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SUMMARY

Ebolavirus causes highly lethal hemorrhagic fever in
humans. The envelope-displayed viral glycoprotein
(GP) is the primary target of humoral immunity
induced by natural exposure and vaccination. No
T cell epitopes in the GP have been characterized
in humans. A phase I clinical trial of a heterologous
prime-boost vaccination regime with viral vectors
encoding filovirus antigens elicits humoral and
T cell responses in vaccinees. The most frequently
recognized peptide pools are deconvoluted to iden-
tify the minimal epitopes recognized by antigen-spe-
cific T cells. We characterize nine immunogenic
epitopes on the Ebolavirus GP. Histocompatibility
leukocyte antigen (HLA) typing with in silico epitope
analysis determines the likely MHC class I restriction
elements. Thirteen HLA-A and -B alleles are pre-
dicted to present the identified CD8+ T cell epitopes,
suggesting promiscuous recognition and a broad
immune response. Delivery of the Ebolavirus GP an-
tigen by using a heterologous prime-boost approach
is immunogenic in genetically diverse human popula-
tions, with responses against multiple epitopes.

INTRODUCTION

The West African Ebolavirus epidemic that began in Guinea in

December 2013 claimed more than 11,000 lives, eclipsing all

previously recorded outbreaks combined (WHO, 2017; Baize

et al., 2014). The etiological agent of this outbreak, Zaire ebola-

virus (EBOV), is one of five species within the Ebolavirus genus

of the Filoviridae family (Kuhn et al., 2010). Three other members

of this genus, Sudan ebolavirus (SUDV), Tai Forest ebolavirus

(TAFV), and Bundibugyo ebolavirus (BDBV), are also pathogenic

in humans (Feldmann and Geisbert, 2011). The fifth member,

Reston ebolavirus (RESTV), is not associated with disease in hu-
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mans but has been isolated from non-human primates (NHPs)

and swine (Jahrling et al., 1990; Barrette et al., 2009). Although

the case fatality rate of the West African epidemic (2013–2016)

was estimated at 40%, it has been as high as 90% in previous

outbreaks (WHO, 2017). Despite the threat that EBOV and other

filoviruses pose, relatively little is known about the cellular im-

mune response to filoviruses in humans.

Rodent and NHP models, in addition to data from survivors of

Ebolavirus disease, have demonstrated the importance of both

humoral and cellular responses in clinical outcomes of EBOV

disease (Sullivan et al., 2009; Dahlke et al., 2017b; McElroy

et al., 2015; Lee and Saphire, 2009b; Ruibal et al., 2016). Both

T cell and antibody responses to EBOV are directed against

the viral glycoprotein (GP) (Dahlke et al., 2017b; Becquart

et al., 2014), which is essential for attachment, fusion, and entry

of the virion into the target cell (Lee and Saphire, 2009a). The GP

protein is synthesized as a 676-amino acid polypeptide which

undergoes post-translational cleavage by the host cell propro-

tein convertase furin. This cleavage yields two disulphide-linked

subunits, GP1 and GP2, which further trimerise to form a

‘‘chalice-like’’ structure (Lee et al., 2008). The membrane-distal

GP1 displays both N- and O-linked glycosylation and is respon-

sible for host cell attachment. The smaller GP2 fragment an-

chors the complex to the envelope by a transmembrane domain

and contains a hydrophobic internal fusion loop that drives

fusion of the host and virion membranes, facilitating the release

of viral nuclear material into the cytosol (Lee and Saphire,

2009a).

The efficacy of monoclonal antibody therapies targeting the

GP has been demonstrated in vivo in guinea pig and macaque

models with protection seen up to 5 days post-challenge

when administered as either a monotherapy or monoclonal

or polyclonal cocktail (Corti et al., 2016; Parren et al., 2002;

Qiu et al., 2014; Pettitt et al., 2013). Furthermore, the experi-

mental human vaccine rVSV-ZEBOV, which showed 100%

efficacy in a ring-vaccination study in Guinea, appears to pro-

tect by a predominantly antibody-mediated mechanism (He-

nao-Restrepo et al., 2015; Agnandji et al., 2016; Rechtien

et al., 2017), particularly given the paucity of T cell responses
ts 29, 2537–2545, November 26, 2019 ª 2019 The Author(s). 2537
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to the vaccine (Dahlke et al., 2017a; Becquart et al., 2014;

Murin et al., 2014; Misasi et al., 2016). Although solid progress

has been made in understanding humoral immune responses

to EBOV in humans, less is known about the mechanisms un-

derlying cellular immunity. It has been clearly demonstrated

that CD8+ cytotoxic T cells (CTLs) are required for survival in

macaques and that depletion of this subset in vaccinated an-

imals results in complete abrogation of protection in lethal

challenge models (Sullivan et al., 2011; Ruibal et al., 2016;

