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Summary
Background Ebola virus (EBOV) vaccines containing glycoprotein (GP) provide protection against severe Ebola virus
disease (EVD). EBO vaccinations elicit antibodies that are detectable in Ebola serodiagnostic tests, as EBOV GP is a
major target antigen. This vaccine-induced seropositivity presents issues with early detection of natural EBOV infec-
tions, following vaccination and during surveillance, leading to ‘uninfected’ vaccine trial participants being falsely
diagnosed as ‘EBOV infected’ potentially resulting in long-term social and economic distress. Since mass vaccina-
tions are being employed to curtail the recurrent EBOV epidemics in multiple African countries, it is, therefore,
essential to differentiate vaccine-induced from natural infection�induced antibodies by a differential serodiagnosis
assay for accurate detection of Ebola virus infections.

Methods To develop a serodiagnostic test that can differentiate between individuals with EBOV infection-induced
antibodies and individuals with EBOV vaccine-induced antibodies, we analysed peptides of EBOV viral protein 40
(VP40), viral protein 35 (VP35) and nucleocapsid protein (NP) using an ELISA with a panel of 181 human sera col-
lected from healthy controls, EBO vaccinees, and EBOV-infected survivors. Receiver Operating Characteristic (ROC)
curve analysis was used to calculate sensitivity and specificity of the assay. A simple peptide-based serodiagnostic
assay was used to evaluate detection of breakthrough EBOV infections in vaccinated non-human primates (NHP) in
EBOV challenge studies.

FindingsWe identified conserved peptide sequences in EBOV VP40, VP35 and NP, produced soon after EBOV infec-
tion that are not part of the current EBO vaccine target antigens. The new ELISA-based differential serodetection
assay termed ‘EBOV-Detect’ demonstrated >94% specificity and 96% sensitivity for diagnosis of EBOV infection.
Importantly, the uninfected vaccine-trial participants scored negative in ‘EBOV-Detect’ assay. The results from the
NHPs EBOV challenge study established that post-EBO vaccination serum scored negative in ‘EBOV-Detect’
and all NHPs with Ebola breakthrough infections, following EBOV challenge, were serodiagnosed positively with
EBOV-Detect.

Interpretation The new ‘EBOV-Detect’ is a simple and sensitive serodiagnostic assay that can specifically differenti-
ate between natural Ebola virus infected and those with vaccine-induced immunity. This could potentially be imple-
mented as a robust diagnostic tool for epidemiology and surveillance of EBOV infections during and after
outbreaks, especially in countries with mass Ebola vaccinations.
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Introduction
The Ebola virus disease (EVD) outbreak in West Africa
(2014-15) and more recent outbreaks in the Democratic
Republic of Congo and Côte d’Ivoire have highlighted
the critical need for a rapid serodiagnostic assay for
detection of EBOV infection for accurate surveillance.
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Research in context

Evidence before this study

EBO vaccines have been deployed at a large-scale in
some African countries to contain the spread of EBOV
outbreaks. However, the extent of breakthrough EBOV
infections following vaccination is unknown due to the
lack to availability of serological diagnostic tests that
can differentiate between EBOV infection induced anti-
bodies from vaccination-induced antibodies. Since EBO
vaccines induce antibodies that target GP, vaccinated
but uninfected individuals will be seropositive in a GP-
based EBOV serodiagnostic test, resulting in vaccine-
induced seropositivity (VISP), wherein, uninfected vac-
cine trial participants can be falsely diagnosed as ‘EBOV
infected’.

Added value of this study

We developed a peptide based differential serodiagnos-
tic ELISA assay termed ‘EBOV-Detect’ that demonstrates
>95% specificity and sensitivity for detection of EBOV
infection induced-antibodies. Importantly, uninfected
vaccine-trial participants scored negative using ‘EBOV-
Detect’. Similarly, serum from vaccinated non-human
primate tested negative in EBOV-Detect, whereas serum
from only EBOV infected animals tested positive. EBOV-
Detect can be used as an effective serodiagnostic assay
to differentiate host immune response following natural
EBOV infection vs. ERVEBO or ChAd/MVA-EBOV vaccine-
induced seropositivity in GP-based assays, thereby
reducing false positives and enabling diagnosis of true
breakthrough EBOV infections in resource-limited
settings.

