was used to produce a large vingkghat was tested for infectivitfig. 1a)

then pooled, aliquoted and stored und€r°C.

EBOV PPV infection

EBOV infectivity was determined through infection of TAM cell lines where luciferase
activity (expressed from LTR promoter) is under ¢tbatrol of Tat expressed from the HIV
backbone. 100 pl of EBONGP virus was used to infect 1.5210ZM-bl/ cells/ well for 6 hrs

in a white 96 well plate (Corning: CLS3595). Following infection 150ul/well DMEM complete
was added to the cells. 48 hrs pimdéection, media was discarded from the wells, cells were
washed with phosphate buffered saline (PBi&rnofisherl2899712), lysed with 30 ul Cell
lysis buffer (PromegaE153) and luciferase activity was determined by luciferase assay

(Promega: E1501) using a BMGLabtech FluoroStar Omega luminometer. Negative controls
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included pseudtyped virus bearing no glycoproteins and TDWcells alone which routinely

resulted in luminesence of between 30000 Relative Light Units (RLU).

EBOV PPV neutralisation

A panel of plasma samples (n= 52) from Ebola convalescent plasma and healthy blood donors
(n= 6) were heat treated at°&6for 30 min and centrifuged for 15 mins, 13,000 RRNjuots

wer e t hen °€tPlagma samaes were&drially diluted ¥2 with complete DMEM; 13

pl plasma dilution was incubated with 200 pl EB&P PPV for 1 hr at RT. 100 pl of
virus/plasma dilution was used to infect TAM cells as described previsly. Luciferase
activity readings of neutralised virus were analysed i) by considering 0% inhibition as the
infection values of the virus in the absence of convalescent plasma included in each experiment,
i) by considering 0% inhibition as the infectioalues of two consecutive high dilutions not
inhibiting virus entry. Both methods produced highly correlated redetieded data Fig.

2d) and the latter was used. Tineutrali@tionpotential of a CP was represented as the plasma

dilution that reducediral infectivity by 50% (IGo) or by 70% (1Go).

Enzyme Immune Assays

HIV-1-P24 capsid Samples were diluted in 0.1% Empigen (Sigma: 30326)/ TBS prior to

performing theELISA assay(Fisher:10167481) The p24 assays were conducted using the
Aalto Bio Reagents Ltd protocol and recombinant p24 standard, p24 coating antibody
(polyclonal sheep antillV-1-p24 gag, Aalto Bio Reagents Ltd, D7320), secondary conjugate
(alkaline phosphatase conjugate of mouse monoclonaHévitil-p24,Boehringer Mannheim,
1089161) and ELISA light assay buffer. Plates were incubated 30 min at RT. prior to

measuring luminescence with FLUOStar® Omega luminometer (BMG LabTech).
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Double antigen bridging assay (DABAMeasured EBOV GP targeting antibody pnetsin

Ebola survivor CP samples. EBOV GP antigen, Mayinga Zaire EBOV strain (IBT Bioservices:

0501016) was pre o at ed ont o

t

he

6sol i d

phaseo,

horseradish peroxidase (HRP) acted as the detector binding to EBOV gmi#ptdred on the

wh i

solid-phase antigen in the first incubation step. Antibody reactivity was expressed as arbitrary

units/ml (au/ml) as compared to a standard; five reactive donor samples that were pooled and

attributed 1000 au/rfl

Blocking EIA: Antibody levels in CP to EBOV GP (glycoprotein), VP40, NP (nucleoprotein)

were determined by blockingf the binding of specific rabbit EBOV asnteptide (GP, VP40,

NP) antibodies (IBT Bioservices) to EBOV Makona virion coated microplates. Microplate
wells were oated with 10,00@0ld dilution of concentrated Ebola virions. EBOV patient CP

and negative control CP dilutions (1/100) were reacted on virion coated microplate6 for 4

hrs. CP dilutions were removed and plates were then reacted with EBOYenptitie

artibodies. Bound rabbit antibodies were detected by species specific horseradish peroxidase

conjugate (DAKO: P03992). Evidence of EBOV protein specific human antibodies in CP

was determined by the blocking of the binding of the antipeptide antibody cesnfmathe

blocking of binding by the CP negative control. Results were expressed as a percentage of

blocking of the CP negative control reactivity.