Theaker et al., 2016; Simmons et al., 2004; Dikhit et al.,

2015; Sundar et al., 2007; Yasmin and Nabi, 2016; Herrera

et al., 2018; Sakabe et al., 2018). T cell epitopes in the

EBOV nucleoprotein (NP) have been identified in immunized

mice, and several computational studies have predicted

further epitopes in both NP and GP. In humans, T cell re-

sponses to NP, GP, and VP40 determined by interferon-

gamma ELISPOT have been described in both survivors and

seropositive asymptomatic individuals. Although CD8+ T cell

epitopes in the EBOV NP have been characterized in studies

of Ebola survivors, to date no minimal epitopes have been

characterized in the GP (Sakabe et al., 2018). This is despite

the potent immunogenicity of the GP both in the context of

natural infection (McElroy et al., 2015; Dahlke et al., 2017b)

and in vaccines expressing GP as the target antigen (Dahlke

et al., 2017a; Milligan et al., 2016; Ewer et al., 2016; Venkatra-

man et al., 2019).

Identification of immunogenic epitopes in pathogen genomes

has been used as a tool to generate novel vaccine candidates

and identify potentially protective targets for CTL (Sanchez-Trin-

cado et al., 2017). A number of in silico bioinformatics tools are

available for prediction of epitopes and associated HLA-restric-

tion elements (Soria-Guerra et al., 2015; Hoof et al., 2009). This

information can be used to design so-called ‘‘mosaic’’ antigens;

an approach that has been widely used for the development of

novel HIV vaccines (Azizi et al., 2008; Fischer et al., 2007; On-

dondo et al., 2016), particularly where broad coverage of

conserved proteins is required. Characterization of protective

or dominant HLA-restricted CD8+ T cell epitopes has been un-

dertaken for a range of diseases, including influenza A, cytomeg-

alovirus (CMV), HIV, and tuberculosis (TB) (McMichael et al.,

1983; Wu et al., 2011; Borthwick et al., 2017; Lehmann et al.,

2019; Lewinsohn et al., 2013). This information can be used to

study mechanisms of immunity to inform rational vaccine design

(Gras et al., 2010).

Heterologous prime-boost vaccination with viral vectors elicits

strong antibody and CTL responses, making them ideal candi-

dates for immunization against EBOV. We have previously re-

ported a clinical trial in which volunteers were primed with a

monovalent chimpanzee adenovirus encoding the EBOV GP

gene (Ewer et al., 2016). One to 10 weeks later, individuals

were boosted with the multivalent MVA-BN-Filo vaccine, which

encodes the EBOV, SUDV, and Marburgvirus GP and TAFV NP

genes. Peripheral blood mononuclear cells (PBMCs) from these

individuals were used to identify thirteen highly reactive non-

amers. Mapping analysis revealed nine spatially distinct epi-

topes on the surface of the EBOV GP, providing a detailed

characterization of the peptides responsible for initiating CTL-

mediated responses to EBOV infection.
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RESULTS

ELISPOT Responses to Pooled Peptides
As part of the immunomonitoring performed during the previ-

ously reported clinical trial (Ewer et al., 2016), freshly isolated

PBMCs collected 7 days after boosting with MVA were assayed

against 10 pools of overlapping peptides spanning the length of

the vaccine antigen insert, which includes a signal peptide and

the GP1 and GP2 subunits. Details of the peptide pools are given

in Table S2. Seven peptide pools were highly immunogenic (GP

1.1, 1.2, 1.3, 1.4, 1.6, 2.1, and 2.2) and four of the pools gave

geometric mean (GM) responses greater than 150 spot-forming

cells per million PBMCs (SFCs) across the 28 volunteers tested.

These were pools 1.1–1.3 and 2.2 (Figure 1A). The strongest

responses were seen to pools 1.1 and 2.2, corresponding to

theN terminus of GP1 andC terminus of GP2, with GM responses

of 237 and 164 SFCs, respectively. The peptides constituting the

signal peptide (SP), as well as 1.5 and 1.7 pools that gave posi-

tive responses in less than 40% of participants and were not

assessed further.

ELISPOT Responses to Individual Peptides
The seven most immunogenic pools were retested by interferon

g (IFNg) ELISPOT using frozen PBMCs selected from clinical trial

participants that responded strongly in the preliminary assay,

subject to sample availability. Each pool was deconvoluted to

the constituent peptides (20–21 peptides per pool) by using

PBMCs from between 6 and 8 vaccinees. In the seven pools

tested, at least one immunodominant peptide was identified in

each, and in some pools, more than one immunogenic region

was observed, suggesting multiple epitopes (Figures 1B, 2A,

and 2B). Following deconvolution of the responses to the pep-

tide pools, 10 of the most immunodominant peptides and re-

gions were selected based on the strength of the ELISPOT

response and sample availability, and a library of 94 nonamers

was produced. A summary of the nonamers is shown in Fig-

ure 2C, and sequences for the individual nonamers are shown

in Table S3.