Implications of all the available evidence

‘EBOV-Detect’ could be implemented as a robust diag-
nostic tool for epidemiology and surveillance of EBOV
infections, especially in countries with mass Ebola vacci-
nation campaigns.
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The development of simple and rapid diagnostic assays
that can be conducted with minimal personnel training,
in resource-limited settings, is crucial to overcome chal-
lenges with existing assays such as Polymerase Chain
Reaction (PCR)-based diagnosis.1,2 The PCR-based diag-
nostic tests are only sensitive towards detection of virus
genomic material during active virus replication and
suffer from several bottlenecks including limit of detec-
tion and lower sensitivity for long-term EBOV persis-
tence in immune-privileged sites (e.g., semen, eyes,
etc). Serological tests such as the enzyme-linked immu-
nosorbent assay (ELISA) are used for rapid detection of
antibody responses associated with filovirus infection.1,3

Rapid point-of-care serodiagnosis assays, including anti-
gen detection tests have been developed and are being
used in the field at various national reference
laboratories with high specificity of >95%. However,
their ability to detect EBOV infection has been limited
with sensitivity ranging between 38 to 87% that does
not achieve the desired sensitivity and specificity per the
World Health Organization (WHO) target product pro-
file.4 While PCR-based detection tests have routinely
been used during the EBOV epidemics,5 however, they
require significant infrastructure and with operational
and technical expertise, thus complicating deployment
in resource-limited settings.3,6,7 A simple ELISA or
another serodiagnostic assays for the detection of
EBOV-infection induced antibodies offers many advan-
tages, as they are rapid and can be performed with lim-
ited resources. In addition, such assays can be made
compatible with inactivation methods like gamma-irra-
diation, detergent-treatment or solvent-extraction that
are used to inactivate infectious components in samples
prior to handling and thus minimizing impact on mea-
surable levels of anti-EBOV antibodies.1,3,8 Moreover,
post-EBOV infection antibodies targeting structural pro-
teins, apart from GP, can be detected in EVD survivors
even years after their infection, including in 1995 Kikwit
outbreak or 2014 Makona outbreak.8,9 This unique
quality of antibodies makes their detection useful for
epidemiological and surveillance studies.

With the licensure of two EBO vaccines, one in the
US (ERVEBO, rVSV-ZEBOV) and another in Europe
(Ad26.ZEBOV/MVA-BN-Filo), there have been efforts
for large-scale vaccination campaigns in African coun-
tries to curtail the spread of EBOV outbreaks. Even
though the vaccines have shown good effectiveness
in clinical trials, there have been observations of
breakthrough EBOV infections following vaccination in
western Africa.10�13 However, the scale of these break-
through infections during vaccination campaigns is
unknown due to the lack of availability of serological
diagnostic tests that can differentiate EBOV infection
from vaccinated individuals. Current EBOV serodiag-
nostic assays uses either the recombinant EBOV GP or
GP-containing viral lysates as the detecting antigen.
However, these assays are prone to false-positive results,
increased cross-reactivity and hence decreased
specificity.1,14 Since most EBO vaccines currently
licensed or under development induce antibodies that
target GP, and therefore serum/plasma from vaccinated
but uninfected individuals will be seropositive in a GP-
based EBOV serodiagnostic test, resulting in false-posi-
tive results and confounding the interpretation of
EBOV GP-based or the whole virus based serodiagnostic
assays. This, in turn, will lead to phenomenon called
vaccine-induced seropositivity (VISP), wherein, unin-
fected vaccine trial participants could be falsely diag-
nosed as ‘EBOV infected’, similar to that observed for
the HIV vaccine trial participants in earlier clinical stud-
ies.15�18 As a result, this can lead to social stigma, and
uninfected, seropositive vaccinees may encounter long-
term social and economic harm. With EBO vaccines
www.thelancet.com Vol 82 Month , 2022
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being used for large-scale vaccinations in Africa, it is
critical to develop simple point-of-care serodiagnostic
assays that can be designed for the differential detection
of true EBOV infections or breakthrough EBOV infec-
tions in the face of vaccine-induced antibodies.

