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ABSTRACT The recent Zaire Ebola virus (EBOV) outbreak in West Africa illustrates
clearly the need for additional studies with humans and animals to elucidate the
ecology of Ebola viruses (EBVs). In this study, we developed a serological assay
based on the Luminex technology. Nine recombinant proteins representing different
viral regions (nucleoprotein [NP], 40-kDa viral protein [VP40], and glycoprotein [GP])
from four of the five EBV lineages were used. Samples from 94 survivors of the
EBOV outbreak in Guinea and negative samples from 108 patients in France were
used to calculate test performance for EBOV detection and cross-reaction with other
Ebola virus lineages. For EBOV antibody detection, sensitivities of 95.7%, 96.8%, and
92.5% and specificities of 94.4%, 95.4%, and 96.3% for NP, GP, and VP40, respec-
tively, were observed. All EBOV-negative samples that presented a reaction, except
for one, interacted with a single antigen, whereas almost all samples from EBOV sur-
vivors were simultaneously reactive with NP and GP (90/94) or with NP, GP, and
VP40 (87/94). Considering as positive for past EBOV infection only samples that re-
acted with EBOV NP and GP, sensitivity was 95.7% and specificity increased to
99.1%. Comparing results with commercial EBOV NP and GP enzyme-linked immu-
nosorbent assays (ELISAs; Alpha Diagnostic, San Antonio, TX), lower sensitivity
(92.5%) and high specificity (100%) were observed with the same positivity criteria.
Samples from EBOV survivors cross-reacted with GP from Sudan Ebola virus (GP-
SUDV) (81.9%), GP from Bundibugyo Ebola virus (GP-BDBV) (51.1%), GP from Reston
Ebola virus (GP-RESTV) (9.6%), VP40-SUDV (76.6%), and VP40-BDBV (38.3%). Overall,
we developed a sensitive and specific high-throughput serological assay, and de-
fined an algorithm, for epidemiological surveys with humans.
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Since 1976 and the first formal identification of Ebola virus (EBV) disease in Yambuku,
in the Democratic Republic of Congo (DRC), a total of 25 outbreaks have been

reported today among humans in Africa, with a fatality rate between 25% and 90% (1).
Twenty-three of the 25 Ebola virus disease outbreaks occurred in Central Africa, while
two occurred in West Africa, including the most devastating outbreak in Guinea/
Liberia/Sierra Leone between 2013 and 2016, infecting more than 28,000 persons and
causing 11,308 deaths (2, 3). For unknown reasons, no Ebola virus disease epidemics
were detected between the 1979 outbreak in DRC and the 1994 outbreak in Côte
D’Ivoire. However, since 1999, the frequency of outbreaks has increased (1, 2, 4). There
are currently five species of Ebola viruses: Zaire Ebola virus (EBOV) documented in the
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epidemics in DRC, Gabon, Congo, and Uganda and in the 2014 epidemic in West Africa;
Sudan Ebola virus (SUDV) in Sudan, Tai Forest Ebola virus (TAFV) in Côte d’Ivoire,
Bundibugyo Ebola virus (BDBV) in Uganda, and Reston Ebola virus (RESTV), found to
infect macaques in Asia but with no evidence of lethality in humans (1, 5). Interestingly,
phylogenetic analysis of Ebola virus sequences of the 2014 outbreak in West Africa
showed that the virus species responsible for the disease is EBOV and was related to the
strains of the outbreaks in Central Africa, some 2,000 km away from Guinea. Moreover,
the viral strain identified in the recent outbreak in West Africa diverged from Central
African strains 10 years ago.

Each Ebola outbreak is the result of a zoonotic transmission, and EBOV genetic
material has been amplified from chimpanzee, gorilla, and antelope carcasses and from
three fruit bat species in areas where human outbreaks occurred. Moreover, EBOV
antibodies have also been detected in other nonhuman primate species and additional
insectivorous and frugivorous bat species in areas where no Ebola outbreaks have been
documented yet (6). Many uncertainties still remain regarding the ecology of Ebola
viruses, how they are maintained between outbreaks in wildlife, and the role of wildlife,
because EBOV can also cause disease in certain species, especially chimpanzees and
gorillas (7, 8). On the other hand, we cannot rule out that more EBV outbreaks have
occurred but were not recognized and thus not reported, since they are mainly located
in isolated and remote forest areas, with poor health infrastructure and poor knowl-
edge on the disease. A recent report on a possible filovirus outbreak in 1956 in DRC is
in line with this hypothesis (9), and several studies reported the presence of antibodies
(sometimes with high levels) in human populations in Central Africa (10).