Individual nonamers were tested in further IFNg ELISPOT as-

says, and representative wells are shown in Figure 3A. Thirteen

of the nonamers elicited positive responses in more than one

participant (8, 9, 15, 26, 31, 38, 39, 47, 48, 55, 65, 92, 93, and

94), and responses to the nonamers are shown in Figure 3B.

Where nonamers that gave a positive response were adjacent,

we subsequently considered these to be part of a single epitope.

These putative epitopes are displayed as nine color-coded re-

gions. The locations of these putative epitopes were then dis-

played diagrammatically on the primary GP structure (Figure 3C).

EBOV GP Epitope Sequence and Location in Primary
Structure
The 13 immunogenic nonamers formed nine discrete putative

epitopes (SF1A). The sequences of the constituent nonamers

were used to identify the location of the epitopes in the primary

structure of EBOV GP (Figure 3C). The first three are located in

an epitope-rich 40-amino-acid stretch in the N-terminal half of

GP1. The first epitope is 12 amino acids long and comprised of

the nonamers 6, 8, and 9, although nonamer 7 elicited no T cell



Figure 1. Ex Vivo IFNg ELISPOT Responses

to Peptide Pools and 15-mer Peptides in Indi-

vidual Participants

(A) Responses to peptide pools using freshly iso-

lated PBMCs at 7 days after boosting. Black dots

represent individual participants (n = 28); bars show

geometric mean with 95% confidence intervals

(CIs). Dotted line shows threshold for positive re-

sponses in the ELISPOT assay (78 SFC, equivalent

to 4 SD from the median of the negative control

responses). Red circles show the percentage of

participants with a positive response to each pool.

Red dashed line indicated the threshold used to

select pools for further analysis (40%). �ve, nega-

tive control (medium only); +ve, positive control; GP,

2 pools containing all 187 peptides.

(B) Heatmap showing responses to individual

peptides for each pool. Geometric mean responses

are displayed (n = 6–8 participants per pool, de-

pending on sample availability). Individual peptide

sequences and pools are listed in Table S2.
activity (Figure 3C). The second epitope is situated immediately

adjacent to the first and is comprised of nonamer 15 alone. No

immunogenicity was detected with nonamers 11–14, which

span the junction of the two epitopes. The third epitope is

located nine residues downstream. A fourth epitope, constituting

nonamer 31 alone, corresponds to residues 164–172. These

four epitopes are all involved in the formation of the GP1 head

structure in the mature GP (Figure S1). Epitopes five and six

are located within the glycan cap region of GP1. No epitopes

were identified near the C terminus of GP1, which corresponds

to pools 1.5, 1.6, and 1.7 (pools 1.5 and 1.7 were excluded

from the epitope analysis at an earlier stage due to poor

immunogenicity).

We identified three epitopes in the GP2 protein, the first of

which is 9 amino acids long, formed by nonamer 55, and incor-

porates part of the internal fusion loop (Lee and Saphire,

2009a). The second epitope is comprised of the singular non-

amer 65, and the final epitope represents the terminal 10 amino

acids of the GP that form part of the transmembrane domain and

cytosolic tail. The other species within the genus Ebolavirus that

causes significant outbreaks in humans is SUDV, and therefore,

we determined the sequence identity between the identified

EBOV GP epitopes and the corresponding sequences in SUDV

GP. Homology was at least 50% for all epitopes, with epitopes

2, 3, and 4 being 100% identical (Figure S1E).

Epitope Mapping onto the Structure of EBOV GP
The identified epitopes were mapped onto the crystallized struc-

ture of EBOV GP (Zhao et al., 2016). Note that epitope 9, which

spans the transmembrane region and the cytoplasmic tail, was
Cell Repor
omitted from the crystallized EBOV GP

construct (Figure 3C). The eight structur-

ally observed epitopes are spatially distrib-

uted throughout the mature pre-fusion GP

trimer and are at least partially surface

exposed (Figure S1A). Epitopes 1–4 are

located in the GP1 head region proximal
to the membrane-distal portion of the spike. Individual residues

from these epitopes are involved in contacting the endosomal re-

ceptor NPC1 and become more surface-accessible following

the host cathepsin B/L-mediated removal of the glycan cap

and mucin-like domain (Figures S1C and S1D), a priming event

prerequisite for the EBOV GP-NPC1 interaction (Wang et al.,

2016). Epitopes 5 and 6 form part of the glycan cap region of

GP1 and are only partially visualized due to crystallographically

disordered residues (Figures S1A and S1B). Being situated in

the glycan cap, these epitopes are absent in the cathepsin

cleaved form of theGP. Epitopes 7 and 8 are located in the fusion

subunit GP2 and predominantly contain residues contributing to

the GP1-GP2 interface. Six of the nine residues constituting

epitope 7 are also contacted by the nAb KZ52 (Lee et al.,

2008), representing a class of human nAbs targeting mixed

GP1-GP2 epitopes at the base of EBOV GP. Epitope 8 is located

at the trimer interface of the GP, spatially adjacent to epitope 2.