IgG capture assaygG antibody present in CP was captured onto a solid phase coated with

rabbit hyperimmune anti u ma-Rc and interrogated in a second incubation with HRP

conjugated EBOV GP as above. Reactivity expressed as binding ratios derived as sample

OD/Cut off OD*.

24



549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

Plaque Reduction Neutralization Test

The wild type strain used for assays was EBOV Makona (GenBank accession number
KJ6603475, isolated from a female Guinean patient in March 2014 (virus provided to PHE
Porton by Stephan Gunther, Bernh&dchtInsttute for Tropical Medicine, Hamburg,
Germany). The virus was propagated in Vero E6 cells and culture supernatant virions were
concentrated by ultracentrifugation through a 20% glycerol cushion; pellets resuspended in

sterile phosphate buffered saline ditre of 10 focus forming units (FFU) per ml.

Wild type virus neutralising antibody titre in CP was determined by reacting serial dilutions of
CP with 100 FFU of EBOV virions for 1 hr at RT to allow antibody binding. EBOV virion CP
mixture was adsorbetb Vero E6 monolayers for 1 hr and then overlaid with cell growth
medium containing 1% (v/v) Avicel (Sigm@adrich). After 8090 hrs EBOV foci were
visualised by immunostaining with aifiLP (Zaire EBOV) antibodies (IBT Bioservices). All

work was undertadn under ACDP containment level 4 conditions.

EBOV antibody decay and restimulation modelling

Compartmental population analysis was performed to model the stimulation and decay of
antibody levels. All modelling and simulations were performed using Risetersion 1.2,

Within R version 3.2.2. Antibody levels of EBOV survivors were sampled a different number

of instances, at varying intals post convalescence due to folow adherence limitations in

the field. Different parts of decay/stimulatiorofires were therefore captured with only a few
instances of contiguous deeasymulation or stimulatiorlecay profiles being captured.
Stimulation and decay data were therefore modelled separately to most efficiently use the data.
Antibody stimulation/deca t r ends with O 2 data points wer

as this methodology has been proven to maximally use sparse clinical data with drug
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developmert®®, All points were plotted and visualisednA 6 ascendd was a
definedaccording to the prevailing trend. A 20% alteration in direction was tolerated as part

of the prevailing ascend or descend as appropriate.

Structural model

Structural model selection was performed for the most replete DABA dataset. Model fitting
and sedction was performed using previously published protocols for fitting clinical datasets
as described belo\t®®. Briefly, linear regresion (intercept close to 0, slope close to 1) was
used to assess the goodretfit of the observed/predicted values, the coefficient of
determination of the linear regression and minimisation cfiledihood, (Akaike Information
Criterion) AIC and (Bagsian information criterion) BIC values were used for model selection.
A change in BIC drop of >2 is generally considered to be significant; wihrlicating
positive evidence,-B indicating positiveo-strong evidence,-&0 indicating strong evidence

and >10 indicating very strong evidefite

Further details of this analysis leading to the choice of models and analysis of the fit of models
to data can be found Bupplementary Tables 34 andExtended dataFigures 8-9.

All chosen structural modetshowed strong to very strong evidence of describing the data the
best out of the compared models. Two structural models were tested for antibody stimulation,
a l-compartmetal stimulation model and adompartmental model with saturable stimulation,
basedon the logistic growth model. The logistic growth model framework allows for
plateauing antibody levels observed for a subset of stimulation profiles. For antibody decay,
four structural models were tested;-admpartment decay model with first order efiation,

a 2compartment decay model with first order elimination from the central compartment and
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the above two structural models with saturable recycling offsetting the endogenous elimination

rate.

Antibody stimulation was best modelled using theompartmental model with saturable

stimulation as described by Equation 1:

— Q O p — (Equation 1)

Where X, kgrowth and Knax denoting antibody level in the compartment, the first order rate
constant for endogenous antibody stimulation and the maximal antibody level at which
stimulation plateaus, respectively.

