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SUMMARY

Limited knowledge exists on the quality of polyclonal antibody response generated following Ebola

virus (EBOV) infection compared with vaccination. Polyclonal antibody repertoire in plasma following

EBOV infection in survivors was compared with ChAd3-MVA prime-boost human vaccination. Higher

antibody binding and affinity to GP was observed in survivors compared with vaccinated plasma that

correlated with EBOV neutralization. Surprisingly, a predominant IgM response was generated after

prime-boost vaccination, whereas survivors demonstrated IgG-dominant antibody response. EBOV

infection induced more diverse antibody epitope repertoire compared with vaccination. A strong

binding to antigenic sites in the fusion peptide and another in the highly conserved GP2-HR2 domain

was preferentially recognized by EBOV survivors than vaccinated individuals that correlated strongly

with EBOV neutralization titers. These findings will help development and evaluation of effective

Ebola countermeasures including therapeutics and vaccines.

INTRODUCTION

Ebola virus causes severe and often fatal disease in humans and is considered a global public health pri-

ority. The ongoing outbreak of highly pathogenic Zaire Ebola virus (EBOV) in Democratic Republic of

the Congo (DRC) has resulted in more than 3,393 human cases and 2,235 deaths (case fatality rate = c.

67%) as of 9 January, 2020 (https://www.who.int/emergencies/diseases/ebola/drc-2019). This follows the

devastating 2014 EBOV epidemic in Western Africa that resulted in more than 28,652 human cases and

11,325 deaths and outbreaks in DRC in 2014 and 2017. Moreover, since the virus might persist in some sur-

vivors (Mate et al., 2015), it is feared that EBOV epidemics could continue to recur, resulting in severe ep-

idemics. Therefore, development of an effective vaccine against Ebola is a high priority (Kanapathipillai

et al., 2014). Multiple vaccine candidates are being evaluated in humans in clinical trials, with the rVSV-

EBOV vaccine now being licensed in the United States and Europe (Ewer et al., 2016; Henao-Restrepo

et al., 2015; Jones et al., 2005; Kennedy et al., 2017; Krause, 2015; Marzi et al., 2015a, 2015b; Milligan et

al., 2016; Rampling et al., 2016; Regules et al., 2017; Tapia et al., 2016). Both T cell and B cell immunity plays

an important role in providing protection against Ebola virus disease (EVD) (Ruibal et al., 2016). Since pas-

sive transfer of antibodies in animal models have shown to protect theNHPs against lethal EBOV challenge,

several antibody-based therapeutics are also in clinical trials (Dye et al., 2012; Holtsberg et al., 2015; Marzi

et al., 2013). It is postulated that immune responses generated following EBOV infection in survivors may

provide life-long protection against EBOV (Crook et al., 2017). Primarily ELISA and EBOV-neutralization

tests have been used to analyze the anti-EBOV antibodies, but these assays provide limited insight into

the diversity and quality of polyclonal antibody response generated following EBOV infection and how

they compared with those generated following vaccination in humans (Blaney et al., 2013; Matassov

et al., 2015; Wong et al., 2012). Previously, we described the antigenic fingerprint generated following ho-

mologous prime-boost vaccination with a recombinant vesicular stomatitis virus (rVSV)-based vaccine ex-

pressing the EBOV surface glycoprotein (GP) from the Kikwit 1995 strain (rVSVDG-ZEBOV-GP). The effec-

tiveness of this vaccine was demonstrated in a ring vaccination study in Guinea during an outbreak in 2015

(Henao-Restrepo et al., 2015; Khurana et al., 2016). This rVSVDG-ZEBOV-GP vaccine is being used exten-

sively in the ongoing outbreak in DRC and was recently approved by the US Food and Drug Administration

(FDA) for prevention of disease caused by Zaire ebolavirus in individuals 18 years and older.

In this study, we performed comprehensive analysis of the humoral immune response following EBOV

infection in survivors and following prime-boost vaccination with live ChAd3-MVA prime-boost vaccine

in healthy adult volunteers (Ewer et al., 2016; Wilkinson et al., 2017). ChAd3-MVA is a monovalent formu-

lation of the chimpanzee adenovirus 3 (ChAd3)-vectored vaccine encoding the surface glycoprotein of

EBOV/Mayinga and boosted with the same ebolavirus gene in a modified vaccinia Ankara (MVA)-vectored
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vaccine that also contains genes encoding Sudan ebolavirus and Marburgvirus glycoprotein and Tai Forest

nucleoprotein. Quantitative and qualitative analyses of polyclonal plasma were performed to elucidate

antibody epitope repertoires using gene fragment-phage display libraries (GFPDL) and surface plasmon

resonance (SPR) technology to measure real-time antibody binding kinetics, antibody cross-reactivity,

immunoglobulin isotypes, affinity, and antibody specificity to each of the antigenic sites identified using

GFPDL. Technically, since antibodies are bivalent, the proper term for their binding to multivalent antigens

like viruses is avidity, but here we use the term affinity throughout since we do not describe any monovalent

interactions. The focus was to identify the overall global pattern of antibody epitope diversity generated

following human EBOV infection versus vaccination rather than fine antibody specificities in each individ-

ual. Previously, GFPDL spanning the entire genome of highly pathogenic avian influenza virus, human

immunodeficiency virus, and Respiratory syncytial virus was used to map the antibody repertoires of conva-

lescent sera from infected individuals and pandemic influenza vaccinations, which revealed several diag-

nostic and protective targets (Fuentes et al., 2016; Khurana et al., 2006, 2009, 2010, 2011a, 2011b; Lee

et al., 2018).
RESULTS

Real-Time Antibody Binding Kinetics of Post-EBOV Infection Plasma and Vaccination Plasma

to EBOV GP

A high-titer and a low-titer pool (samples #58 and #64, respectively) of human plasma from individuals

primed with ChAd3-vectored EBOV/Mayinga GP and boosted with MVA-vectored EBOV/Mayinga GP,

SUDV GP, MARV GP, and TAFV nucleoprotein were obtained as a part of a WHO collaborative study (orig-

inally from Oxford, UK vaccine trial). Individual plasma from three survivors from the 2014 Western Africa

EBOV outbreak were obtained at 2 (sample #43), 3 (sample #79), or 6 (sample #28) months post-EBOV infec-

tion (pi), and a pooled convalescent plasma (sample #92) was obtained from six Sierra Leone patients who

recovered from EVD and did not receive any experimental treatment (Table S1). Since no individual vacci-

nated serum was tested in this study, all antibody comparisons between vaccination versus EBOV infection

reflects individual/pooled EVD survivor samples with pooled ChAd3-MVA vaccinee samples. The samples

were tested for neutralizing antibodies against a wild-type EBOV strain in a BSL4 laboratory and against a

VSV virus expressing the EBOV GP in a pseudovirus neutralization (PsVN) assay (Wilkinson et al., 2017).