CD8+ T Cell Responses to Nonamers
Using flow cytometry with intracellular cytokine staining, we

assayed the highest responding volunteers from the nonamer

ELISPOT (n = 13). We determined that all eight of the nonamers

tested induced IFNg and tumor necrosis factor alpha (TNFa) pro-

duction in CD8+ T cells, with the strongest responses of both

cytokines induced by nonamers 8, 31, and 55. These three non-

amers induced IFNg production with median frequencies of

0.81%, 0.49%, and 0.58% of CD8+ T cells. The median fre-

quencies of TNFa-secreting CD8+ T cells after stimulation with

the same three nonamers were 0.74%, 0.43%, and 0.62% of

CD8+ T cells. (Figures 4A and 4B).
ts 29, 2537–2545, November 26, 2019 2539



Figure 2. Deconvolution of Individual Peptide Responses within Peptide Pools by IFNg ELISPOT

(A) Individual peptides from pools GP1.1 to 1.4.

(B) Individual peptides from pools GP1.6, GP2.1, and GP2.2. Boxes show peptides selected for determination of minimal epitopes. Solid lines represent medians,

and dotted line shows lower limit of assay detection. n refers to the number of vaccinees tested for each peptide pool.

(C) Nonamer sequences selected for minimal epitope determination spanning dominant 15-mer peptide or regions of peptides.
HLA Typing and Epitope Restriction Analysis
High-resolution HLA typing was performed on all participants

(Table S1) and MHC Class I alleles were analyzed using

NetMHCpan (version 3.0) to assign HLA restriction elements

from each volunteer to each of the positive peptides. This pre-

dicts the binding of the peptide to each of the 3–6 HLA alleles

for the volunteer, (2 each of HLA-A, -B, and -C alleles, unless ho-

mozygous) and the allele with the strongest predicted binding

value as the likely restriction element was determined. A rank

score binding value of less than 2% has been shown to recover

95% of previously validated epitopes with higher than 99%

specificity. For all epitopes, at least one restriction element

from a responding participant was predicted to be a strong

binder (Table 1), and for four of the epitopes (1, 3, 7, and 9),

more than one element was predicted to bind strongly. Of the

alleles predicted to bind strongly, nine were HLA-A alleles and

five were HLA-B.

There were three epitopes where the prediction algorithm

gave a poor (rank, >2%) binding prediction for the HLA of

some of the responding volunteers. In each case, a shift of a sin-

gle amino acid produced a strong binding value. In these cases,
2540 Cell Reports 29, 2537–2545, November 26, 2019
the assays were repeated and the result reconfirmed (data not

shown). An example of this was the epitope TDVPSATKR.

Here, 2 volunteers (44 and 96) expressed the HLA-A11:01 allele,

and yet this was predicted to bind very poorly (rank score, 18%).

The adjacent epitope ATDVPSATK was predicted to bind

strongly with this allele and was indeed recognized by three vol-

unteers expressing this allele.

To confirm the recognition of epitopes through the predicted

allele, MHC Class I pentamers were produced for peptide 1

(ATDFPSATK) bound to the HLA-A11:01 MHC molecule and

a second for peptide 9 (LFCICKFVF) bound to HLA-A24:02.

Only one volunteer recognizing LFCICKFVF had sufficient

PBMCs remaining for pentamer staining and 0.14% of their

CD8+ T cells were pentamer positive (Figure 4C).For the

HLA-A11:01 pentamer containing the ATDVPSATK peptide,

0.83% and 0.15% of CD8+ T cells stained positive from donor

044 and 096, respectively, whereas PBMCs from a mis-

matched volunteer, 066, were negative (Figure 4D). We, there-

fore, demonstrated that the in silico prediction of the MHC

allele binding to epitopes we identified was correct for at least

two nonamers.



Figure 3. Identification of Immunodominant

9-mers by Using Ex Vivo IFNg ELISPOT

(A) Representative images of ELISPOT wells.

(B) Individual 9-mer peptides were tested in partici-

pants previously identified as responders to the

peptide pool (n = 2–6). Bars represent medians.

Dashed red line indicates positivity threshold (4 SD

from the median of negative control). Thirteen of the

nonamers elicited positive responses in more than

one participant (8, 9, 15, 26, 31, 38, 39, 47, 48, 55,

65, 92, 93, and 94) and these are displayed as nine

color-coded regions. Adjacent immunogenic non-

amers that overlapped were considered to form a

single epitope.

(C) Domain organization of the EBOV GP with the

location of the T cell epitopes on the primary

glycoprotein structure shown in color. SP, signal

peptide; IFL, internal fusion loop; TM, trans-

membrane domain; MLD, mucin-like domain;

Y-shaped symbols designate N-linked glycosylation

sites. Amino acid sequences for nonamer peptides

are listed in Table S3.
DISCUSSION

In this study, we identified 13 nonamers in the EBOV GP that

elicit strong cellular responses in vaccinated individuals. When

overlaid onto the protein, the nonamers form nine discreet epi-

topes, ranging in length from 9 to 14 amino acids (Figure S1).