It is thus important to conduct large-scale retrospective and prospective serological
surveys on human populations and wildlife to identify unreported epidemics of Ebola
virus disease in areas where conditions of Ebola virus circulation are fulfilled and to
elucidate the ecology of the virus. However, such studies require reliable serological
tests to detect antibodies to the different Ebola virus lineages. Current methods of
detection of antibodies to Ebola virus antigens in humans or nonhuman primates rely
on various methodologies (11) and include enzyme-linked immunosorbent assay
(ELISA) using whole-viral-lysate antigens (12, 13), synthetic peptides (14), or recombi-
nant proteins (15, 16), and some studies also used Western blotting of whole viral
lysates (6, 17). Various anti-Ebola virus antibody prevalences were reported using these
methods. For example, a survey conducted in the Republic of Congo, where an
immunofluorescence method was used, reported anti-Ebola virus IgG antibodies in
2.5% and 4% of urban and rural human populations, respectively (18). Another study in
Gabon that used whole viral lysates to coat ELISA plates reported the presence of IgG
to Zaire Ebola virus antigens in 1.3% to 21% of samples tested, depending on the
gender and the geographic location (17). Recently, a study reported an IgG prevalence
of 18.7% in pygmies from DRC, with an age-related increase, reaching 35% in those
aged more than 60 years (10). These methods, although operational, are also time- and
bench work-consuming and do not allow a high-throughput screening of samples
available for some at minute quantities against all the available Ebola virus lineages.
The specificities of some of these methods are also questionable due to the very high
seroprevalence rates reported. There is thus a need for alternative methods and
screening algorithms. The Multiple Analyte Profiling technology (xMAP; Luminex Corp.,
Austin, TX) is a flow cytometry-based system (19) that enables simultaneous detection
of up to 100 analytes in a single well of a 96-well flat-bottom plate, limiting the volumes
of scarce biological samples. We have previously used this technology to detect the
prevalence of a wide diversity of simian immunodeficiency virus (SIV) lineages in wild
African monkeys (20). In this study, we developed a Luminex-based assay for the
simultaneous detection of antibodies to four of five species of the virus in humans and
animals. Our data show that the novel assay is as sensitive as and more specific, more
accurate, and more cost-effective than a commercial ELISA for the detection of EBOV
IgG in human plasma.
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RESULTS
Protein coupling conditions and working assay dilution. To set up the Ebola

virus xMAP assay, we used recombinant proteins of the glycoprotein (GP) region for
four Ebola virus lineages, 2 representing the Zaire lineage (EBOV) and one for the Sudan
(SUDV), Bundibudiyo (BDBV) and Reston (RESTV) lineages. We also included 3 recom-
binant proteins of the 40-kDa protein (VP40) region derived from EBOV, SUDV, and
BDBV lineages, together with one nucleoprotein (NP) recombinant protein from EBOV
lineage. We first titrated each recombinant protein from 1.25 �g/1.25 � 106 beads to
5 �g/1.25 � 106 beads. For each coupling condition, an assay was run on the
BioPlex200 platform with an EBOV survivor’s plasma diluted 1/200. We chose this
dilution in this preliminary experiment to be under conditions similar to those of a
commercial ELISA used for comparison purposes (see below). A negative plasma
sample was tested in parallel. A signal-to-noise ratio was then calculated for each
coupling condition. The one that gave the best signal-to-noise ratio and which was
cost-effective was 2 �g of protein/1.25 � 106 beads. We used this protein quantity for
all subsequent experiments for all 9 recombinant proteins.

Next, to determine the dilution to test plasma samples, we serially diluted from 1/40
to 1/1,000 six Ebola virus-negative plasma samples collected from patients living in
France and tested them on GP and NP from EBOV (GP-EBOV and NP-EBOV, respectively)
coupled to beads. Results of this titration (Table 1) showed that the median fluores-
cence intensities (MFIs) varied, on average, from 908 to 85 for NP and from 1,724 to 107
for GP, when diluted from 1/40 to 1/1,000, respectively. We next titrated a sample
(MP1745) collected from a survivor of the 2014 Ebola outbreak in Guinea. We tested this
sample diluted from 1/100 to 1/1,600 on the two GP and NP recombinants. On
NP-EBOV, the average MFI from a triplicate varied from 15,834 to 11,496 for the
dilutions 1/100 to 1/1,600, respectively. On GP-coupled beads, the average MFI varied
from 12,051 to 2,960 for the Kissidougou/Makona strain and from 12,964 to 3,645 for
the Mayinga strain for the dilutions of 1/100 to 1/1,600, respectively. Sudan and
Bundibugyo recombinant glycoproteins also significantly cross-reacted with this sam-
ple (Table 2). From these two experiments, we concluded that plasma samples should
be tested diluted 1/800 or less to exclude false-positive reactions, while signals from
positive samples remained very high at dilutions between 1/800 and 1/1,600. We thus
chose to test human samples at a final dilution of 1/1,000 in assay buffer.