We performed quantitative and qualitative SPR analyses for several dilutions of post-vaccination and post-

infection polyclonal plasma using a recombinant full-length GP corresponding to the Makona EBOV strain

produced in a mammalian system, representing mature GP1 and GP2 domains observed in virions or

infected cells (see Transparent Methods). The protein density on the chip was optimized such as to mea-

sure only monovalent interactions so that they are independent of the antibody isotype (Khurana et al.,

2019). Raw sensorgram for a representative survivor plasma (#58) dilutions is shown in Figure S1. Antibody

binding titers of different dilutions of individual samples were measured in resonance units (RU) by SPR

(Figure 1). GP-binding antibodies were not detected in negative control plasma (#36). Post ChAd3-MVA

vaccination plasma showed lower binding to GP (mean RU = 17 for #64 and 104 for #58 at 10-fold dilution)

relative to all four EBOV survivor plasma samples (mean RU = 437 for #43, 2 months pi, 684 for #79, 3 months

pi, and 1,040 for #92 at 10-fold dilution, respectively). The RU of the fourth EBOV survivor plasma sample

(#28, at 6 months pi) was 14-fold greater than that of ChAd3-MVA plasma sample #64 (219 versus 17),

whereas the difference in RU was 2-fold between sample #28 and ChAd3-MVA plasma sample #58 (219

versus 104). Similar antibody binding patterns were observed for these plasma samples to complete

EBOV-GP bearing pseudovirion particles. A statistically significant correlation was observed between

the in vitro EBOV neutralization titers and the plasma anti-GP-binding antibody titers as measured by

SPR following vaccination or infection (r = 0.911; p = 0.0008) (Figure 1B).

To further evaluate anti-GP antibody affinity following vaccination and EBOV infection, the antibody-anti-

gen complex dissociation rates (off-rate constants) were determined as a surrogate for antibody affinity

using SPR. Antibody dissociation kinetics of antigen-antibody complexes are independent of antibody

concentration and provide a measure of overall average affinity of polyclonal antibody binding (Khurana

et al., 2011b, 2016). To that end, serially diluted plasma at 10-, 100-, 200-, 400-, and 800-fold dilutions

were injected at a flow rate of 50 mL/min (120-s contact time) for association, and dissociation was per-

formed over a 600-s interval (at a flow rate of 50 mL/min) (Figure S1). Antibody off-rate constants, which

describe the fraction of antigen-antibody complexes that decay per second, were determined directly

from the plasma antibody interaction with GP in the dissociation phase only for the sensorgrams with
2 iScience 23, 100920, March 27, 2020
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Figure 1. SPR-Based Analysis of Human Plasma from EBOV-Infected Survivors and following ChAd3-MVA

Vaccination to EBOV-GP Purified Protein

(A) Serial dilutions of plasma samples collected from EBOV survivors (#28, black; #43, blue; #79, red; and #92, purple) or

humans vaccinated with ChAd3-MVA vaccine (#58, pink triangle and #64, green triangle) or control (#36, empty circle)

were analyzed for total binding to purified mature GP from EBOV/Makona strain by SPR. Total antibody binding is

represented in SPR resonance units.

(B) Total GP-binding antibody (Max RU) of human plasma against EBOV/Makona GP correlated with the homologous

virus neutralization titers (PsVN; r= 0.911, p < 0.0008). Pearson correlations are reported for the calculation of correlations

between total anti-GP antibody binding and PsVN titers.

(C) Polyclonal antibody affinity to EBOV GP following ChAd3-MVA vaccination or EBOV infection in survivors. Binding

affinity of serially diluted post-vaccination and post-infection plasma to EBOV/Makona-GP. Antibody off-rate constants

that describe the fraction of antibody-antigen complexes decaying per second were determined directly from the plasma

sample interaction with EBOV/Makona-GP using SPR in the dissociation phase as described in Methods.

(D) Correlation between anti-GP-binding antibody affinity as measured by antibody dissociation rates (off-rates) and

homologous virus neutralization titers (PsVNA80; r= -0.539, p = 0.2698). The color scheme in (B)–(D) is the same as that

in (A).

(E) Antibody isotype of GP-binding antibodies following EBOV infection or ChAd3-MVA vaccination. The isotype

composition of plasma antibodies bound to GP of EBOV/Makona isolate as measured in SPR. The resonance units for

each anti-GP antibody isotype was divided by the total resonance units for all antibody isotypes combined to calculate

the percentage of each antibody isotype for individual plasma.
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maximum RU in range of 10–100 RU using SPR (Figure S1). The off-rates of polyclonal plasma antibodies

bound to GP were much slower (indicating stronger antibody affinity) in EBOV survivors (0.00327/s for

#28, 0.001407/s for #43, 0.00129/s for #79, and 0.00101/s for #92) in comparison with ChAd3-MVA vaccine

recipients (0.0699/s for #64 and 0.0294/s for #58), even though the total anti-GP-binding antibodies of post-

vaccination plasma #58 were comparable with those of post-infection sample #28 (Figures 1C and 1A). A

correlation was observed between the plasma anti-GP-binding antibody affinity with in vitro EBOV

neutralization titers that did not reach statistical significance (r = �0.539; p = 0.2698) (Figure 1D). These

observations suggest that the EBOV infection promoted 10- to 60-fold higher antibody affinity (based

on antigen-antibody dissociation rates) to GP compared with antibodies induced by ChAd3-MVA prime-

boost vaccination.

Majority of the GP-Binding Antibodies after EBOV Infection Are IgG Isotype, whereas Post-

Vaccination-Induced Antibodies Contain Large IgM Component

Isotype analysis of GP-binding antibodies was performed by SPR that demonstrated representation of all

isotypes (IgA, IgG, IgM) and IgG subclasses in the post-infection/vaccination plasma (Figure 1E). Secondary

MAb analytes with similar affinity/binding patterns with specificity against Fc region of human IgG1, IgG2,

IgG3, IgG4, IgA, or IgM were used for isotyping. The anti-GP-binding antibodies in survivor plasma

comprised 60%–70% IgG isotype predominated by the IgG1 subclass. Three of four survivor plasma con-

tained 0.7%–2.7% of IgG3 and 1.5%–6.9% of IgG4 GP-bound antibody isotype. Plasma sample #92 ob-

tained from six EVD survivors in Sierra Leone (who did not receive any experimental treatment) contained

8.3% GP-binding antibodies of IgG2 isotype. In contrast, only 12% (#64) or 49% (#58) of the GP-binding an-

tibodies were of IgG isotype even after prime-boost ChAd3-MVA vaccination, with 88% (#64) or 46% (#58) of

GP-binding antibodies representing IgM isotype antibodies (Figure 1E), similar to the observation of high

IgM response following rVSV-ZEBOV-GP prime-boost vaccination (Khurana et al., 2016). No GP antibody

binding for negative control plasma (#36) excluded the possibility that this IgM response following vacci-

nation or infectionmay be due to polyreactive natural antibodies (i.e., sticky antibodies not induced by GP).

Furthermore, in our previous study, the purified IgM antibodies following the rVSV-ZEBOV-GP vaccination

showed EBOV neutralizing activity confirming the GP specificity of IgM binding antibodies in SPR (Khurana

et al., 2016). GP-bound IgA antibodies ranged from 3% to 15% in EBOV survivors plasma compared with

4.2% in ChAd3-MVA post-vaccination plasma (#58).

Antigenic Fingerprint of Antibodies Generated following ChAd3-MVA Vaccination

Compared with Antibodies from Ebola Virus Disease Survivors

To analyze the epitope repertoire recognized by polyclonal antibodies in plasma from ChAd-MVA-vaccinated

and EBOV-exposed subjects, GFPDL containing fragments of the GP gene from EBOV/Makona (Figure S2),

ranging from50–1,000bp in lengthweregeneratedwith>107.1 uniquephage clones (seeTransparentMethods).