Identifying the immunodominant regions of a protein builds our

understanding of the immune response toward a pathogen and

can help inform future vaccine design. Currently there are no

licensed vaccines for Ebolavirus; however, the unprecedented

magnitude of the West African outbreak led to regulatory fast-

tracking for several promising candidates. The most advanced

of these vaccines is rVSV-ZEBOV, which was assessed exten-

sively in a phase 3 clinical trial where high efficacy was demon-

strated (Henao-Restrepo et al., 2017). The platform for this
Cell Repor
vaccine is the zoonotic rhabdovirus vesicu-

lar stomatitis virus, with its native GP

substituted for EBOV-GP. Significant

reactogenicity to rVSV-ZEBOV has been

observed in some populations, including

fever and arthralgia in 25% and 22% of re-

cipients in a Swiss cohort (Huttner et al.,

2015), perhaps due to the replication com-

petency of the vector. In contrast, the

ChAd3 and MVA vectors used in this study

are replication deficient and substantially

less reactogenic, eliciting an immune

response comprising both potent antibody

and cellular components (Ewer et al.,

2016). The induction of high-frequency

CD8+ T cell responses is critical to survival

in NHP models of EBOV and has also now

been demonstrated in human survivors of

Ebola virus disease (EVD), suggesting a

potential advantage for these vectors (Sul-

livan et al., 2009; Sakabe et al., 2018). We
are currently undertaking follow-up studies to determine the

durability of immunity in these participants and assess memory

T cell phenotypes induced immediately after vaccination as

well as in subsequent months and years. This is another impor-

tant consideration for vaccines being deployed in regions at risk

for EVD outbreaks.

Conservation of epitopes is critical if they are to be of use in

future vaccines, as alterations to the T cell targets will likely result

in diminished efficacy. Initial reports from the West African

outbreak indicated that the circulating EBOV was undergoing

an increasedmutation rate, up to twice that seen in previous out-

breaks (Gire et al., 2014). Further work subsequently demon-

strated that the viral mutation rate was in fact similar to those

previously estimated, with the majority of nucleotide alterations

being either silent or occurring in noncoding regions (Olabode
ts 29, 2537–2545, November 26, 2019 2541



Figure 4. Cytokine Expression from CD8+ T Cells Assessed by Flow Cytometry and Intracellular Cytokine Staining with Pentamer Staining

(A) Representative example of intracellular cytokine staining of CD8+ T cells. A full gating strategy is shown in Figure S2.

(B). T cells producing IFNg or TNFa as a percentage of CD8+ cells; bars represent single values or medians (n = 1–3 per nonamer); error bars represent range.

(C) PBMCs from an HLA-matched volunteer were stained with an HLA-A24:02 pentamer containing the LFCICKFVF peptide. After subtraction of pre-vaccination

background, 0.14% of CD8+ T cells were pentamer positive.

(D) An HLA-A11:01 pentamer containing the ATDVPSATK peptide was used to stain PBMCs from 3 volunteers, all shown to recognize this epitope (2 HLA-

matches: 044 and 096, and 1 HLA-mismatch: 066) after stimulation with peptide. After subtraction of pre-vaccination background, the two HLA-matched vol-

unteers had pentamer-positive populations of 0.83% and 0.15% of CD8+ T cells, respectively. No response was detected from the mismatched volunteer 066.
et al., 2015; Hoenen et al., 2015). The epitopes identified here

exhibit a high level of conservation across EBOV strains. The

ChAd3 and MVA vectors encode GP from the 1976 Mayinga

strain, and at the amino acid level, the epitopes are completely

conserved in the 2014 Makona-Gueckedou strain as well as all

intervening strains that were identified (Kikwit 1995, Gabon

1996, Gabon 2002). Most of these epitopes are highly conserved

with the related SUDV GP, suggesting that T cells raised in indi-

viduals vaccinated with EBOV GP would show cross-reactivity

against SUDV GP.

Interestingly, three of the epitopes characterized within this

study had previously been predicted, in part or completely, by

computational and murine studies. The fourth epitope was

partially predicted by two different studies and was shown to

effectively stimulate splenocytes of immunized mice (Dikhit

et al., 2015; Yasmin and Nabi, 2016; Wu et al., 2012). Epitopes

seven and eight were also predicted, the former partially and

the latter entirely, by several studies (Dikhit et al., 2015; Simmons

et al., 2004; Sundar et al., 2007). Wewere also able to confirm the

accuracy of the epitope prediction algorithmwith pentamers for 2

epitopes, showing that in silico approaches remain valid strate-

gies to infer MHC restriction. MHC genes exhibit extensive

polymorphism, and the description of MHC diversity in African

populations is limited (Cao et al., 2004). Our study utilized sam-

ples from a study conducted in a largely Caucasian population

that may not be representative of the repertoire and diversity of

HLA class I haplotypes in the populations that wouldmost benefit

from a vaccine against EVD. All the HLA alleles except one that

were predicted have been described in African populations; how-

ever, there also exist several alleles that are unique to African

populations, and it is possible that these alleles could also recog-
2542 Cell Reports 29, 2537–2545, November 26, 2019
nize the epitopes identified here or indeed other epitopes on the

Ebola GP (Nemat-Gorgani et al., 2019; Cao et al., 2004).