Repeatability of the assay. We next evaluated the repeatability of the test within
the same run with one EBOV survivor’s sample (MP1702) diluted at 1/1,000 and
repeated 10 times in the same assay (intra-assay variability). We also evaluated the
reads of the same positive sample (MP1702) over 20 different runs (interassay variabil-
ity) performed by 2 different persons (Fig. 1A and B).

The intra-assay MFIs varied from 5,188 to 6,177, 672 to 795, and 866 to 995 for NP,
GP-Kissidougou/Makona, and GP-Mayinga, respectively. The coefficients of variation
were thus 5.3%, 5.1%, and 5.1% for these proteins, in the same order. The interassay

TABLE 1 Titration of Ebola virus-negative plasma samples on Zaire Ebola virus
recombinant NP and GP

Plasma dilution

NP-Mayinga MFI
(n � 6) GP-Mayinga MFI (n � 6)

Mean SD Mean MFI SD

40 909 582 1,724 942
80 542 364 1,048 537
100 137 83 606 443
160 327 216 540 339
200 241 162 518 401
320 201 133 347 250
400 140 96 271 195
800 92 75 119 85
1,000 86 76 107 38
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(sample MP1702) MFI varied from 5,919 to 8,046, 854 to 1,335, and 743 to 1,189 for NP,
GP-Kissidougou, and GP-Mayinga, respectively. The interrun coefficients of variation
were thus 8.6%, 13.6%, and 14.4% for the same antigens in the same order.

Similarly, intra-assay (n � 8) and interassay (n � 18 runs) variabilities were checked
on an Ebola virus-negative sample diluted at 1/1,000 (Fig. 1C and D). The ranges of
intra-assay MFIs were 124 to 145, 7 to 10, and 4 to 6 for NP, GP-Kissidougou/Makona,
and GP-Mayinga, respectively (Fig. 1D). The ranges of interassay MFI variability were 119
to 219, 7 to 32, and 7 to 19 for NP, GP-Kissidougou/Makona, and GP-Mayinga, respec-
tively (Fig. 1C). We concluded from these assessments that our novel assay is robust
enough for further evaluations.

Cutoff calculation and compared performances of Luminex and ELISAs on
EBOV recombinant proteins. To set the cutoff for our Luminex assay, we tested 108
Ebola virus-negative samples and 94 samples from survivors of the 2014 EBOV outbreak
in Guinea on the different EBOV proteins. The samples were tested at a 1/1,000 dilution,
determined as described above, on NP, GP, and VP40 from the EBOV lineage. We used
receiver operating characteristic (ROC) curve analysis to determine the cutoff values for
the 4 antigens. The calculated cutoff values for MFI/100 beads for NP, GP-Mayinga,
GP-Kissidougou/Makona, and VP40 were, respectively, 950, 381, 501, and 580 (see Fig.
S1A to D in the supplemental material).

Next, we used these cutoff values to determine the number of positive samples
among the Ebola virus-negative and EBOV-positive samples and to calculate sensitivity
and specificity of the new assay for recombinant NP, GP, and VP40 individually and
combined. Results from this analysis are summarized in Table 3. Fifteen EBV-negative
samples reacted with NP (n � 6) and one or both of GP (n � 5) and VP40 (n � 4) in the
Luminex assay, resulting in specificities of 94.4% for NP, 95.4% for GP, and 96.3% for
VP40. Among the 94 samples from EBOV survivors, 90, 91, and 87 reacted with NP, GP,
and VP40, resulting in sensitivities of 95.7%, 96.8%, and 92.5%, respectively. Overall, the
accuracies of the Luminex assay were thus 95.0% for NP, 96.0% for GP, and 94.5% for
VP40. We then compared these performances to the performance of a commercial
ELISA. With the commercial ELISA, the specificities were 98.2% and 92.6% for recom-
binant NP and GP, respectively (Table 3). The sensitivities were 92.5% and 96.8% for NP
and GP, respectively. The accuracies were 95.5% for NP and 94.5% for GP.

Despite the fact that not all samples from EBOV survivors were identified in the
antibody assays, we observed that when reactive, almost all samples (90/94) were
reactive with NP and both GP proteins and 87/94 were reactive with all proteins (NP
plus GP plus VP40). Two samples did not react with any of the proteins, and two
samples were reactive with only a single antigen, GP or VP40. In contrast, among the
EBV-negative samples, the majority reacted only with a single antigen, except one,
which was reactive with all antigens, with MFIs/100 beads of 1,802, 1,549, 514, and
2,933 for NP, GP-Kissidougou/Makona, GP-Mayinga, and VP40, respectively.