The EBOV-GP-GFPDL displayed both linear and conformational epitopes with random distribution of size and

sequence of inserts that spanned the entireGP (Figure S3). TheGP sequence of EBOV/Makona differs from that

of EBOV/Mayinga, used in the vaccine, by 20 amino acids (Figure S4).We havepreviously shown that thisGFPDL

representsboth linear andconformational epitopes, asdeterminedbymappingapanelof conformation-depen-

dentEBOVneutralizing/protectiveMAbs. Furthermore, theEBOV-GFPDLadsorbedmostEBOV-GP-specific an-

tibodies in the post-vaccination polyclonal human sera (Fuentes et al., 2018; Khurana et al., 2016). To further

confirm, in this study�90%of antibodies fromhigh-titer post-infection survivor plasma sample #79 binding spe-

cific toGPwere removedbyadsorptionwith theEBOV-GPGFPDL (FigureS5). Together, theepitopemappingof

MAbs and adsorption studies using post-vaccination polyclonal sera previously (Fuentes et al., 2018; Khurana et

al., 2016) and post-infection plasma herein provided support for using the EBOV-GPGFPDL to dissect the poly-

clonal antibody repertoires in human plasma.

To compare the polyclonal antibody epitope repertoire generated following ChAd3-MVA prime-boost

vaccination with that generated following EBOV infection in survivors, individual plasma specimens from

survivors (#28, #43, and #79), pooled EVD Sierra Leone survivor plasma (#92), and pooled plasma from

vaccinated individuals with either high (#58) or low (#64) EBOV neutralization titer were used for EBOV-

GFPDL analysis (Table S1, Figure 2). The idea was to identify the overall average global pattern of antigenic

fingerprint generated following EBOV infection versus vaccination rather than fine specificities of

antibodies in each individual. Previous study with rVSV-EBOV GP vaccination in humans showed that the

antibody epitope profile in pooled post-vaccination sera was overall similar to the epitope fingerprint

determined for individual post-vaccination sera (Khurana et al., 2016).
4 iScience 23, 100920, March 27, 2020
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Figure 2. Antibody Repertoires Elicited following ChAd3-MVA Vaccination or EBOV Infection in Survivors

(A) Number of captured phage clones isolated using EBOV-GFPDL affinity selection with plasma obtained from EBOV-

infected survivors or following ChAd3-MVA vaccination.

(B and C) Schematic alignment of the peptides recognized by the three EBOV-infected survivors’ plasma (B) or high-

neutralization-titer (#58) and low-neutralization-titter (#64) plasma (C) from ChAd3-MVA vaccinated adults, identified by

panning with EBOV-GFPDL. The amino acid designation is based on the GP protein sequence encoded by the complete

EBOV-GP gene of EBOV/Makona (Figure S2). The GP receptor-binding region (RBR) is depicted as yellow, MLD is shown

in light green, the fusion peptide is shown in orange, and the heptad repeats (HR1 and HR2) are shown in cyan. Graphical

distribution of representative clones with a frequency of R2, obtained after affinity selection, is shown. The horizontal

position and the length of the bars indicate the peptide sequence displayed on the selected phage clone to its

homologous sequence in the EBOV-GP sequence on alignment. The thickness of each bar represents the frequency of

repetitively isolated phage, with the scale shown in the black triangle below the alignment (70 was the highest frequency

of a phage clone in this analysis). The dashed lines running vertically refers to the GP amino acid residues 100, 200, 300,

400, 500, and 600.
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Negative control human plasma (#36) bound very few phages. For EBOV survivors’ plasma, the number of

bound phages was highest for sample #79, followed by #92, #43, and then #28 (Figure 2A). For the post-

vaccination plasma, sample #58 showed an�4-fold higher titer compared with the lower-titer (#64) sample

(5.4 3 106 and 1.3 3 106 phages, respectively) (Figure 2A). Sequencing of the GP fragments expressed by

phages bound by post-infection survivor plasma antibodies showed a diverse epitope repertoire distribu-

tion, displaying both small and large sequences (8–247 amino acid residues) spanning across the N-termi-

nal GP1 head domain and to the C-terminal GP2 stalk domain of the Makona GP (Figure 2B). The antibody

epitopes mapped to the Glycan cap and mucin-like domain (MLD) and identified immunodominant sites in

the fusion peptide at the N terminus of GP2 as well as in heptad repeat (HR)/transmembrane of GP2 for the

convalescent samples.

The ChAd3-MVA vaccination generated antibodies focused to epitopes within the glycan cap and MLD of

GP1, while lower binding to the fusion peptide and theC terminus of GP2was observed for post-vaccination

samples that were preferentially recognized by post-infection antibodies (Figures 2C versus 2B). In addition,

antibodies from the survivors recognized small epitopes in the N-terminal half of Makona GP, and there

were more antibodies binding between the RBR and the glycan cap domain compared with the vaccinated

plasma pools (Figures 2B and 2C).

Antigenic Sites within EBOV GP Recognized by Post-Infection and Post-Vaccination

Antibodies

Analyses of neutralizing/protectiveMAbs against EBOVwere previously shown to predominantly recognize

epitopes within or flanking the MLD, glycan cap, GP1 core, or the base of GP (epitopes for MAb cocktail

ZMapp and MAb 114 are depicted in Figure 3A). Survivors of EBOV infection and prime-boost vaccination

with ChAd3-MVAgenerated an antibody response defined by seven antigenic regions (herein referred to as

I through VII) with some overlaps (i.e., between regions II and III, III and IV, IV and V, VI and VII) and 21 smaller

antigenic sites (II.1 through V.11) within EBOV GP (Figure 3A and Table S2). Several of these antigenic re-

gions/sites were previously identified by post-vaccination antibodies generated following rVSV-EBOV GP

vaccination in our earlier study (Khurana et al., 2016). The antigenic regions/sites (8–247 amino acid residues)

were defined based on antibody recognition by at least 4% of phage clones obtained after affinity selection

with at least one plasma sample in this study or by the rVSV-EBOVGP vaccination-induced antibodies in the

previous study. The frequency of phages expressing these GP antigenic sites selected by plasma following

EBOV infection (Figure 3B) and ChAd3-MVA (Figure 3C) vaccination is shown (Table S2).

Importantly, EBOV infection (black, blue, red, and purple bars in Figure 3B) induced amore diverse anti-GP anti-

body response across both GP1 and GP2 that included antigenic sites I, III.2, IV.4, V.9 (fusion peptide), VI (C ter-

minus of GP2), and VII that were preferentially recognized by post-infection survivor antibodies compared with

post ChAd3-MVA vaccination plasma samples (pink and green bars in Figure 3C). Interestingly, the later

(6 months) post-infection plasma (#28) contained antibodies that recognized two sites with high frequency in

GP1 (III.1; GP 210–220 and V.6; GP 456–484) that were selected minimally by convalescent plasma at early

time points post-EBOV infection (2 and 3 months post-infection) or the ChAd3-MVA post-vaccination-induced

antibodies. However, it is possible that this may reflect different individuals rather than expanding repertoire.

The ChAd3-MVA vaccination generated antibodies that primarily recognized antigenic sites in glycan cap (sites

IV, IV.1, IV.2) and MLD (sites V.1 to V.8) in either the high (#58) or low (#64) neutralization titer plasma pool (Fig-

ure 3C). Post-infection samples #79 and #92 with the highest in vitro neutralization titer either in the classical

PRNT or PsVN assay demonstrated immunodominance in the GP2 site (sites V.9, V.10, VI, and VII) binding anti-

bodies (red and purple bars in Figure 3B). Antigenic sites V.5 (GP 436–491), V.11 (GP 439–465), and VII (GP 603–

624) were recognized at higher frequency by plasma sample #92 compared with other survivor plasma (#28, #43

and #79) samples (Figure 3B and Table S2). This GFPDL analyses also identified nine novel antigenic sites (high-

lighted in red in Table S2) compared with the prior epitope profiling in the VSV-EBOV GP vaccination study,

including sites II.3, III.2, III.3, IV.4, V.8, and V.11 in GP1, an immunodominant sequence (V.9) in the N-terminal

part of GP2 near the fusion peptide and sites V.8, V.10, and VII in GP2.