Therefore, in this study, synthetic peptides repre-
senting non-GP antigenic sites identified in EVD survi-
vors8 (and unpublished studies) using whole EBOV
genome fragment phage display library (GFPDL), were
used as antigens for development of a simple ELISA-
based serological test to differentiate EBO vaccine-
induced antibodies from antibodies generated following
EBOV-infection. Human serum samples from rVSV-
EBOV or ChAd3/MVA-EBOV vaccinated, or EBOV-
infected, or control sera from unexposed adults were
analyzed for presence of IgG antibodies against EBOV
peptides spanning NP, VP35, VP30, VP40 and VP24,
for development of ELISA-based differential serodiagno-
sis of EBOV breakthrough infection in the face of
vaccine-induced antibodies.
Methods

Ethics
The study at CBER, FDA was conducted with de-identi-
fied samples (ClinicalTrials.gov Identifier: NCT02363322;
NIH IRB protocol #15-I-0083) under Research Involving
Human Subjects (RIHSC) exemption #15-0B; and all
assays performed fell within the permissible usages in
the original consent.
Human samples
A panel of 181 human serum/plasma samples obtained
from 33 EBOV-infected, 33 ERVEBO-vaccinated but
uninfected, 2 ChAd3/MVA vaccinated-uninfected, and
44 H1N1pdm09 influenza infected, and 69 healthy con-
trol adults were tested in ELISA. The clinical samples
from EBOV survivors or ChAd3/MVA prime-boost vac-
cinated adults were obtained from National Institute for
Biological Standards and Control (NIBSC) as part of a
“WHO collaborative study to assess the suitability of an
interim standard for antibodies to Ebola virus” 19,20 for
determining the reactivity of the EBOV-infection
induced antibodies in ELISA. Briefly, plasma was
obtained from convalescent patients between time-
period of 2 months to 2 years post-recovery from Ebola
virus disease when they were negative for Ebola virus
RNA and other blood viral markers. The PCR-negative
plasma samples were solvent-detergent-extracted using
a method validated at NIBSC. Serum samples from
additional EBOV survivors were obtained from Dr.
Miles Carroll (PHE UK). For testing of EBO-vaccination
induced antibodies, serum samples from adults vacci-
nated with rVSV-ZEBOV (ERVEBO; 20 million pfu vac-
cine dose) at 1-month post-vaccination were obtained
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from Drs. Richard Davey and John Beigel at National
Institute of Allergy and Infectious Diseases (NIAID),
National Institutes of Health (NIH) from a clinical study
performed in the US.19,20,21 Serum from 69 healthy US
adults (18-45 years) and 44 influenza H1N1pdm09-
infected adults (18-45 years) were used as controls.22 All
samples were aliquoted and kept frozen at -80°C until
usage to ensure avoidance of freeze-thaw cycles. Serum
or plasma were used based on the sample availability.
Vaccinated non-human primate EBOV challenge study
samples
Longitudinal serum samples of 11 cynomolgus mac-
aque’s either prior to vaccination (Pre-Vac), or following
vaccination with rVSV expressing the EBOV-Makona
GP (Post-Vac), or after EBOV challenge (Post-EBOV)
were obtained from Drs. Andrea Marzi and Heinz Feld-
mann at NIAID, NIH.23 The rVSV-GP vaccine dose
ranged from 101 to 106 plaque-forming units. The NHP
samples were used to determine the capacity of the
assay to diagnose breakthrough EBOV infection in pres-
ence of vaccine-induced antibodies.
Enzyme-linked immunosorbent assay (ELISA)
Nine biotinylated peptides selected from whole-genome
GFPDL analysis of post-EBOV infected human serum/
plasma were chemically synthesized. The 9 biotinylated
individual peptides were evaluated in an ELISA. The
chosen peptides are as follows: NP 1-41 (1); NP 453-514
(2); VP35 742-815 (3); VP35- 895-934 (4); VP35 930-965
(5); VP40 1084-1133 (6); VP40 1313-1387 (7); VP30 2088-
2114 (8); VP24 2560-2612 (9). Consequently, ELISA
was performed using different combinations of peptides
namely, EBOV-Detect-1 (VP35 930-965 + VP40 1313-
1387) and EBOV-Detect-2 (VP35 930-965+VP40 1084-
1133+ VP40 1313-1387+ VP24 2560-2612). 96-well
ELISA plates (Immulon 2HB, Fisher) were coated over-
night at 4℃ with 200 ng Streptavidin (NEB) in 100 µL
PBS in each well. After washing the plates three times
with PBST (PBS with 0.05% Tween-20), each of the bio-
tinylated peptides (50 ng each) or peptide mixtures
(equal amount of each peptide for total content of
50 ng) were added to each well and incubated for
1 hour. Recombinant EBOV-GP (without the transmem-
brane domain obtained from Sino Biologicals, catalog
number 40442-V08H1; 50 ng/well) was directly coated
as a control. Plates were then washed three times with
PBST and blocked for 2 hours at RT with 5% BSA-
PBST. The serum/plasma samples were diluted 100-
fold in 2% BSA-PBST, added to the plates, and incu-
bated for 1 hour. After washing the plates with PBST,
5000-fold dilution of HRP-conjugated anti-human IgG-
Fc antibodies (Jackson Research, Cat #709-035-098; for
human samples) or HRP-conjugated anti-monkey IgG
for NHP sera (Brookwood, Cat #SAB1303) were added
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and incubated for 1 hour. After washing with PBST, the
bound antibodies were developed with O-phenylenedi-
amine substrate solution (Thermofisher). The reaction
was stopped with 3.3 M H2SO4, and plates were read at
492 nm. Cut-off value for each antigen was determined
by Receiver Operating Characteristic (ROC) curve analy-
sis24 in Graphpad Prism. Specimens with an Absor-
bance/Cut-off ratios of � 1 are considered EBOV
seropositive and those with ratios < 1 are considered
EBOV seronegative. Area under the ROC curve was
used to calculate sensitivity (%) and specificity (%)
values with 95% CI (confidence interval) by comparing
ELISA reactivity for post-EBOV infection samples
vs. un-infected samples (from healthy controls or post-
vaccinations) by GraphPad Prism (v. 9.0). No signifi-
cant differences were observed in reactivity of using
serum vs plasma with no impact of detergent treatment
or gamma irradiation of samples in the peptide ELISA.