In order to improve specificity, we defined an algorithm that requires positivity
against more than one antigen to be considered positive for past EBV infection. Using

TABLE 2 Titration of an Ebola virus survivor’s plasma sample on Zaire Ebola virus
recombinant NP and GP

Protein

Value (MFI/100 beads) at indicated plasma dilution

100 200 400 800 1,600

Mean SD Mean SD Mean SD Mean SD Mean SD

NP-Mayinga (n � 3) 15,835 804 15,035 831 15,771 276 13,300 870 11,496 331
GP-Mayinga (n � 3) 12,964 762 11,026 398 9,424 337 6,163 71 3,645 151
GP-Kissidougou-Makona

(n � 3)
12,051 357 9,908 386 8,239 477 5,331 178 2,960 91

GP-SUDV (n � 3) 8,291 434 6,231 100 4,773 267 2,909 42 1,546 71
GP-BDBV (n � 3) 5,575 191 3,818 51 2,657 104 1,499 35 694 12
GP-RESTV (n � 3) 491 26 284 4 174 11 93 4 44 2
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the criterion of positivity with at least two antigens, the highest sensitivity (95.7%) was
observed with the combination of NP and GPs, reaching a specificity of 99.1% and an
accuracy of 97.5%. Using a criterion of positivity to three antigens decreased the
sensitivity to 92.5% but maintained a similar specificity (see results for multiple proteins

FIG 1 Interassay and intra-assay variabilities of EBOV-positive and -negative samples in the Luminex assay. An Ebola virus survivor’s
sample and a negative plasma sample were used to evaluate intra-assay and interassay variability of the novel Luminex assay. Plasma
samples were tested at a 1/1,000 dilution in assay buffer and repeated 8 to 10 times within the same run (intra-assay variability [B
and D]) or tested in 20 different runs over 3 weeks (interassay variability [A and C]). Panels A and B illustrate these variabilities for
an EBOV-positive sample, while panels C and D illustrate the variabilities of an Ebola virus-negative sample.
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in Table 3) and an accuracy of 96.0%. Using the same strategy for the ELISA, the
combination of NP and GP positivity had lower sensitivity (92.5%) than in the Luminex
assay and a specificity of 100%, comparable to that in the Luminex assay. The ELISA
accuracy is 96.5%. Thus, the two assays are comparable for specificity and accuracy, and
the Luminex assay is more sensitive than the ELISA. Addition of VP40 antigen did not
improve the Luminex assay performance.

Using the criterion of positivity with NP and GP proteins, four samples from 94 Ebola
survivors were considered negative; one sample (MP1754) significantly reacted with
Zaire VP40 only and one was negative with NP with a MFI of 650 (cutoff � 950) and
positive with the two GPs. Finally, two samples did not react at all with any of the EBOV
antigens. Moreover, these samples were also negative for IgM anti-EBOV NP and GP
when tested at 1/1,000 and 1/200 dilutions. The four negative samples were collected
from Ebola virus survivors at 268, 281, 358, and 450 days after discharge from the Ebola
Treatment Centre. For the 90 reactive samples, this interval ranged between 31 and 532
days, with a median of 324 days. Interestingly, three of the four samples were also
negative by the ELISA with both antigens and the fourth was negative with NP and
positive with GP. Field investigations, including interviews with social workers and
anthropologists, are ongoing to understand these serological results.

Of the 94 survivors included in the present study, 19 have been sampled twice and
one patient was sampled three times. The median time between two sampling points
was 31 days (range: 1 to 97 days). All the samples collected multiple times, but one
gave concordant results with all the antigens tested by the Luminex assay. The
discordant sample tested positive first (positive for NP, GP, and VP40) and then negative
a month later (positive with GP and VP40 and marginally negative with NP, with signal
MFI of 792/100 beads), most probably representing antibody decay with time.