Post-EBOV Infection Survivor Plasma Shows Higher Antibody Binding to Diverse Antigenic

Sites in GP Than Post-Vaccination Plasma

To follow up on antigenic sites identified using GFPDL analysis, peptides representing most of the unique

antigenic sites up to 70 amino acid residues long were chemically synthesized and evaluated for individual

samples antibody binding in SPR (Figure 4A and see Transparent Methods). The post-infection survivor
6 iScience 23, 100920, March 27, 2020
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Figure 3. Elucidation of Antibody Epitope Profile against the EBOV Glycoprotein following ChAd3-MVA

Vaccination or EBOV Infection in Survivors

(A) Antigenic sites within the EBOV-GP recognized by plasma antibodies following EBOV infection in survivors (based on

data presented in Figure 2). The amino acid designation is based on the GP protein sequence encoded by the complete

EBOV-GP gene (Figure S2). Previously described MAb epitopes in clinical trials are shown above the GP schematic.

Critical residues for binding of MAbs in anti-EBOV cocktails, ZMapp (13C6, blue asterisks and 2G4 and 4G7, pink asterisks)

and MAb 114, are depicted. The antigenic regions/sites discovered in this study using the post-infection and post-

vaccination plasma antibodies are depicted below the GP schematic and are color coded.

(B and C) Distribution and frequency of phage clones expressing inserts spanning each of the key GP antigenic sites following

EBOV infection (#28, black; #43, blue; #79, red; and #92, purple) in survivors (B) or vaccination (C) with ChAd3-MVA vaccine (#58,

pinkand#64,green).Thenumberof clones thatencoded for eachantigenic sitewasdividedby thetotal numberofEBOV-GFPDL

selected clones for each plasma and is represented as a percentage for two independent experiments.
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Figure 4. Analysis of Human Plasma Binding to GFPDL-Identified GP Antigenic Site Peptides by SPR

(A) Ten-fold dilution of plasma samples collected from EBOV survivors (#28, black; #43, blue; #79, red; and #92, purple) or

humans vaccinated with ChAd3-MVA vaccine (#58, pink triangle and #64, green triangle) or mock control (#36, empty

circle) were analyzed for total binding to chemically synthesized peptides containing the antigenic sites identified by

GFPDL (Figure 3A) in SPR. Total antibody binding is represented in SPR resonance units.

(B–D) Total binding antibody (Max RU) of human plasma against antigenic site peptides (B) GP 469–498 (site V.7 in the C

terminus of GP1), (C) GP 520–547 (site V.9 in fusion peptide at the N terminus of GP2), and (D) GP 617–645 (site VI in HR2-

TM domain at the C terminus of GP2) correlated with the homologous virus neutralization (PsVN) titers. Pearson

correlations are reported for the calculation of correlations between total anti-GP peptide antibody binding and PsVN

titers.
samples (close circles) showed higher antibody binding to few antigenic site peptides compared with post-

vaccination plasma (triangles), whereas for other sites, there was overlap in the extent of peptide binding

by post-infectious and post-vaccination serum. The measured plasma sample reactivity against each

peptide in SPR is possibly an aggregate sum of different antibodies recognizing overlapping epitopes

in multiple antigenic sites (as defined by the GFPDL in Figures 2 and 3) contained in that peptide. Sites

II.2 (GP 195–226), III.2 (GP 226–253), IV.4 (GP 319–334), and V.9 (GP 520–547) showedmoderate/strong anti-

body binding only to post-infection samples with minimal or no binding with post-vaccination plasma an-

tibodies (Figure 4A). EBOV survivor samples also showed 2-to 10-fold higher antibody binding to antigenic

site in the C terminus of GP1 (site V.7; 469–498) and 5- to 20-fold higher binding for the C terminus of GP2

(site VI; 617–645). ChAd3-MVA vaccination induced comparable or modestly higher antibody binding to

antigenic sites IV. (GP 282–305), V.2 (GP 372–420), V.4 (GP 424–447) in the MLD of GP1, and V.10 (GP

585–599) in the HR1 of GP2. Relationship analysis of antibody binding titers to each antigenic site peptide

with PsVN titers showed a significant correlation of antibody binding to peptides GP 469–498 (site V.7 in the

C terminus of GP1), GP 520–547 (site V.9 in fusion peptide at the N terminus of GP2), andGP 617–645 (site VI

in HR2-TM domain at the C terminus of GP2) (Figures 4B–4D). In this specific case, it is quite interesting that

individual survivors had a more diverse response than that seen in pooled vaccines.

In summary, this study demonstrated that EBOV infection induced a more diverse, durable, high-affinity

IgG antibody response than vaccination using adenovirus/MVA vectors in terms of antibody epitope reper-

toire diversity, antibody isotype class switching, and antibody affinity in humans.
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DISCUSSION

A comprehensive understanding of the humoral immune response following EBOV infection and vaccina-

tion is required to identify immune markers that can provide protection to facilitate development and eval-

uation of effective vaccine candidates against lethal EVD. The main focus of this study was to identify the

overall global pattern of antibody epitope fingerprint and antibody qualitative profile generated following

human EBOV infection in survivor’s versus vaccination. Since in this study the vaccinated sera were pooled

from multiple individuals, all comparisons between vaccination versus EBOV infection reflect individual/

pooled survivor samples with pooled ChAd3-MVA vaccinee samples.

EBOV infection in survivors generated a higher anti-GP-binding antibody titer compared with ChAd3-MVA

prime boost-vaccination. The observed differences in neutralization between EVD survivor samples with

low (#28 & #43) and high (#79 & #92) titer suggest that EVD survivors may generate a variable immune

response following EBOV infection. The difference in neutralization antibody titers and/or potency may

correlate with antibody affinity and specificity for higher frequency of antibody binding to the fusion pep-

tides and base of the stalk in samples #79 and #92 compared with #28 and #43, as observed withMAbs from

survivors (Bornholdt et al., 2016). Real-time antibody kinetics of post-vaccination antibodies by SPR re-

vealed limited antibody class switching and modest antibody affinity even after prime-boost vaccination

compared with post-infection antibodies in EBOV survivors even with a similar timescale following vaccina-

tion/infection. The ChAd3-MVA (replication-defective) vaccination-induced antibody class switching and

affinity was similar to that generated by rVSV-EBOV-GP (a replication competent virus) vaccination in our

previous study (Khurana et al., 2016). Importantly, the GP-binding antibodies induced by EBOV infection

were long-lasting responses, lasting up to 6 months post-infection, in contrast to the rVSV-EBOV GP

prime-boost vaccination study that demonstrated a short-lived antibody response, which declined to

pre-vaccination levels by 6 months post-vaccination (Khurana et al., 2016). Moreover, the presence of

GP-bound IgG4 in most survivor plasma suggests a persistent infection or long-term exposure to antigen

following EBOV infection. Since IgG2 response is mostly driven by polysaccharide antigens, an IgG2

response of 8.3% GP-binding antibodies in sample #92 obtained from six EVD survivors in Sierra Leone

(who did not receive any experimental treatment) is speculated to be due to a possible polysaccharide an-

tigen-induced class switching to IgG2 by highly glycosylated GP following infection.