Using data from a variety of sources (www.allelefrequencies.

net; Dr Alexander Mentzer, personal communication), we noted

that the HLA-A11:01 allele is poorly represented across all of

sub-Saharan Africa and both poorly characterized and near ab-

sent in populations typically at risk of Ebola (González-Galarza

et al., 2015; Gonzalez-Galarza et al., 2018).

The epitopes identified in this paper represent the most

detailed analysis to date of human EBOV T cell epitopes in the

GP characterized with putative MHC restrictions and build our

knowledge about cellular responses to this pathogen. Epitope

3 (AENCYNLEI) also appears in a 33-amino-acid region of the

GP previously shown to be recognized by a single EVD survivor,

suggesting that there is at least some overlap in epitope recog-

nition between natural and vaccine-induced immunity (Sakabe

et al., 2018). The same study of T cell responses in EVD survivors

described responses that were dominated by epitopes in the

secreted GP, the primary product of the EBOV GP gene. This

study identifies T cell responses to the GP2 protein, a potential

for the vaccine in avoiding responses to the region of GP shared

in common with sGP. Identification and characterization of

the identified peptides may also aid in future vaccine design.

Determining the strongly and weakly immunogenic regions of a

target protein could allow vaccine constructs to be truncated

or create mosaic inserts for vectors with a limited genomic

capacity. Importantly, the finding that this vaccine regime

elicits potent cell-mediated immunity in donors with a broad

range of HLA types indicates the potential immunogenicity of

this approach in genetically diverse populations. Furthermore,

dominant epitopes induced by vaccination could be compared

http://www.allelefrequencies.net
http://www.allelefrequencies.net


Table 1. Predicted Binding of Epitopes to Participant HLA Alleles

Epitope

Number

Peptide

Number Sequence Participant Predicted Allele 1-log50k nM

Rank Score

Binding Value (%)

1 8 ATDVPSATK 44 HLA-A11:01 0.67945 32.1 0.2

8 ATDVPSATK 96 HLA-A11:01 0.67945 32.1 0.2

8 ATDVPSATK 66 HLA-A03:01 0.44883 389 1.1

9 TDVPSATKR 44 HLA-A11:01 0.08499 19,935.5 18

9 TDVPSATKR 96 HLA-A11:01 0.08499 19,935.5 18

2 15 GFRSGVPPK 85 HLA-A30:01 0.77246 11.7 0.06

3 26 AENCYNLEI 68 HLA-B40:02 0.72434 19.7 0.07

26 AENCYNLEI 66 HLA-B44:02 0.74221 16.3 0.01

4 31 RLASTVIYR 96 HLA-A03:01 0.65027 44 0.17

31 RLASTVIYR 66 HLA-A03:01 0.65027 44 0.17

5 39 TEDPSSGYY 76 HLA-A01:01 0.25681 3,106.2 1.1

39 TEDPSSGYY 109 HLA-A01:01 0.25681 3,106.2 1.1

6 47 DTTIGEWAF 70 HLA-A01:01 0.14577 10,327.5 3.5

48 TTIGEWAFW 70 HLA-B58:01 0.79362 9.3 0.06

48 TTIGEWAFW 97 HLA-B58:01 0.79362 9.3 0.06

7 55 NQDGLICGL 118 HLA-B38:01 0.40454 628.1 0.17

55 NQDGLICGL 60 HLA-B38:01 0.40454 628.1 0.17

55 NQDGLICGL 89 HLA-B38:02 0.45724 355.2 0.12

8 65 TELRTFSIL 68 HLA-B40:01 0.7052 24.3 0.07

9 93 ALFCICKFV 19 HLA-A02:01 0.72325 20 0.3

93 ALFCICKFV 114 HLA-C16:02 0.15576 9,269.2 8.5

94 LFCICKFVF 19 HLA-A23:01 0.53282 156.8 0.5

94 LFCICKFVF 114 HLA-A24:02 0.41917 536.2 0.8

94 LFCICKFVF 64 HLA-A24:02 0.41917 536.2 0.8
with those elicited by natural infection in survivors of Ebolavirus

disease, thus allowing inference of potential protective ability of

different vaccination strategies in lieu of data from an efficacy

trial in an outbreak setting. This study is an important addition

to our understanding of the immune response to Ebolavirus,

highlighting the importance of both humoral and cellular re-

sponses during infection and vaccination.
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Anti-CD3 AF700 eBioscience 56-0038-82
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Anti-CD8 APC-AF780 eBioscience 47-0088-42

Anti-CD14 eF540 eBioscience 48-0149-42

Anti-CD19 eF450 eBioscience 48-0199-42
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Anti-IL2 PE eBioscience 12-7029-82
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Anti-CD107a PE-Cy5 eBioscience 15-1079-42

LIVE/DEAD Amine reactive dye (AQUA) Life Technologies L34955

Critical Commercial Assays

human IFNg SA-ALP antibody kits Mabtech Cat# 3420-25A

Biological Samples

Human PBMCs; 7 to 28 days after vaccination Ewer et al., 2016. N/A

Software and Algorithms
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FlowJo v9.8.1 Treestar Inc.