Cross-reactions with other Ebola virus lineages. One of the major advantages of
the Luminex assay is the possibility of multiplex screening. We used this possibility to
test for cross-reaction of samples from Zaire Ebola virus survivors against Sudan,
Bunbibugyo, and Reston Ebola virus recombinant GP and VP40. We were not able to
get recombinant Tai Forest Ebola virus recombinant protein. We thus tested the 94
survivors’ samples against the three additional GP (SUDV, BDBV, and RESTV) and two
VP40 (SUDV and BDBV) antigens. Results from this testing, and by extrapolating the
same cutoff values as for GP-EBOV proteins, in the absence of appropriate controls for
these lineages, showed that 77 (81.9%) samples cross-reacted with GP-SUDV, 48 (51.1%)
with GP-BDBV, and 9 (9.6%) with GP-RESTV. For VP40, while 87 (92.5%) were positive
with VP40-EBOV, 72 (76.6%) and 36 (38.3%) were positive with VP40-SUDV and BDBV,
respectively. However, due to the lack of positive controls for SUDV, BDBV, and RESTV
antigens, we cannot conclude with exact precision the magnitude of cross-reactions
between these antigens and EBOV antigens, as the cutoff values might differ to some
extent for homologous reactions. Among the 108 EBV-negative samples, 6 (5.6%)
reacted with GP-SUDV, 4 (3.7%) with GP-BDBV, 1 (0.9%) with GP-RESTV, 58 (4.6%) with

TABLE 3 Sensitivity, specificity, and accuracy of the Luminex assay compared to those of a commercial ELISA

Protein(s) Test

No. of EBV-negative
samples (n � 108)
testing positive

%
specificity 95% CI

No. of EBV-positive
samples (n � 94)
testing positive

%
sensitivity 95% CI

%
accuracy 95% CI

NP ELISA 2 98.20 93.4–99.5 87 92.50 85.4–96.4 95.50 91.7–97.6
Luminex 6 94.40 88.4–97.4 90 95.70 89.6–98.3 95.00 91.1–97.3

GP ELISA 8 92.60 86.1–96.2 91 96.80 91.3–98.9 94.50 90.5–96.9
Luminex 5 95.40 89.6–98.0 91 96.80 91.3–98.9 96.00 92.4–98.0

VP40 Luminex 4 96.30 90.9–98.6 87 92.50 85.4–96.4 94.50 90.5–96.9
GP � NP ELISA 0 100 96.6–100.0 87 92.50 85.4–96.4 96.50 93.0–98.3
GP � NP Luminex 1 99.10 94.9–99.8 90 95.70 89.6–98.3 97.50 94.3–98.9
GP � NP �

VP40
Luminex 1 99.10 94.9–99.8 87 92.50 85.4–96.4 96.00 92.4–98.0
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VP40-SUDV, and 3 (2.8%) with VP40-BDBV (Fig. 2C). Cross-reactions were also detected
with the commercial ELISA for recombinant GP-SUDV; among the 94 EBOV survivors’
samples tested, 78 (82.9%) were positive according to the assay criteria (Fig. 2B),
comparable to what was observed with the Luminex assay. Of the 82 EBV-negative
samples tested with this GP-SUDV-specific ELISA (Fig. 2D), seven (8.5%) were reactive,
which is also comparable to observations in the Luminex assay.

Cost effectiveness of the novel Luminex assay. We calculated the cost to run one
sample with the novel assay by including the cost of all the reagents and consumables.
The cost to test one sample with one single antigen is $1.59. To test one sample with
nine antigens as we did in this study, the cost is $4.09. Under the same conditions and
by using the ELISA kits as we used in the present study, for one antigen and one
sample, the cost is $8.36; for six antigens, the cost is thus $75.24. Thus, the Luminex
assay is cost-effective. For an in-house ELISA using generic reagents with the same
recombinant proteins as the Luminex assay, the cost to test one sample with one
antigen is $6, and for nine antigens, it is thus $54, and the Luminex assay still remains
cost-effective. However, this difference between Luminex and ELISA should be lower if
the costs of ELISA and Luminex plate readers are also included in the calculation.

DISCUSSION

In this study, our aim was to develop a serological assay for the simultaneous
detection of antibodies to all Ebola virus lineages in human samples. Our data showed
that the assay is as specific as and more sensitive, more accurate, and more cost-
effective than a commercial ELISA for Zaire Ebola virus (EBOV) antibody detection.

Several serological assays have been developed for epidemiological surveys on past
Ebola virus outbreaks in humans and animals. These studies can be split into two major
categories: those using whole viral lysates in ELISA or Western blotting and those using
recombinant proteins, mainly the nucleoprotein (NP), the glycoprotein (GP), and the
40-kDa viral protein (VP40). The main advantage of using whole-viral-lysate extracts is
their potential large spectrum of detection, thus allowing a high level of sensitivity.
Using whole virus also potentially minimizes the effect of the kinetics of immune
response toward different Ebola virus antigens. For example, it has been shown that
IgG antibodies directed against NP were detected in all survivors during the symptom-
atic phase, while those directed against GP were never detected in this phase (21). A
major drawback in using whole viral lysates in ELISA and similar methods is the
potential number of false-positive samples, as observed in the early ages of HIV
diagnosis, specifically in Africa, where extraordinarily high HIV prevalence rates, up to
40%, were reported in certain areas (22, 23). Subsequently, setting up of algorithms by
combined methods and interpretation rules (ELISA and Western blotting and/or im-
munofluorescence) brought reported HIV seroprevalence rates closer to field realities
(24). High rates of EBV antibodies have also been reported with ELISAs using whole-
virus antigens in certain areas from Central Africa with documented EBV outbreaks but
also in other areas, raising thus also the concern of false-positive results and the need
to develop serological algorithms and/or interpretation rules as done in the past for
serological diagnosis of HIV.