Although the numbers of captured GFPDL phages following ChAd3-MVA vaccination were comparable

with those generated following infection, the antibody epitope repertoire generated following EBOV infec-

tion in survivors showed greater diversity compared with ChAd3-MVA prime-boost vaccination-induced

antibody response. It is possible that the more focused response to vector-GP vaccination is due to the

limited (one round) vector replication that only produces GP once inside a cell compared with productive

EBOV infection that can stimulate the immune system over a prolonged period. Importantly, both high-

(#58) and low- (#64) titer post-vaccination samples (based on the in vitro neutralization data) recognized

similar antibody epitope diversity that was skewed toward the glycan cap and MLD of GP1, whereas the

post-infection plasma samples demonstrated strong antibody binding to C-terminal parts of GP1 and

GP2. This ChAd3-MVA prime-boost vaccination-induced antibody response contrasts with the replication

competent rVSV-EBOVGP vaccine, which showed amorediverse antibody repertoirewith antibodybinding

to GP2 as previously reported (Khurana et al., 2016). These findings suggest that ChAd3-MVA prime boost

vaccination should be further optimized to generate a more diverse antibody repertoire.

Three of the four EVD survivors who donated plasma for the current study received immunological treat-

ments such as ZMapp (#43) or convalescent plasma (# 28 and #79), and it is possible that the antibody

composition in their blood could have been influenced by the antibody treatments, despite the time inter-

val between the onset of disease and donation of the plasma (2–6 months post-infection). Antibodies to

viral proteins in addition to GP were observed in immunoblots indicating that antibodies resulting from

EBOV infection were present in these survivor’s plasma (Wilkinson et al., 2017). Plasma pool #92 obtained

from six Sierra Leone survivors who did not receive any experimental treatment showed an overall similar

epitope repertoire as other survivors; however, it recognized antigenic sites V.5 (GP 436–491), V.11 (GP

439–465), and VII (GP 603–624) at a higher frequency compared with other survivor plasma samples (#28,

#43, and #79). It is possible that antibody treatment (ZMapp or convalescent plasma) of patients (#28,

#43, and #79) may have altered some specific epitopes in #28, #43, and #79 that were recognized by the

Sierra Leone patients (#92) who did not receive any Ebola-specific antibody treatment, even though

patients’ immune systems would have seen virus for a number of days before the patients were treated.
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GFPDL identified several overlapping antigenic sites like sites V.6 and V.7 (Table S2). Site V.6 shows high

frequency in #28 and minimally in other survivor samples including those sampled at earlier time points

(#43 and #79), whereas site V.7 is preferentially recognized by antibodies in sample #43 but not by sample

#28. However, peptides representing both antigenic sites show good antibody binding with all survivor

samples in SPR indicating antibodies recognizing epitopes in these overlapping antigenic sites (Figure 4).

Survivor sample #43 (2 months post-infection) who received ZMapp treatment (and not convalescent

plasma) demonstrated a diverse antibody epitope repertoire similar to that of samples #28 and #79 who

received convalescent plasma treatment. Moreover, ZMapp MAb cocktail does not contain antibodies

that recognize sites VI in the C terminus of GP2, which was preferentially recognized by all post-infection

survivor samples. However, this finding for preferential binding of antibodies to the C terminus of GP2

following EBOV infection needs to be further evaluated in a larger number of Ebola patients.

A possible limitation of GFPDL-based assessments is that they are unlikely to detect rare quaternary epi-

topes that cross GP protomers or epitopes with post-translational modification. However, in earlier studies,

GFPDL was used to identify conformation-dependent epitopes of neutralizing and protectiveMAbs. More-

over, �90% of anti-GP antibodies from high-titer post-infection survivor plasma were removed by adsorp-

tion with our EBOV GP GFPDL, supporting the use of the EBOV GP GFPDL for analyses of human antibody

repertoire, as was also observed previously with other viral antigens including different Influenza strains,

RSV-F, and heavily glycosylated RSV-G (Fuentes et al., 2016; Khurana et al., 2009, 2010, 2011b). Use of

SPR with the glycosylated EBOV GP overcomes these limitations and provides additional insight into the

anti-GP polyclonal antibody response following vaccination or infection. The SPR approach is species in-

dependent and captures all antibody classes including IgM, IgA, and IgG and is also more appropriate

for maintaining the native structure of the EBOVGP and preservation of conformational epitopes. The anti-

genic fingerprinting provides an overall global pattern of antibody epitope specificities generated

following Ebola vaccination versus infection in humans. This study should be expanded to additional sam-

ples from vaccinees and EBOV-infected individuals from ongoing and previous Ebola outbreaks in different

populations to evaluate the contribution of MHC haplotype and so epitope reactivity for individual samples

to make firm conclusions.

Antibody binding of human plasma samples to the three antigenic site peptides (GP 469–498 at the C ter-

minus of GP1, GP 520–547 in the fusion peptide, and GP 617–645 in the GP2-HR2 domain) that showed a

strong correlation with neutralization titers possibly indicates an important role of antibodies to these sites

in protection against EBOV infection and disease in vivo. Although non-neutralizing antibodies may be

protective in vivo, preliminary data from recent clinical trial in the DRC have demonstrated that neutralizing

antibodies like MAb 114 may provide better clinical outcome associated with significantly reduced mortal-

ity (Kupferschmidt, 2019).

Altogether, our study demonstrated a different antigenic fingerprint following EBOV infection in survivors

compared with a live ChAd3-MVA non-replication vector-based vaccine in terms of antibody epitope

repertoire diversity, antibody isotype class switching, and antibody affinity. This contributes to a better un-

derstanding of quantitative and qualitative aspects of immune responses that could aid development and

evaluation of effective EBOV therapeutics and vaccines.
Limitations of the Study

A possible limitation of GFPDL-based assessments is that they are unlikely to detect rare quaternary epi-

topes that cross GP protomers or epitopes that require post-translational modification. Second, this study

should be expanded to testing of additional individual samples at different time points following vaccina-

tion/infection from vaccinees and EBOV-infected individuals from ongoing and previous Ebola outbreaks

in different populations to make firm conclusions.
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Figure S1
Steady-state equilibrium analysis of different dilutions of plasma antibodies binding 
to Makona GP by SPR. Related to Figure 1. Serial dilutions of plasma samples were 
injected simultaneously onto both Makona GP immobilized on a GLC sensor chip and on a 
surface free of protein (used as a blank). Binding was recorded using BioRad Proteon
surface plasmon resonance biosensor instrument. Responses from the protein surface 
were corrected for the response from the mock surface and for responses from a separate, 
buffer only injection. Antibody off-rate constants, which describe the fraction of antigen-
antibody complexes that decay per second, were determined directly from the plasma 
sample interaction with GP using SPR in the dissociation phase only for the sensorgrams
with Max RU in the range of 10-100 RU and calculated using the BioRad ProteOn
manager software for the heterogeneous sample model
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Figure S2: Related to Figure 2. Complete EBOV-Makona GP gene translated 
sequence used for construction of EBOV-GFPD library and depiction in Figure 2 – 3.