NetMHCpan v3.0 Lundegaard et al., 2008 https://dx.doi.org/10.1093/bioinformatics/btn128
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr Katie

Ewer (katie.ewer@ndm.ox.ac.uk). This study did not generate unique new reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design
Healthy adult volunteers (n = 60) were vaccinated with ChAd3-ZEBOV (1-5x1010 viral particles) as part of a recent clinical trial

(ClinicalTrials.gov number, NCT02240875; Ewer et al., 2016). Of these, 30 subjects received vaccination with MVA-BN filo

(1.5-3x108 plaque-forming units) as a heterologous boost 1-10 weeks after the priming vaccination. The original clinical trial from

which these samples were obtained was supported by the Welcome Trust, the United Kingdom Medical Research Council, the

United Kingdom Department for International Development, and the United Kingdom National Institute for Health Research Oxford

Biomedical Research Centre (106325/Z/14/A). The clinical trial protocol was published with the original clinical study (Ewer et al.,

2016) and a CONSORT diagram and checklist are provided in the online Supplementary Appendix of Ewer et al. (2016a). The age

and sex information for the participants can be found in Table 1 in the preliminary version of this article that can be downloaded

here: https://www.nejm.org/doi/full/10.1056/NEJMoa1411627. Briefly, 60 participants were enrolled and 28 (47%) were female.

The mean age was 32.2 years with a range from 18 to 49 years.

Ethics statement
The study was reviewed and approved by the United Kingdom National Research Ethics Service, the Committee South Central–

Oxford A, the Medicines and Healthcare Products Regulatory Agency, and the Oxford University Clinical Trials and Research Gover-

nance team, who monitored compliance with Good Clinical Practice guidelines. An independent data and safety monitoring board
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provided safety oversight. Written informed consent was obtained from all participants and all participants were adults. The study

was conducted in compliance with the clinical trial protocol, International Conference on Harmonisation Good Clinical Practice

Guideline E6 (R1) (ICH-GCP) and the applicable regulatory requirements.

METHOD DETAILS

Blood processing
Blood samples were stored at room temperature prior to processing, which was completed within six hours of venepuncture. PBMC

were separated by density centrifugation from heparinised whole blood and resuspended in R10 medium (RPMI containing 10%

heat-inactivated, batch-tested, sterile-filtered fetal calf serum [FCS] previously screened for low reactivity [Labtech International],

1% L-glutamine, 1% penicillin/streptomycin). Cell counts were performed using a CASY Cell Counter (Roche Innovatis AG) accord-

ing to an established SOP in the lab.

Ex vivo IFNg ELISpot assays
Ex vivo (16-18 hour stimulation) ELISpot assays were performed using Multiscreen IP ELISpot plates (Millipore), human IFNg SA-ALP

antibody kits (Mabtech) and BCIP NBT-plus chromogenic substrate (Moss Inc.). Initial ELISPOT assays were performed using freshly

isolated PBMC as part of the immunomonitoring for the clinical trial, seven days after the MVA boost (Figure 1A). All subsequent

ELISpot assays were performed using PBMC cryopreserved from the clinical trial immediately after sample collection and stored

in the vapor phase of liquid nitrogen. Vials of frozen PBMC were thawed in a 37�C water bath, washed in R10 and incubated at

1-5 million PBMC per ml of R10 for 2-4 hours with 250IU of benzonase per ml of R10. PBMCwere tested in triplicate against antigens

at 2.5mg/ml with 200,000 PBMC added to each well of the ELISpot plate. Plates were counted using an AID automated ELISpot

counter (AID Diagnostika GmbH, algorithm C), using identical settings for all plates, and counts were adjusted only to remove

artifacts. Responses were averaged across triplicate wells, responses in unstimulated (negative control) wells were subtracted.

Staphylococcal Enterotoxin B (0.02 mg/ml) and phytohaemmagglutinin-L (10 mg/ml) were used as a positive control, whereby

responses of > 1000 SFC/106 PBMC passed QC.