Based on the observations in our study on antibody reactivity against different
antigens for 94 EBOV survivors, we considered a sample positive for EBV antibodies
when it was positive with more than a single antigen, and we found that the ideal
combination was reactivity against both recombinant NP and GP. With this combina-
tion, the specificity of the Luminex assay, which was 94.5% for individual recombinant
NP and GP, increased to 99.1% (Table 3). Similarly, the specificity of the commercial
ELISA we used for comparison (25), which was 98.2% for NP and 92.7% for GP, reached
100% when our algorithm was used, thus dramatically eliminating false-positive results.
Since we used plasma samples from patients in France, it is very likely that the antibody
reactivity to Ebola virus antigens is false positive.

We found, with this largest series of Zaire Ebola virus survivors tested by serology so
far, that the novel Luminex assay presented a specificity and sensitivity similar to and
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FIG 2 Cross-reactions of EBOV antibody-positive plasma samples with recombinant proteins of different lineages of Ebola
virus. Plasma samples from 94 EBOV survivors were tested by Luminex (A) or a commercial ELISA (B) against different
lineages of Ebola virus recombinant proteins as indicated. Plasma samples from 108 EBOV-negative samples were also
tested by Luminex (C) or a commercial ELISA (D) with the same antigens. The horizontal dotted red, blue, and magenta
lines (A and C) indicate the cutoff values for NP, GP, and VP40. The cutoff value is the same for NP and GP for the
commercial ELISA (determined by the manufacturer) and is indicated by the horizontal dotted green line (B and D). A high
proportion of EBOV survivors’ samples cross-react with recombinant glycoprotein from SUDV in the Luminex and ELISAs.
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higher than, respectively, those of the commercial ELISA. Of note, this performance was
achieved with samples diluted 1/1,000 (compared to 1/200 for ELISA), thus sparing
scarce biological material. It has been described that the Luminex approach, besides
allowing the multiplexing of several antigens, is also in general more sensitive than
ELISA using the same antigens (26).

In addition to this advantage of applying an algorithm within a single assay, the
Luminex approach also reveals potential cross-reaction to related antigens. In our
current study, we could not specify with certainty the level of cross-reactions of samples
from Zaire Ebola virus survivors toward the other three Ebola virus lineages using
recombinant GP and/or VP40 because we lacked positive controls from these infec-
tions. However, if we interpreted these reactions in the same way as for EBOV
glycoprotein (i.e., with the same cutoffs), the levels of cross-reactions were 81.9%,
51.1%, and 9.6% for SUDV, BDBV, and RESTV, respectively, while 76.6% and 38.3%
cross-reacted with VP40 from SUDV and BDBV, respectively. The level of cross-reactions
observed with recombinant GP-SUDV (81.9%) in our assay is very close to what we
observed with the commercial ELISA for the same antigen (82.9%), thus indirectly
validating our assumptions, especially on the cutoff. Several studies reported extensive
serological cross-reactions between nucleoproteins of the different Ebola virus lineages.
For example, a recent study by Natesan and coworkers (27) reported on reactions and
cross-reactions of samples collected from 37 and 20 survivors of SUDV and BDBV
infections, respectively. They found that 100% of samples from survivors of BDBV
infection cross-reacted with NPs from SUDV, while this proportion was only 25% with
GPs. SUDV survivors’ samples cross-reacted with EBOV recombinant GP and NP at
proportions of 40% and 50%, respectively, while BDBV survivors’ samples cross-reacted
with EBOV GP and NP at proportions of 10% and 50%, respectively.