For antibody decay, the twamompartment decay model with saturalfleRndependent
recycling (Equations.-2) as used to model antibody decay in multiple laboratory sitishias

found to best describe the data.

— Q & Qo QO (Equation 2)
— Qo QO (Equation 3)
o) o) e (Equation 4)

Where X and X are the antibody levels in the central and peripheral compartments. The rate
constants kcay Kep and ke denote the empirically observed antibody level dependent rate
constant and the first order rate constants to and from the peripheral compargeagis. it

turn dependent on the endogenous decay ratavkich is offset by a antibody dependent
saturale recycling rate described by a MichagM&nten term with parametersqm¥% and K

denoting the maximal recycling rate and antibody level at which half the maximal recycling
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rate occurs. The optimal structural models above were then used to model tispanseanAb
assay datasets allowing for comparability between DABA and nAb model parameters.
Generally, individual predicted vs. observed value correlations were found to exceflent (R

>0.8) and population predictions vs. observed values were gécd (&,

Monte Carlo simulations were performed using Pmetrics as previously destrib&utiefly,

1000 individuals were randomly sampled from parameter loigtons defined in the
population models of antibody stimulation and decay. The interquartile @ngwdelled
antibody levels was then plotted longitudinally for average starting antibody levels for decay

and stimulation profilesHig. 3. ¢h).

With regard to the choice to model the stimulation and decay data separately: in principle, an
immune respose followed by a gradual return to baseline fmbishulus could be characterised

by a single pharmacodynamic model. In the simplest form the dynamics can be described by a
single compartmental model with the stimulus placed on the input rate and first orde
elimination, although more mechanistic models based on known pharmacology may also be
appropriate if the data is of sufficient quality to estimate the unknown model components. In a
controlled trial setting the onset of a stimulus event would be cadralhd the subsequent
immune response measured relative to this origin with sufficient frequency to capture the
dynamics over time. In contraghis study was observational with plasma samples taken
intermittently that captured only part of the changing levels in the inAdither the growth or

decay phase in most cases, but on occasion both. Given the lack of detectable viral load and
the observilonal nature of the nAb response data, the ability to fit a single, integrated
pharmacodynamic model to the data is limited. The most tractable solution in this case was to

split the data into two groups and modelled separately: the first model quanttigimate of
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increase in nAbs and the second model describing the subsequent decay. The antibody decay
was based 0h Whilstthis2st age approach did not allow dat
to inform the model andvide vesaf, it didreeabléiah @eccuaayecandp h a s «
guantitative characterisation of both the stimulation and decay dynamics, which has not been
characterised for EBOV disease prior to this study, and which may be used to inform future

work in this area and other impactfutal diseases such as COVI®.

Statistical Analysis

Statistical analyses of data were implemented using GraphPad Prism 6.0 software. Unpaired
sample comparisons were conducted for all data, however, individual figures state the
corresponding statisial test performed. These include:

- Parametric and neparametric tests (studenttest and ManWhitney U test)

- Parametric and neparametric ANOVA (Ordinary ANOVA and KruskaVallis test)

P values were depicted by *: * P value < 0.05, ** P valu®064, *** P value < 0.001, **** P

value < 0.0001.

Data Availability
All datasets generated during and/or analysed during the current study are available from the

corresponding authors on reasonable request.
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Extended Data Figure legends

Extended Data Fig. 1.(a) Variant pEBOV14GP plasmid concentrations were transfected
alongside 2000 ng of pS@3IV -1 backbone. The resulting psedyped virus, quantified by

a HIV-1-p24 capsid ELISA (squares), was tested for infectivity in TEIMells as measured

by luciferase etivity (bars/mean value -8D). The red marked square identifies the
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glycoprotein concentrations that can be used in the a&gadwphibition profiles with negative
plasma donated from six individuals (grey squares), indicating no specific plasmaanhibiti
during the neutradation assay. All negative assays and plasmas were combined to define the
range within which negative plasma control were acceptable (red squares) thus defining a valid
assay. The blue line shows the lack of reactivity on the-HBfveloped pseuddyped virus

by EBOV neutralizing convalescent plasma (CP) (squares and circles indicate the median and
the vertical lines the standard errdg) Neutralsation profiles of pPEBOV145P by the WHO
reference panel of aREBOV CP. The standardentifiers are showr(d) Reproducibility of

the neutrakation assay determined by measuring the t&€ CP plasma on the three EBOV
isolates (yellowpEBOV14GP, purple pEBOV95GP and greerpEBOV14mGP). The twe

tailed parametric paired t test was dige) Neutralsation potential of CPs against three virus
strains (pEBOV14GP/n=83, pEBOV9585P/n=69 and pEBOV14GP/n=77) expressed in