Epitope Identification
From the initial study, a peptide library consisting of 187 peptides (12-17 amino acids in length, overlapping by 4 residues) spanning

the entire EBOV glycoprotein was synthesized (Neobiolab, MA, USA). Thesewere initially dissolved in DMSO to 100mg/ml, combined

into 10 separate pools and diluted in PBS to 7.5 mg/ml for the clinical trial ELISpots (Table S1). The peak of the immune response after

vaccination was seven days post-MVA and this time point was used to identify the most immunogenic peptide pools. A positive

response to a peptide pool was arbitrarily defined as a response greater than four standard deviations of the median of the negative

control response for all volunteers (equivalent to 78 SFC). Peptide pools that elicited positive responses in more than 40% of

participants were selected for further epitope mapping. Three of the pools (SP, GP1.5 and GP1.7) were not studied further due to

low responses. Samples from participants with the highest peak responses against the remaining seven peptide pools were selected

(taking into account sample availability) and tested against the individual constituent peptides of the respective pools to identify

immunodominant peptides (n = 6-8 participants per pool, 26 in total). Responses were considered positive if they were greater

than four standard deviations of the median of the negative control response for all volunteers (equivalent to 17 SFC for frozen as-

says). A selection of the individual peptides or region or peptides that elicited the highest responses were resynthesized as peptide

libraries of nonamers overlapping by a single amino acid to identify the minimal epitope (ProImmune Ltd, Oxford, UK). These were

tested using frozen PBMC as described above.

Epitope Mapping
The EBOVGPdomain organization schemewas produced by usingDOGsoftware, version 2.0 (Ren et al., 2009). The crystal structure

of EBOV GP (PDB ID 5JQ3, Zhao et al., 2016) was visualized using the PyMOL Molecular Graphics System, Version 1.705 Schrö-

dinger, LLC (https://pymol.org/2/). The footprints of the endosomal receptor Niemann-Pick C1 (NPC1) and human neutralizing anti-

body (nAb) KZ52 on the EBOV GP were obtained by analyzing the corresponding complex crystal structures (PDB ID 5F1B, Wang

et al., 2016; and PDB ID 3CSY, Lee et al., 2008) using the ‘Protein interfaces, surfaces and assemblies’ service PISA at the European

Bioinformatics Institute (https://www.ebi.ac.uk/pdbe/prot_int/pistart.html) (Krissinel and Henrick, 2007).

Intracellular Cytokine Staining (ICS)
Due to sample constraints, ICS was carried out on eight nonamers that elicited the highest responses by ELISpot (cut off > 475 SFC/

106 PBMC). Frozen PBMCwere thawed as described above and ICSwas performed as described previously (Ewer et al., 2016). Cells

were stimulated with single peptides at 2.5 mg/ml. A minimum of 1x106 events were acquired on a LSR II cytometer (Becton

Dickinson, Oxford, UK). Data were prepared and analyzed using FlowJo v9.8.1 (Treestar Inc., Ashland, Oregon, USA). A hierarchical

gating strategy was used. Responses to the peptides for each sample were determined after subtracting the responses from

unstimulated controls.
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Pentamer staining and flow cytometry
R-PE-labeled custom Pro5� pentamers (ProImmune, Oxford, UK) were synthesized for epitope 1 (ATDFPSATK) bound to the HLA-

A11:01 allele and a second for epitope 9 (LFCICKFVF) bound to the HLA-A24:02 allele. PBMC from pre-vaccination and post-vacci-

nation (Day 84) time points were stained and analyzed by flow cytometry. After thawing, 10mL of the pentamer was added to each

PBMC sample and incubated for 10 minutes at room temperature in the dark. After washing, samples were resuspended in media

containing 1mg/mL of anti-CD28 and anti-CD49d and 1mL anti-CD107a. Peptides were added at a final concentration of 2mg/mL per

peptide and samples incubated at 37�C. Brefeldin A and monensin were added after 2 hours, samples were then incubated at 37�C
for a further 16 hours. Data were prepared and analyzed using FlowJo v9.8.1 (Treestar Inc., Ashland, Oregon, USA). A hierarchical

gating strategy was used. Responses to the peptides for each sample were determined after subtracting the responses from

pre-vaccination samples. PBMC from a responder to the same epitope with mismatched alleles was also stained with the epitope

1 pentamer, however insufficient remaining PBMC were available for volunteers recognizing epitope 9.

Epitope HLA-restriction predication
MHC Class I alleles were analyzed using NetMHCpan (version 3.0) to assign an HLA restriction element from each volunteer to each

of the positive peptides. HLA restriction and peptide binding strength was assigned by for each peptide predicting binding to all HLA

molecules of the positive volunteer and reporting the lowest percentile rank score and associated HLAmolecule. Rank score binding

values less than 2% were considered to predict strong binding of an epitope to a HLA allele. This is the value conventionally used to

define peptide binders to HLA. At this binding value 95% of validated epitopes are identified at a specificity of > 99% (Lundegaard

et al., 2008).

DATA AND CODE AVAILABILITY

The published article includes all datasets generated and analyzed during this study. This study did not generate any unique code.

ADDITIONAL RESOURCES

ClinicalTrials.gov reference: NCT02240875, https://clinicaltrials.gov/ct2/show/NCT02240875
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