Of the 94 Zaire Ebola virus survivors’ samples tested by Luminex with nine antigens
representing three of the four Ebola virus lineages, 2 were nonreactive with the nine
antigens, 1 reacted strongly with VP40-EBOV and faintly with GP-RESTV, and 1 reacted
with GP-EBOV from the Mayinga and Kissidougou/Makona strains. Three of the four
samples were also negative by both NP and GP commercial EBOV ELISAs. The fourth
sample was positive with GP and negative with NP by these two commercial ELISAs.
Lack of detectable antibodies to EBOV NP and GP was not due to the difference in the
time span since viral infection. Indeed, the delay for the group of 4 patients with no
antibodies and the 90 with antibodies was not different statistically. In a follow-up
study of survivors from the 1999-2000 Sudan Ebola virus outbreak, Sobarzo and
colleagues (28) identified IgG antibodies to NP, VP40, and VP30 and to complete Sudan
Ebola virus antigens in 120 survivors from samples collected 6 months (n � 40), 2 years
(n � 48), and 10 years (n � 32) after viral infection. No antigen at any time point could
interact with 100% of samples. The best rate was observed 10 years after infection with
the nucleoprotein, where 26 of the 32 (81.2%) samples tested were positive. The
authors detected IgG (and not IgM) antibodies only, but this fact alone or in addition
to possible technical issues cannot explain why survivors of an Ebola virus infection lack
humoral immune responses to viral antigens. This observation, together with our own
results in the current report, suggest that some survivors of Ebola virus infection might
lack detectable antibodies by currently available tools, or that the initial diagnosis of
infection based on clinical symptoms could have included false-positively declared
Ebola virus infections. A study in Gabon (17) showed also the maintenance of antibod-
ies in survivors up to 9 to 12 years after infection, but it used an ELISA with whole-virus
lysate, which could not differentiate among the different viral antigens. Nevertheless, a
recent study showed presence of antibodies 40 years after infection in patients who
survived the first outbreak from Yambuku, in 1976, suggesting thus a longstanding
antibody response (29). Moreover, in the same study, neutralizing antibodies were still
detected in a subset of patients. More studies are still needed to elucidate the humoral
responses to different antigens during and after acute EBV infection.

In conclusion, we have developed a sensitive and specific assay for the serological
screening of EBOV infection in humans. Moreover, we developed an algorithm to
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interpret the serological results to improve specificity of antibody-positive results. This
assay can now be used to screen at a large scale samples from humans across Africa to
identify eventual past outbreaks or asymptomatic infections among individuals who
were in close contact with patients who died from or survived the disease. The assay
can also be easily adapted to test animals in order to provide important information on
where the virus circulates between zoonotic outbreaks in humans. The assay uses small
volumes of plasma and can simultaneously detect antibodies against nine antigens or
more in a cost-effective way.

MATERIALS AND METHODS
Human samples. For Ebola virus antibody-negative samples (n � 108), plasma samples were used

from leftover diagnostic samples of the virology laboratory of the University Hospital in Montpellier,
France. Fifty microliters of each anonymized sample was aliquoted and kept frozen at �20°C until use.
Presumed Ebola virus antibody-positive samples were from survivors of the 2014-2015 EBOV outbreak in
Guinea and included in the PostEboGui study (30). Ebola virus infection diagnosis was based on clinical
findings and on reverse transcription-PCR (RT-PCR) performed on blood specimens collected upon
admission to the Ebola Treatment Centre. Samples from 94 patients were collected as dried blood spots
(DBS). For 92 of them, the date between symptom onset and blood sampling was known and the median
interval between these two dates was 350 days (interquartile range [IQR]: 293 to 421 days). For each
patient, five spots of 50 �l of whole blood were prepared as described previously (31). Plasma was
reconstituted from one DBS spot in 1 ml of incubation buffer, consisting of phosphate-buffered saline
(PBS) containing 0.75 mol/liter of NaCl, 1% (wt/vol) bovine serum albumin (Sigma-Aldrich, St. Quentin
Fallavier, France), 5% (vol/vol) fetal bovine serum (Gibco-Invitrogen, Cergy Pontoise, France), and 0.2%
(vol/vol) Tween 20 (Sigma-Aldrich). By taking a hematocrit of 50%, reconstituted plasma from DBS under
these conditions was at a dilution of 1/40 (25 �l of plasma in 1,000 �l of buffer). All crude and
reconstituted plasma samples from DBS were heat inactivated at 56°C for 30 min at biosafety level 3
(BSL3) before further processing. After heat inactivation, plasma samples reconstituted from DBS were
further incubated overnight at 37°C with continuous shaking for complete release of immunoglobulins.

Recombinant proteins and ELISA kits. As antigens, we used different commercially available
recombinant proteins derived from nucleoprotein (NP), viral protein 40 (VP40), and/or glycoprotein (GP)
from different Ebola virus lineages. For Zaire Ebola virus nucleoprotein, we used partial NP (amino acids
[aa] 488 to 739; MybioSource, San Diego, CA) derived from strain Mayinga 1976. Recombinant VP40 from
the following viruses was used: EBOV (strain Kissidougou-Makona 2014, aa 31 to 326), SUDV (strain Gulu,
aa 31 to 326), and BDBV (strain Uganda 2007, aa 31 to 326) from Sinobiologicals (Beijing, China).
Recombinant glycoproteins from EBOV (Mayinga 1976, aa 1 to 650, and Kissidougou-Makona 2014, aa 1
to 650), SUDV (Uganda 2000, aa 1 to 637), and BDBV (Uganda 2007, aa 1 to 501) were also from
Sinobiologicals. Recombinant RESTV glycoprotein (aa 1 to 650) was from IBT (Gaithersburg, MD).