Statistics
All statistical analyses were performed in GraphPad
Prism (v. 9.0) using one-way ANOVA with a Tukey
post-hoc analysis for multiple comparisons.

Experiments were performed based on sample avail-
ability during the study and hence sample size calcula-
tions were not done a priori. Samples were allocated
randomly to each test group and tested in blinded fash-
ion (researcher was blinded to sample identity) to mini-
mize selection bias or detection bias. There were no
exclusion criteria. All samples and data were used for
analysis and are presented in the study.

Role of funders
The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the
manuscript.
Results

Vaccine-induced seropositivity and identification of
EBOV non-GP serodiagnostic targets
Human serum/plasma samples collected from 69
healthy control adults, 44 H1N1pdm09 influenza-
infected adults, 2 ChAd3/MVA-vaccinated and unin-
fected vaccinees, 33 ERVEBO-vaccinated but uninfected
adults, and 33 EBOV-infected EVD survivors, were eval-
uated in this study by IgG-ELISA (Figure 1a).

EBO vaccines primarily induce antibodies that target
GP, and serum from ChAd3/MVA vaccinated and 30 of
the 33 ERVEBO-vaccinated but uninfected individuals
reacted with EBOV GP in IgG-ELISA (Figure 1b). Also,
four of the 44 H1N1-infected samples showed a low
non-specific reactivity with the EBOV-GP. As expected,
serum/plasma from all 33 EVD survivors showed anti-
body binding against EBOV-GP. The GP-reactivity of
most uninfected EBO vaccinees confirm the phenome-
non of VISP in current GP-based serodiagnostic tests.
We, therefore, focused on identifying differential
antigenic sites in EBOV proteins other than GP that
were recognized in EBOV-infected patients8 (and
unpublished studies) but not in healthy controls using
EBOV GFPDL analysis. Nine EBOV peptides represent-
ing immunodominant antigenic sites up to 74 amino
acid residues derived from EBOV NP, VP35, VP40,
VP30 and VP24 proteins were chemically synthesized
(Figure 1c) to develop a serodiagnostic ELISA.