Figure S3: Random distribution of size and sequence of the EBOV-
GFPDL. Related to Figure 2. Sequencing of Makona (2014) GP fragments
expressed by the phages of the EBOV GFPD libraries were aligned to the
Makona (2014) GP translated sequence (shown in Supplementary figure 2).
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Figure S4: Related to Figures 2 and 4. Alignment of glycoprotein (GP) sequences from EBOV 
Makona (2014), Mayinga (1976), Kikwit (1995), Bundibugyo and Sudan strains.
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Figure S5: Anti-GP reactivity of EBOV convalescent plasma in ELISA before and
after EBOV-GFPDL adsorption. Related to Figure 2. Post EBOV infected
convalescent plasma #79 was adsorbed on Makona GFPDL coated petri dishes.
Binding to recombinant EBOV-GP is shown before (solid purple line) and after (dashed
purple line) GFPDL-adsorption in ELISA using HRP-conjugated goat anti-human IgA +
IgG + IgM specific antibody.
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Sample Code Sample Name PRNT PsVN

#36 Negative NHSBT EBOV Ab Negative Plasma <10 <20

#64 ChAd3, MVA 
(Low)

VACCINEES PLASMA POOL (LOW) 
Prime: ChAd3–vectored EBOV Mayinga GP 
Boost: MVA-vectored EBOV Mayinga GP, Sudan 
ebolavirus GP, Marburgvirus GP and Tai Forest 
nucleoprotein

NT 157

#58 ChAd3, MVA 
(High)

VACCINEES PLASMA POOL (HIGH) 
Prime: ChAd3–vectored EBOV Mayinga GP
Boost: MVA-vectored EBOV Mayinga GP, Sudan 
ebolavirus GP, Marburgvirus GP and Tai Forest 
nucleoprotein

NT 469

#28 NHSBT EBOV
NHSBT EBOV CONVALESCENT AB
Brincidifovar (anti-viral) and convalescent plasma 
treatments- 6 months post infection sample

45 623

#43 NOR EBOV 

NORWEGIAN EBOV CONVALESCENT AB
ZMAb (anti-GP), Favipiravin (RNA pol inhibitor) and 
TKM-100802 (iRNA), 2 month post infection 
sample

27 669

#79 ARC EBOV

AMERICAN RED CROSS EBOV 
CONVALESCENT AB 
2 aliquots of convalescent plasma 24 hours apart 
as well as 7 nightly infusions of TKM-Ebola (iRNA), 
No Mab. 3 months post-infection sample. 

181 3395

#92 SL EBOV

SIERRA LEONE EBOV CONVALESCENT AB 
Pooled convalescent plasma of six patients who 
recovered from EVD are likely to not have received 
any Ebola-specific treatment. 

512 4414.5

Table S1: Plasma Samples used in the Study. Related to Figures 1-4. 

NT - Sample not tested:



Site AA Sequence
Post Infection

Post
Vaccination

#28 #43 #79 #92 #58 #64

I 1-36 MGVTGILQLPRDRFKRTSFFLWVIILFQRTFSIPLG 2% 14% 2% 1% 0% 1%

II 32-273

SIPLGVIHNSTLQVSDVDKLVCRDKLSSTNQLRSVGLNLEGNGV
ATDVPSVTKRWGFRSGVPPKVVNYEAGEWAENCYNLEIKKPD
GSECLPAAPDGIRGFPRCRYVHKVSGTGPCAGDFAFHKEGAFF
LYDRLASTVIYRGTTFAEGVVAFLILPQAKKDFFSSHPLREPVNA
TEDPSSGYYSTTIRYQATGFGTNETEYLFEVDNLTYVQLESRFT
PQFLLQLNETIYASGKRSNTTGKL

1% 0% 4% 0% 0% 4%

II.1 152-220
AFHKEGAFFLYDRLASTVIYRGTTFAEGVVAFLILPQAKKDFFSS
HPLREPVNATEDPSSGYYSTTIRY 1% 0% 0% 4% 3% 1%

II.2 195-226 SSHPLREPVNATEDPSSGYYSTTIRYQATGFG 5% 1% 0% 6% 0% 3%

II.3 134-141 RCRYVHKV 0% 4% 0% 0% 0% 0%

III 205-355

ATEDPSSGYYSTTIRYQATGFGTNETEYLFEVDNLTYVQLESRF
TPQFLLQLNETIYASGKRSNTTGKLIWKVNPEIDTTIGEWAFWET
KKNLTRKIRSEELSFTAVSNGPKNISGQSPARTSSDPETNTTNE
DHKIMASENSSAMVQVHS

1% 0% 1% 4% 3% 1%

III.1 210-220 SSGYYSTTIRY 11% 0% 0% 0% 1% 0%
III.2 226-253 GTNETEYLFEVDNLTYVQLESRFTPQFL 0% 9% 2% 3% 1% 0%

III.3 258-299 ETIYASGKRSNTTGKLIWKVNPEIDTTIGEWAFWETKKNLTR 2% 2% 1% 4% 0% 2%

IV 267-419

SNTTGKLIWKVNPEIDTTIGEWAFWETKKNLTRKIRSEELSFTAV
SNGPKNISGQSPARTSSDPETNTTNEDHKIMASENSSAMVQVH
SQGRKAAVSHLTTLATISTSPQPPTTKTGPDNSTHNTPVYKLDI
SEATQVGQHHRRADNDSTASD

0% 5% 3% 3% 13% 2%

IV.1 282-305 DTTIGEWAFWETKKNLTRKIRSEE 2% 6% 5% 4% 8% 7%
IV.2 286-296 GEWAFWETKKN 4% 4% 4% 3% 5% 7%

IV.3 286-364
GEWAFWETKKNLTRKIRSEELSFTAVSNGPKNISGQSPARTSS
DPETNTTNEDHKIMASENSSAMVQVHSQGRKAAVSH 0% 0% 1% 0% 0% 0%

IV.4 326-414
TSSDPETNTTNEDHKIMASENSSAMVQVHSQGRKAAVSHLTTL
ATISTSPQPPTTKTGPDNSTHNTPVYKLDISEATQVGQHHRRAD
ND

5% 3% 2% 4% 0% 0%

V 336-582

NEDHKIMASENSSAMVQVHSQGRKAAVSHLTTLATISTSPQPP
TTKTGPDNSTHNTPVYKLDISEATQVGQHHRRADNDSTASDTP
PATTAAGPLKAENTNTSKSADSLDLATTTSPQNYSETAGNNNT
HHQDTGEESASSGKLGLITNTIAGVAGLITGGRRTRREVIVNAQ
PKCNPNLHYWTTQDEGAAIGLAWIPYFGPAAEGIYTEGLMHNQ
DGLICGLRQLANETTQALQLFLRATTELRTF

2% 0% 0% 4% 2% 0%

V.1 343-368 ASENSSAMVQVHSQGRKAAVSHLTTL 2% 1% 5% 4% 4% 3%

V.2 372-420
STSPQPPTTKTGPDNSTHNTPVYKLDISEATQVGQHHRRADND
STASDT 4% 3% 1% 5% 10% 12%

V.3 380-491
TKTGPDNSTHNTPVYKLDISEATQVGQHHRRADNDSTASDTPP
ATTAAGPLKAENTNTSKSADSLDLATTTSPQNYSETAGNNNTH
HQDTGEESASSGKLGLITNTIAGVAG

2% 1% 2% 5% 1% 6%

V.4 424-447 TTAAGPLKAENTNTSKSADSLDLA 1% 2% 1% 1% 17% 15%

V.5 436-491
NTNTSKSADSLDLATTTSPQNYSETAGNNNTHHQDTGEESASS
GKLGLITNTIAGVAG 1% 4% 2% 12% 9% 4%

V.6 456-484 SETAGNNNTHHQDTGEESASSGKLGLITN 26% 1% 2% 3% 2% 1%
V.7 469-498 TGEESASSGKLGLITNTIAGVAGLITGGRR 0% 1% 7% 1% 3% 1%
V.8 367-378 TLATISTSPQPP 4% 3% 1% 0% 10% 12%
V.9 520-547 TQDEGAAIGLAWIPYFGPAAEGIYTEGL 6% 6% 26% 15% 1% 3%

V.10 585-599 LNRKAIDFLLQRWGG 3% 0% 0% 6% 1% 0%
V.11 439-465 KSADSLDLATTTSPQNYSETAGNNNTH 1% 0% 0% 7% 2% 4%

VI 617-645 KNITDKIDQIIHDFVDKTLPDQGDNDNWW 10% 19% 18% 13% 2% 4%
VII 603-624 ILGPDCCIEPHDWTKNITDKID 1% 0% 0% 8% 0% 0%

Table S2: Antigenic sites and frequency of sites in Plasma samples. Related to Figures 2-4. 