IC7o (Data are presented as mean valuesSE. KruskatWallis test was performed(f) delta

IC70 neutralgation titresbetween virus strains pairs by each pmste study participanig)
Positive association between PP\4dfitres the live virus plaque reduction neusation test
(PRNT).(h) Positive association between PPV/d@eutralgation titres and the doubletagen

bridging assay (DABA).

Extended Data Fig. 2. (aanttEBOV14-GP (n=92),(b) anttEBOV14mGP (n=70) andc)
anttEBOV95GP (n=76)neutralsation curves using serial dilutions of CP inhibiting PPV cell
entry, as described in methods. The plasaraples were deciphered as possessing low (blue),
intermediate (magenta) or high (orange) newgatbn to demonstrate the similar profiles of

the three virus glycoproteins studied. The red square curve indicates the range of inhibition by
control plasma(d) Comparison of the analyses (n=30¥onsidering the 0% inhibition value

whenever two reciprocal consecutive high plasma dilutions produced equal infectiom)evels
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considering 0% inhibition as the infection values of virus in the absence of cacesiplasma

performed in each individual experiment. The Pearson correlation coefficients were computed.

Extended Data Fig. 3.Association of 1Gy and IGo neutralizing dilutions of the posture
plasma samples inhibiting cell entry of pseuyped virusparticles harbouring the variant

EBOV GP molecules. The Pearson correlation coefficients were computed.

Extended Data Fig. 4.Longitudinal post convalescence nAb variation in the plasma of
individuals 18,19 and 21 demonstrated by pseyped virus partle neutrakation. Antk
EBOV14-GP (light blue) and artEBOV95GP (dark blue) nAb titres were overlaid with the
blocking ElAs carried out for the detection of antibody against the Nucleoprotein [NP] (brown
squares), the viral matrix protein 40 [VP40] (pke squares) and the Glycoprotein [GP] (green

squares)

Extended Data Fig. 5Longitudinal Gcapture (pink) and competitive (green) EIAs performed
using the plasma individuals 18, 19, 21, 45 and 49 against the Glycoprotein as described in
Tedder et.afV The antibody reactivities were overlaid with psedioed virus particle 16

neutralisation values against EBOVGP (light blue) and EBOVI&P (dark blue).

Extended Data Fig. 6.Total antibody reactivity as measured by double antigen bridging assay
(DABA)(average of a duplicate measurement) for the Ebolag@ast cohort participants with
longitudinal followup ©2 dat a [ demaenstrating dactngAgtimulation/decline (in

any order) of antibody reactivitgvertime. Decline is indicated by blackline and re

stimulation by a yellow horizontal line.
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Extended Data Fig. 7.Total antibody reactivity as measured by double antigen bridging assay

( DABA) . 6Lowest titre following
titres decline while O6High titre

antibody stimulation, Twaailed parametric pairedtést (p=0.0014).

decl

upon

A

ned 1 s

St

mul at

Extended Data Fig.8. Observedversuspredicted plots for selected logistic growth model for

antibodystimulation, as determined by the DABA ass@y population predicted valug®)

individual predicted value®bservedversuspredicted plots for selected 2 compartment decay

model with saturable recycling for antibody stimulation, as determined byABARssay

(c) population predicted valuds) individual predicted values. Solid red circles represent the

individual observed/modagiredicted Ab values. Solid blue line and dotted red line represents

the line of regression and line of unitgspectively.

Extended Data Fig.9 Flow diagram describinthe observed antibody decrease and increase

events asneasured byYDABA, which areused to develoggthe compartmental population

pharmacodynamic models
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50 = 2 time points
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Pharmacodynamic model
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