Specificity and sensitivity of EBOV GFPDL-identified
non-GP antigenic site peptides
First, the 9 peptides were evaluated individually with
serum/plasma from 69 healthy adults to establish cut-
off values and determine specificity of ELISA (Figure 2).
Each of these 9 peptides displayed very low seroreactiv-
ity with 69 healthy control samples. Then, antibody
binding of these individual peptides with serum sam-
ples from 33 post-EBOV-infected EVD survivors were
compared with 44 unvaccinated H1N1-influenza
infected adults (ages 18-45 years, collected in 2009), 33
ERVEBO and 2 ChAd3-MVA vaccinated serum samples
(Figure 2). Percent sensitivity and specificity (true sero-
positive and true seronegative, respectively) values were
calculated for each peptide using the cut-off value as
determined using Receiver Operating Characteristic
(ROC) curve analysis.24 The individual peptides demon-
strated sensitivity and specificity values above 77% in
ELISA. Except for the low non-specific reactivity of
some ERVEBO-vaccinated samples to a few peptides,
minimal IgG binding was observed with ChAd3/MVA
vaccinated samples or H1N1-infected samples. For indi-
vidual peptides, highest specificity of 91% was observed
for the VP35 930-965 peptide.

EVD survivors demonstrated a broad range of anti-
body reactivity to the nine individual peptides (Figure 2).
Convalescent serum samples from EVD survivors
showed a statistically significant higher reactivity to NP
453-514 (p<0.0001), three VP35 peptides (p<0.01), two
VP40 peptides (p<0.0001) and VP30 (p<0.05) pepti-
des compared with ERVEBO-vaccinated samples
(Figure 2). The highest antibody reactivity for post-
EBOV-infection samples was observed against the pepti-
des derived from VP40 and the NP 453-514, with lowest
IgG binding against the NP 1-41 peptide. Highest sensi-
tivity of 94% was observed for NP 453-514 for these
EVD survivors in ELISA.

Establishment of differential serodiagnostic test
termed EBOV-Detect
Based on the observed specificity and sensitivity of these
9 individual peptides, we evaluated different combina-
tions of high-reactivity peptides to develop a differential
serodiagnostic assay, termed EBOV-detect. The reactiv-
ity pattern of different peptide mixtures and assay opti-
mization led to the down-selection of two different
mixtures of fewer peptides. These two peptide
www.thelancet.com Vol 82 Month , 2022