Site AA Sequence Makona (%) Mayinga(%) Kikwit(%) Bundibugyo(%) Sudan(%)

I 1-36 MGVTGILQLPRDRFKRTSFFLWVIILFQRTFSIPLG 100 100 100 69.4 66.6

II 32-273

SIPLGVIHNSTLQVSDVDKLVCRDKLSSTNQLRSVGLN
LEGNGVATDVPSVTKRWGFRSGVPPKVVNYEAGEW
AENCYNLEIKKPDGSECLPAAPDGIRGFPRCRYVHKV
SGTGPCAGDFAFHKEGAFFLYDRLASTVIYRGTTFAE
GVVAFLILPQAKKDFFSSHPLREPVNATEDPSSGYYS
TTIRYQATGFGTNETEYLFEVDNLTYVQLESRFTPQFL
LQLNETIYASGKRSNTTGKL

100 99.1 99.1 80.1 68.1

II.1 152-220
AFHKEGAFFLYDRLASTVIYRGTTFAEGVVAFLILPQA
KKDFFSSHPLREPVNATEDPSSGYYSTTIRY

100 100 100 75.3 65.2

II.2 195-226 SSHPLREPVNATEDPSSGYYSTTIRYQATGFG 100 100 100 53.1 43.7

II.3 134-141 RCRYVHKV 100 100 100 100 87.5

III 205-355

ATEDPSSGYYSTTIRYQATGFGTNETEYLFEVDNLTYV
QLESRFTPQFLLQLNETIYASGKRSNTTGKLIWKVNPE
IDTTIGEWAFWETKKNLTRKIRSEELSFTAVSNGPKNIS
GQSPARTSSDPETNTTNEDHKIMASENSSAMVQVHS

100 96.6 96.6 53.6 39.7

III.1 210-220 SSGYYSTTIRY 100 100 100 45.4 36.3

III.2 226-253 GTNETEYLFEVDNLTYVQLESRFTPQFL 100 100 100 78.5 46.4

III.3 258-299
ETIYASGKRSNTTGKLIWKVNPEIDTTIGEWAFWETKK
NLTR

100 97.6 97.6 73.8 54.7

IV 267-419

SNTTGKLIWKVNPEIDTTIGEWAFWETKKNLTRKIRSE
ELSFTAVSNGPKNISGQSPARTSSDPETNTTNEDHKI
MASENSSAMVQVHSQGRKAAVSHLTTLATISTSPQPP
TTKTGPDNSTHNTPVYKLDISEATQVGQHHRRADNDS
TASD

100 93.4 94.7 30 26.7

IV.1 282-305 DTTIGEWAFWETKKNLTRKIRSEE 100 100 100 66.6 62.5

IV.2 286-296 GEWAFWETKKN 100 100 100 90.9 90.9

IV.3 286-364
GEWAFWETKKNLTRKIRSEELSFTAVSNGPKNISGQS
PARTSSDPETNTTNEDHKIMASENSSAMVQVHSQGR
KAAVSH

100 94.2 94.2 37.1 35.7

IV.4 326-414
TSSDPETNTTNEDHKIMASENSSAMVQVHSQGRKAA
VSHLTTLATISTSPQPPTTKTGPDNSTHNTPVYKLDIS
EATQVGQHHRRADND

100 91 93.2 13.4 11.2

V 336-582

NEDHKIMASENSSAMVQVHSQGRKAAVSHLTTLATIS
TSPQPPTTKTGPDNSTHNTPVYKLDISEATQVGQHHR
RADNDSTASDTPPATTAAGPLKAENTNTSKSADSLDL
ATTTSPQNYSETAGNNNTHHQDTGEESASSGKLGLIT
NTIAGVAGLITGGRRTRREVIVNAQPKCNPNLHYWTT
QDEGAAIGLAWIPYFGPAAEGIYTEGLMHNQDGLICGL
RQLANETTQALQLFLRATTELRTF

100 93.9 95.1 42.5 35.6

V.1 343-368 ASENSSAMVQVHSQGRKAAVSHLTTL 100 96.1 96.1 19.2 19.2

V.2 372-420
STSPQPPTTKTGPDNSTHNTPVYKLDISEATQVGQHH
RRADNDSTASDT

100 89.7 93.8 10.2 12.2

V.3 380-491

TKTGPDNSTHNTPVYKLDISEATQVGQHHRRADNDST
ASDTPPATTAAGPLKAENTNTSKSADSLDLATTTSPQ
NYSETAGNNNTHHQDTGEESASSGKLGLITNTIAGVA
G

100 92 92.9 15 15.9

V.4 424-447 TTAAGPLKAENTNTSKSADSLDLA 100 83.3 83.3 0 4.1

V.5 436-491
NTNTSKSADSLDLATTTSPQNYSETAGNNNTHHQDT
GEESASSGKLGLITNTIAGVAG

100 92.8 91 19.6 16

V.6 456-484 SETAGNNNTHHQDTGEESASSGKLGLITN 100 100 100 17.2 20.6

V.7 469-498 TGEESASSGKLGLITNTIAGVAGLITGGRR 100 100 100 50 30

V.8 367-378 TLATISTSPQPP 100 83.3 100 83 0

V.9 520-547 TQDEGAAIGLAWIPYFGPAAEGIYTEGL 100 96.4 100 96.4 71.4

V.10 585-599 LNRKAIDFLLQRWGG 100 100 100 100 93.3

V.11 439-465 KSADSLDLATTTSPQNYSETAGNNNTH 100 85.1 81.4 3.7 3.7

VI 617-645 KNITDKIDQIIHDFVDKTLPDQGDNDNWW 100 100 100 89.6 72.4

VII 603-624 ILGPDCCIEPHDWTKNITDKID 100 100 100 100 95.4

Table S3: Sequence similarity of GP antigenic sites with other Ebola strains. Related to 
Figures 2-4. 