Protein coupling to Luminex beads. The protocol to couple primary amines bearing moieties
(peptides and proteins) to beads has been described previously (20). Briefly, recombinant proteins (2
�g/1,25 � 106 beads) were covalently coupled on carboxyl functionalized fluorescent polystyrene beads
(Luminex Corp., Austin, TX) with the BioPlex amine coupling kit (Bio-Rad Laboratories, Marnes-la-
Coquette, France) according to the manufacturer’s instructions. Unreacted sites were blocked with
blocking buffer from the amine coupling kit (Bio-Rad Laboratories). Protein-coupled microsphere prep-
arations were washed with PBS, counted with a hemocytometer, and stored in storage buffer (Bio-Rad)
at 4°C in the dark until use.

Multiplex screening for anti-Ebola virus antibodies in human plasma with Luminex. The buffer
used for sample dilution and washing was the same as used to elute plasma DBS samples, described
above, and is referenced throughout the text as assay buffer. Before use, recombinant protein-coupled
beads were vortexed for 30 s and diluted to 4,000 beads/�l of assay buffer. Tests were performed in
96-well flat-bottom filter plates (Millipore, Tullagreen, Ireland). Plates were prewet with 100 �l of assay
buffer, and 50 �l of bead mixture was subsequently added to each well. Liquid was aspirated with a
vacuum manifold, and wells were then incubated with 100 �l of plasma or reconstituted DBS (final
plasma dilution, 1:1,000) for 16 h at 4°C in the dark on a plate shaker at 300 rpm/min. After 5 washings
with 100 �l of assay buffer, 50 �l of anti-human IgG-biotin-labeled (BD-Pharmingen, Le Pont De Claix,
France) was added at a concentration of 4 �g/ml in each well and incubated for 30 min in the dark with
shaking at 300 rpm. Plates were washed 5 times as described above, and 50 �l of streptavidin-R-
phycoerythrin (Fisher Scientific/Life Technologies, Illkirch, France) at 4 �g/ml was added per well and
incubated for 10 min with shaking at 300 rpm. Antigen-antibody reactions were then read on BioPlex-200
equipment (Bio-Rad, Marnes-la-Coquette. France). At least 100 events were read for each bead set, and
the results were expressed as median fluorescence intensity (MFI) per 100 beads.

Detection of IgG to Ebola virus NP and GP by ELISA. To validate our test, we compared the results
of our xMAP assay to those obtained with a commercially available test. To that end, we used ELISA kits
(Alpha Diagnostics, San Antonio, TX) to detect the presence of IgG antibodies to GP- and NP-EBOV and
to GP-SUDV as separate tests on the same panel of samples. For ELISAs, samples were diluted at a 1/200
final plasma concentration in sample diluent buffer provided with the test, and ELISA was conducted per
the manufacturer’s instructions. At the end of the different incubations, optical densities (ODs) were read
at 450 nm. We used the cutoff recommended in the user’s guide provided in the ELISA kit.
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Calculation of cutoff, sensitivity, specificity, and accuracy. We used receiver operating charac-
teristic (ROC) curve analysis to determine the cutoff values for each antigen used in the Luminex assay.
The ROC curve analysis is a graphic representation of the relationship between both the sensitivity and
specificity of a diagnostic test, on samples with known disease status. The cutoff is at the optimum where
sensitivity and specificity curves intersect. The sensitivity was then defined as the ratio of number of
samples found to be positive with the assay to the number of true positives, and the specificity was
defined as the ratio of number of samples found to be negative with the assay to the number of true
negatives. The accuracy of the assay was defined as the number of correct assessments with the assay
divided by the number of all assessments. The accuracy can also be deduced from ROC curve analysis
by the value of the area under the curve (AUC). The ROC curve analysis was performed with the Life
module of XLSTAT (Addinsoft, Paris, France) implemented in Micosoft Excel. The Wilson method (32) was
used to calculate online (http://ww3.ac-poitiers.fr/math/prof/resso/cali/ic_phrek.html) the 95% confi-
dence intervals (CI) around the proportions.

Ethical considerations. All the participants in the PostEboGui cohort gave their written and
informed consent. The study was approved by the Comité National d’éthique pour la recherche en santé
of the Republic of Guinea (approval number 074/CNERS/015).
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