Figure 1. Demographics, GP reactivity and selected peptides used for development of Ebola-Detect. (A) Overview of 181 ser-
um/plasma samples used in the study including unvaccinated [healthy controls (C, n = 69) and H1N1-influenza infected (Flu,
n = 44)], EBO-vaccinated [ChAd3/MVA-vaccinated but uninfected (ChAd3/MVA, n = 2) and rVSV-ZEBOV (ERVEBO) vaccinated (rVSV,
n = 33)], and EBOV-infected convalescent sera from EVD survivors (EVD, n = 33). (B) Serum IgG absorbance values at a 100-fold
serum dilution for each sample group to EBOV Makona GP. Mean absorbance values for each group are color-coded and indicated
above each group. Cut-off value for GP in ELISA was determined by ROC curve analysis and is represented as the dotted line on Y-
axis. Specimens with an absorbance greater than Cut-off value are considered EBOV seropositive and those with absorbance less
than Cut-off value are considered EBOV seronegative. Percent seropositive are shown for each sample cohort above the panel. Area
under the ROC curve was performed to calculate sensitivity (%) and specificity (%) values with 95% CI (confidence interval) by com-
paring ELISA reactivity for 33 EVD survivors vs. 148 uninfected samples. Statistical differences among groups were analyzed by one-
way ANOVA and Tukey-adjusted p values using a pairwise multiple comparison. Statistically significant differences between cohorts
are shown. (C) A whole proteome map of EBOV showing different encoded proteins: NP, VP35, VP40, GP, VP30, VP24 and L. Peptides
representing immunodominant epitopes from different proteins identified using EBOV-GFPDL approach on post-EBOV infected
sera are indicated with their amino acid positions. The amino acid labels of the peptides are color-coded corresponding to the color
of the EBOV protein on the proteome map. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Figure 2. Reactivity of human samples to individual EBOV peptides in ELISA. IgG absorbance values at a 1:100 serum/plasma
dilution for each sample group namely, unvaccinated [healthy controls (C, black, n = 69) and H1N1-infected (Flu, grey, n = 44)], EBO-
vaccinated [ChAd3/MVA-vaccinated (ChAd3/MVA, light blue, n = 2) and rVSV-ZEBOV (ERVEBO) vaccinated (rVSV, blue, n = 33)], and
EBOV-infected convalescent sera from EVD survivors (EVD, red, n = 33) were plotted based on the reactivity to each 9 individual pep-
tides. Mean absorbance values for each group are color-coded and indicated above each group. Cut-off value for each individual
peptide was determined separately by ROC curve analysis and represented as a dotted line on the Y-axis. Specimens with an absor-
bance greater than Cut-off value are considered EBOV seropositive and those with absorbance less than Cut-off value are consid-
ered EBOV seronegative. Percent seropositive are shown for each sample cohort above the panel. Area under the ROC curve was
performed to calculate sensitivity (%) and specificity (%) values with 95% CI (confidence interval) by comparing ELISA reactivity for
33 EVD survivors vs. 148 uninfected samples. Statistical differences among groups were analyzed by one-way ANOVA and Tukey-
adjusted p values using a pairwise multiple comparison. Statistically significant differences between cohorts are shown. All ELISA
experiments were performed twice and the researcher performing the assay was blinded to sample identity. The variation for each
sample in duplicate ELISA runs was <7%. The data shown are the average value of two experimental runs. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Articles

6 www.thelancet.com Vol 82 Month , 2022



Figure 3. Reactivity of human serum samples in EBOV-Detect assay. Combination of the EBOV peptides were used in ELISA.
EBOV-Detect-1 consists of equal mix of 2 peptides (VP35 930-965 and VP40 1313-1387) and EBOV-Detect-2 consist of equivalent
mix of 4 peptides (VP35 930-965 + VP40 1084-1133 + VP40 1313-1387 + VP24 2560-2612). Serum IgG absorbance values at a 1:100
serum dilution for each sample group namely unvaccinated; healthy controls (C, black, n = 69) and H1N1-infected (Flu, grey, n = 44),
EBO-vaccinated; ChAd3/MVA-vaccinated (ChAd3/MVA, light blue, n = 2) and rVSV-ZEBOV (ERVEBO) vaccinated (rVSV, blue, n = 33),
and EBOV-infected convalescent sera from EVD survivors (EVD, red, n = 33) were plotted for reactivity to EBOV-Detect-1 and EBOV-
Detect-2. Mean values for each group are color-coded and indicated above each group. Cut-off value for EBOV-Detect-1 and EBOV-
Detect-2 was determined separately by ROC curve analysis and represented as a dotted line on the Y-axis. Specimens with an absor-
bance greater than Cut-off value are considered EBOV seropositive and those with absorbance less than Cut-off value are consid-
ered EBOV seronegative. Percent seropositive are shown for each sample cohort above the panel. Area under the ROC curve was
performed to calculate sensitivity (%) and specificity (%) values with 95% CI (confidence interval) by comparing ELISA reactivity for
33 EVD survivors vs. 148 uninfected samples. Statistical differences among groups were analyzed by one-way ANOVA and Tukey-
adjusted p values using a pairwise multiple comparison. Statistically significant differences between cohorts are shown. All ELISA
experiments were performed twice and the researcher performing the assay was blinded to sample identity. The variation for each
sample in duplicate ELISA runs was <6%. The data shown are the average value of two experimental runs. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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combinations were evaluated further with the complete
panel of 181 human samples in IgG-ELISA. EBOV-
Detect-1 consists of an equal mix of only 2 peptides
(VP35 930-965 and VP40 1313-1387), and EBOV-Detect-
2 consists of an equivalent mix of 4 peptides (VP35 930-
965 + VP40 1084-1133 + VP40 1313-1387 + VP24 2560-
2612). The sensitivity of two peptide combinations was
>95% for the detection of 33 post-EBOV-infected sam-
ples. A significantly (p<0.0001) high reactivity was
observed for EVD survivors when compared with
ERVEBO-vaccinated or control H1N1 influenza infected
samples (p<0.0001) and achieved >94% specificity
(Figure 3). EBOV-Detect-1 and EBOV-Detect-2 (Figure 3)
demonstrated higher sensitivity compared with those of
www.thelancet.com Vol 82 Month , 2022
individual peptides (Figure 2) possibly due to the addi-
tive reactivity of EBOV infection-specific IgG-antibodies
against multiple epitopes contained in the mixture of
peptides rather than the individual peptides, resulting
in the greater sensitivity for detection of IgG antibodies
elicited by EBOV infection in EBOV-Detect.
Serodiagnosis of breakthrough EBOV-infection in
the presence of vaccine-induced antibodies by
EBOV-Detect
To further evaluate the potential of EBOV-Detect assay
to detect breakthrough EBOV infection following EBO
vaccination, we evaluated serum reactivity of 11 NHPs
7