 
 

TRANSPARENT METHODS: 1 
 2 
Proteins, Plasma samples and Monoclonal Antibodies 3 

Recombinant EBOV glycoproteins (GP residues Met1-Gln650 containing the transmembrane 4 
domain) used in this study were purchased from Sino Biologicals Inc. The clinical plasma samples were 5 
obtained from NIBSC as part of a “WHO collaborative study to assess the suitability of an interim standard 6 
for antibodies to Ebola virus” (Supplementary Table 1)(Wilkinson et al., 2017). Briefly, plasma obtained 7 
from convalescent patients recovered from Ebola virus disease and were negative for Ebola virus RNA and 8 
other blood viral markers [Norway (NOR; #43, 2 months post infection), American Red Cross (ARC; #79, 3 9 
months post infection), and National Health Service Blood and Transplant (NHSBT; #28, 6 months post 10 
infection)]. A pooled convalescent plasma (sample #92) was obtained from six Sierra Leone patients 11 
recovered from EVD who did not receive any Ebola-specific treatment (Supplementary Table 1). These 12 
patients did not receive any Ebola-specific treatment. The PCR-negative plasmas were solvent-detergent-13 
extracted using a method validated at NIBSC. The Norwegian patient received ZMapp (anti-GP), 14 
Favipiravin (RNA pol inhibitor) and TKM-10000802 (iRNA). The NHSBT patient received Brincidifovar 15 
(antiviral) and convalescent plasma treatments. The ARC patient received convalescent plasma as well as 16 
infusions of TKM-Ebola (iRNA). WHO study established sample #79 as the WHO International Reference 17 
Reagent (NIBSC product code 15/220) with an assigned potency of 1 unit/mL.  This is equivalent to 0.68 18 
International Units/mL (95% CI 0.57-0.80) when calibrated against the 1st International Standard for Ebola 19 
Antibody (NIBSC code 15/262) (http://www.who.int/biologicals/expert_committee/BS2316_Anti-20 
EBOV_Antibodies_WHO_1st_IS_and_WHO_1st_International_Ref_Panel.pdf). 21 

Pooled vaccinee plasma were obtained from volunteers participating in Oxford, UK vaccine 22 
trial(Ewer et al., 2016) . The protocol consisted of priming with chimpanzee adenovirus 3 (ChAd3)–vectored 23 
vaccine encoding the surface glycoprotein of EBOV/Mayinga and boosting with the same EBOV GP gene 24 
in a modified vaccinia Ankara (MVA)-vectored vaccine that also contains SUDV and MARV (Marburg virus) 25 
glycoproteins, and TAFV (Tai Forest ebolavirus) nucleoprotein(Wilkinson et al., 2017). Since there were 26 
only small volumes from several individual vaccinees, pools with low (Sample #64) or high (Sample #58) 27 
neutralization titers were generated from individual samples with "low" or "high" neutralization titers 28 
obtained and used as a part of the WHO collaborative study(Wilkinson et al., 2017). The ChAd3-MVA prime-29 
boost post-vaccination samples were a mix of different time points (2 - 12 months) post-vaccination 30 
following booster vaccination. Samples were anonymous, and permission to test these de-identified 31 
samples in different antibody assays was obtained from the U.S. Food and Drug Administration’s Research 32 
Involving Human Subjects Committee (FDA-RIHSC) under exemption protocol #15-0B.  33 

Binding of human plasma to recombinant GP, isotyping and off-rate measurements by Surface 34 
Plasmon Resonance (SPR) 35 

Steady-state equilibrium binding of post-EBOV infected survivor and post-vaccinated human 36 
polyclonal plasma was monitored at 25°C using a ProteOn surface plasmon resonance (Bio Rad). The 37 
purified recombinant GP (GP residues Met1-Gln650 containing the transmembrane domain) were coupled 38 
to a GLC sensor chip via amine coupling with either 100 or 500 resonance units (RU) in the test flow 39 
channels. The protein density on the chip was optimized such as to measure only monovalent interactions 40 
independent of the antibody isotype. Serial dilutions of freshly prepared plasma in BSA-PBST buffer (PBS 41 
pH 7.4 buffer with Tween-20 and BSA) were injected at a flow rate of 50 µl/min (120 sec contact duration) 42 
for association, and disassociation was performed over a 1200-second interval. Responses from the protein 43 
surface were corrected for the response from a mock surface and for responses from a buffer-only injection. 44 
SPR was performed with serially diluted plasma of each individual sample in this study. Sensorgram for a 45 
representative sample dilution is shown in Supplementary figure 1.  46 

Antibody isotype analysis for the GP bound antibodies in the polyclonal plasma was performed 47 
using SPR. Secondary MAb analytes with similar affinity/binding patterns with specificity against Fc region 48 
of either human IgG1, IgG2, IgG3, IgG4, IgA or IgM were used for istyping. Total antibody binding and 49 
antibody isotype analysis were calculated with BioRad ProteOn manager software (version 3.1). All SPR 50 
experiments were performed twice and the researchers performing the assay were blinded to sample 51 
identity. In these optimized SPR conditions, the variation for each sample in duplicate SPR runs was <5%. 52 



 
 

Antibody off-rate constants, which describe the stability of the antigen-antibody complex, i.e. the 53 
fraction of complexes that decays per second, were determined directly from the human polyclonal plasma 54 
sample interaction with rGP protein using SPR (as described above) and calculated using the BioRad 55 
ProteOn manager software for the heterogeneous sample model. 56 
 57 
Gene Fragment Phage Display Library (GFPDL) construction 58 

cDNA complementary to the envelope glycoprotein gene of Ebola virus Makona strain was 59 
chemically synthesized and used for cloning. A gIII display-based phage vector, fSK- 9-3, was used where 60 
the desired polypeptide can be displayed on the surface of the phage as a gIII-fusion protein. Purified DNA 61 
containing EBOV GP was digested with DNase I to obtain gene fragments of 50-1000 bp size range and 62 
used for GFPDL construction as described previously(Khurana et al., 2016). Since the phage libraries were 63 
constructed from the whole Ebola surface glycoprotein gene, they potentially display all possible known or 64 
unknown viral protein segments ranging in size from 15 to 350 amino acids, as fusion protein on the surface 65 
of bacteriophage (Supplementary figure 3).  66 

 67 
Adsorption of polyclonal human survivor plasma on EBOV GFPDL phages and residual reactivity 68 
to Makona-GP 69 

Prior to panning of GFPDL, 500 l of 10-fold diluted serum antibodies from post-infection survivor 70 
plasma sample #79 was adsorbed by incubation with EBOV GFPDL phage-coated Petri dishes. To 71 
ascertain the residual antibodies specificity, an ELISA was performed with wells coated with 200 ng/100 l 72 
of recombinant Makona-GP. After blocking with PBST containing 2% milk, serial dilutions of human plasma 73 
(with or without adsorption) in blocking solution were added to each well, incubated for 1 hr at RT, followed 74 
by addition of 5000-fold diluted HRP-conjugated goat anti-human IgA + IgG + IgM specific antibody and 75 
developed by 100 l of OPD substrate solution. Absorbance was measured at 490 nm.  76 
 77 
Affinity selection of EBOV-GP GFPDL phages with polyclonal human plasma 78 

Prior to panning of GFPDL with polyclonal plasma antibodies, plasma components that could non-79 
specifically interact with phage proteins were removed by incubation with UV-killed M13K07 phage-coated 80 
Petri dishes. Equal volumes of each human plasma were used for GFPDL panning. GFPDL affinity selection 81 
was carried out in-solution (with Protein A/G) as previously described (Khurana et al., 2009; Khurana et al., 82 
2011). The GFPDL affinity selection data was performed in duplicate (independent experiments by two 83 
different research fellows in the lab, who were blinded to sample identity), and similar number of phage 84 
clones and epitope repertoire observed in all four-phage display library analysis. A model for the complete 85 
Zaire strain GP was generated using I-TASSER(Yang et al., 2015) and was used to represent the antigenic 86 
sites on the structure. Crystal structure of EBOV GP (PDB Id #3CSY; for EBOV/Mayinga or the PDB Id 87 
#6DZL for EBOV/Makona) was used as a reference (Lee et al., 2008). 88 

Statistical Analyses 89 

The statistical significances of group differences were determined using an Ordinary one-way 90 
ANOVA and Tukey’s multiple comparisons method. p-values less than 0.05 were considered significant 91 
with a 95% confidence interval. Correlations were calculated with a Pearson method and P value for 92 
correlation was calculated by two-tailed test. 93 
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