Figure 4. Immunoreactivity of vaccinated and EBOV-infected NHP serum samples in EBOV-Detect. Serum IgG absorbance val-
ues at a 1:100 serum dilution for samples collected prior to vaccination (pre-vac), one month after two doses of rVSV-Makona GP
vaccination (post-vacc) or following EBOV challenge (Post-EBOV) from 11 cynomolgus macaque’s against EBOV-GP (A) or in EBOV-
Detect-1 (B) and EBOV-Detect-2 (C). Mean values for each group are indicated and color coded. Cut-off value for EBOV-Detect-1 and
EBOV-Detect-2 was determined separately by ROC curve analysis and represented as a dotted line on the Y-axis. Specimens with an
absorbance greater than Cut-off value are considered EBOV seropositive and those with absorbance less than Cut-off value are con-
sidered EBOV seronegative. Percent seropositive are shown for each sample cohort above the panel. Area under the ROC curve was
performed to calculate sensitivity (%) and specificity (%) values with 95% CI (confidence interval) by comparing ELISA reactivity for
post-EBOV infection vs. un-infected (pre-vacc and post-vacc) samples. Statistical differences among groups were analyzed by one-
way ANOVA and Tukey-adjusted p values using a pairwise multiple comparison. Statistically significant differences between cohorts
are shown. All ELISA experiments were performed twice and the researcher performing the assay was blinded to sample identity.
The variation for each sample in duplicate ELISA runs was <7%. The data shown are the average value of two experimental runs.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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either prior to vaccination (Pre-Vac), 1-month after two
vaccine doses of rVSV expressing the EBOV-Makona
GP (Post-Vacc) and following a month after EBOV-
Makona challenge (Post-EBOV)23 against EBOV-GP and
EBOV-Detect (Figure 4). Pre-vaccination NHP samples
did not react either with EBOV GP or EBOV-Detect. All
post-vaccination NHP serum showed moderate to
strong reactivity (100% seropositivity) to EBOV-GP, con-
firming the phenomenon of VISP (Figure 4a). Impor-
tantly, negligible reactivity (0% seropositivity) was
observed with post-rVSV-Makona-GP vaccinated (Post-
Vacc) NHP samples in either EBOV-Detect-1 or EBOV-
Detect-2 serodiagnostic assay (Figure 4b-c). In contrast,
all the post-EBOV infection samples following EBOV
viral challenge (Post-EBOV) reacted positively (100%
seropositive) in the EBOV-Detect-1 and EBOV-Detect-2
(Figure 4b-c). The level of antibody binding among the
infected animals in EBOV-Detect assay correlated with
outcome in this NHP challenge study.23 The strong IgG
reactivity of the post-challenge EBOV-infected NHP
serum samples but not post-vaccination samples result-
ing in 100% sensitivity and 100% specificity demon-
strated the potential of EBOV-Detect for differential
serodiagnosis of true EBOV infection in presence of vac-
cine-induced antibody response and surveillance during
or after outbreaks.
Discussion
Taken holistically, our data demonstrates that an EBOV
infection mounts an IgG response, which recognizes
diverse epitopes in multiple EBOV proteins, in addition
to EBOV-GP. These immunodominant epitopes can
serve as differential serodiagnostic targets for detection
of EBOV infection in the presence of vaccine-induced
antibodies. Previous studies have used recombinant NP
and VP35 antigens in ELISAs, as these proteins were
thought to be major determinants of immune responses
following infection in humans and primates.25�28 We
have, however, observed high antibody titers against
VP35, VP40, VP30 and VP24 up to 2 years post-EBOV
exposure8 (and unpublished studies). The ChAd3/MVA
and ERVEBO-vaccinated serum samples showed mini-
mal reactivity to individual peptides within these EBOV
proteins. While the samples from EBOV survivors
showed a statistically significant high IgG reactivity to
various individual peptides derived from EBOV proteins
excluding EBOV-GP. The use of entire EBOV protein in
place of peptides can potentially result in higher back-
ground reactivity with serum/plasma from healthy con-
trols as well as post-vaccination individuals leading to
more non-specific reactivity. The complete protein may
also occlude an immunodominant epitope within the
corresponding protein. Conclusively, carefully selected
www.thelancet.com Vol 82 Month , 2022
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immunodominant peptides provide an advantage over
using the entire EBOV protein for serodiagnostic assay.

The sensitivity and specificity of individual peptide
ELISA was further improved by testing various combi-
nation of VP35 and VP40 derived peptides as mixture.
The EBOV-infected samples showed a statistically sig-
nificant higher response compared with all controls and
ChAd3/MVA- or ERVEBO-vaccinated samples in this
differential serodiagnosis assay termed EBOV-Detect-1.
Both the two peptide-mix (EBOV-Detect-1) and four pep-
tide-mix (EBOV-Detect-2) assays show >95% sensitivity
and >94% specificity, similar or superior to other pub-
lished EBOV serodiagnostic assays.1,4,19,29 The high
specificity of EBOV-Detect-1 and EBOV-Detect-2 for vac-
cinated individuals compared with current GP-based
serodiagnostic assays would ensure that very few EBO-
vaccinated individuals will be diagnosed false positives.
The false-seropositive diagnosis of EBOV vaccinated but
uninfected individuals can be further mitigated by test-
ing in a secondary confirmatory assay like a western
blot assay, similar to the two-pronged testing approach
for the participants in HIV vaccine clinical trials.15�18

The 100% sensitivity and 100% specificity of the EBOV-
Detect-1 (two peptide-mix assay) to diagnose break-
through EBOV infections in the presence of vaccine-
induced antibodies (Figure 4) can be simple to imple-
ment in resource-limited settings as a stand-alone assay,
rather than the four peptide-mix assay (EBOV-Detect-2).
All advanced/licensed vaccines contain GP as the pri-
mary antigen, we, therefore, focused on non-GP pepti-
des for development of EBOV-Detect assays. Other
vaccine approaches are being evaluated; and in future, if
EBO vaccines containing non-GP antigens are used for
mass vaccination programs, the EBOV-Detect can be
easily modified to replace peptides in either EBOV-
Detect-1 or EBOV-Detect-2 while continuing to retain
sensitivity to diagnose breakthrough Ebola virus infec-
tions. A potential caveat in this study is the low number
of the ChAd3/MVA samples due to limited availability
of these samples.

To summarize, EBOV-Detect can be used as an effec-
tive serodiagnostic assay to differentiate host immune
response following natural EBOV infection vs. vaccine-
induced seropositivity in GP-based assays induced fol-
lowing ERVEBO or ChAd/MVA-EBOV vaccination,
thereby minimizing false positives and diagnosing true
breakthrough EBOV infections in the face of mass vacci-
nation campaigns. Hence, this allows for the potential
use of EBOV-Detect as a differential assay for detection
of true EBOV-infection in a population of vaccinated
and unvaccinated individuals using a simple ELISA-
based approach that can be performed in resource-lim-
ited settings during or after the EBOV outbreak. These
simple peptide assays can be further developed into a
rapid point-of-care differential serodiagnostic assay like
lateral flow, biosensor or lab-on-a-chip assays for detec-
tion of EBOV infection.
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