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ABSTRACT The human B cell response to natural filovirus infections early after re-
covery is poorly understood. Previous serologic studies suggest that some Ebola vi-
rus survivors exhibit delayed antibody responses with low magnitude and quality.
Here, we sought to study the population of individual memory B cells induced early
in convalescence. We isolated monoclonal antibodies (MAbs) from memory B cells
from four survivors treated for Ebola virus disease (EVD) 1 or 3 months after dis-
charge from the hospital. At the early time points postrecovery, the frequency of
Ebola-specific B cells was low and dominated by clones that were cross-reactive with
both Ebola glycoprotein (GP) and with the secreted GP (sGP) form. Of 25 MAbs iso-
lated from four donors, only one exhibited neutralization activity. This neutralizing
MAb, designated MAb EBOV237, recognizes an epitope in the glycan cap of the sur-
face glycoprotein. In vivo murine lethal challenge studies showed that EBOV237 con-
ferred protection when given prophylactically at a level similar to that of the ZMapp
component MAb 13C6. The results suggest that the human B cell response to EVD 1
to 3 months postdischarge is characterized by a paucity of broad or potent neutral-
izing clones. However, the neutralizing epitope in the glycan cap recognized by
EBOV237 may play a role in the early human antibody response to EVD and should
be considered in rational design strategies for new Ebola virus vaccine candidates.

IMPORTANCE The pathogenesis of Ebola virus disease (EVD) in humans is complex,
and the mechanisms contributing to immunity are poorly understood. In particular,
it appears that the quality and magnitude of the human B cell response early after
recovery from EVD may be reduced compared to most viral infections. Here, we iso-
lated human monoclonal antibodies from B cells of four survivors of EVD at 1 or 3
months after hospital discharge. Ebola-specific memory B cells early in convales-
cence were low in frequency, and the antibodies they encoded demonstrated poor
neutralizing potencies. One neutralizing antibody that protected mice from lethal in-
fection, EBOV237, was identified in the panel of 25 human antibodies isolated. Rec-
ognition of the glycan cap epitope recognized by EBOV237 suggests that this anti-
genic site should be considered in vaccine design and treatment strategies for EVD.

KEYWORDS antibodies, human, neutralizing, antiviral, Ebola virus, Filoviridae
infections, hemorrhagic fever, Ebola, protection

Citation Williamson LE, Flyak AI, Kose N,
Bombardi R, Branchizio A, Reddy S, Davidson E,
Doranz BJ, Fusco ML, Saphire EO, Halfmann PJ,
Kawaoka Y, Piper AE, Glass PJ, Crowe JE, Jr.
2019. Early human B cell response to Ebola
virus in four U.S. survivors of infection. J Virol
93:e01439-18. https://doi.org/10.1128/JVI
.01439-18.

Editor Adolfo García-Sastre, Icahn School of
Medicine at Mount Sinai

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to James E. Crowe,
james.crowe@vanderbilt.edu.

* Present address: Andrew I. Flyak, Division of
Biology and Biological Engineering, California
Institute of Technology, Pasadena, CA, USA.

Received 27 September 2018
Accepted 21 January 2019

Accepted manuscript posted online 6
February 2019
Published

PATHOGENESIS AND IMMUNITY

crossm

April 2019 Volume 93 Issue 8 e01439-18 jvi.asm.org 1Journal of Virology

3 April 2019

https://orcid.org/0000-0002-0049-1079
https://doi.org/10.1128/JVI.01439-18
https://doi.org/10.1128/JVI.01439-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:james.crowe@vanderbilt.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01439-18&domain=pdf&date_stamp=2019-2-6
https://jvi.asm.org


Ebola virus is a member of the Filoviridae family and causes intermittent outbreaks
of severe human Ebola virus disease (EVD). Currently, there is an outbreak in the

North Kivu province of the Democratic Republic of Congo (DRC), declared by the DRC
Ministry of Health on 1 August 2018. As of 15 August 2018, there are confirmed 51 cases
of Ebola, including 17 deaths (https://wwwnc.cdc.gov/travel/notices/watch/ebola
-democratic-republic-of-the-congo). In 2014, a large outbreak occurred in West Africa,
with a total of 28,616 cases of EVD and 11,310 deaths that were reported in Guinea,
Liberia, and Sierra Leone, and an additional 36 cases and 15 deaths that occurred when
the outbreak spread outside these three countries (https://www.cdc.gov/vhf/ebola/
history/2014-2016-outbreak/index.html). Experimental vaccines, antibodies, small mol-
ecules, and RNA treatments for Ebola virus infection are in development, which are
intended to prevent or treat infection using immunologic principles. Indeed, we and
others have shown that at late time points after recovery, survivors possess memory B
cells in circulation specifying broad and potent protective antibodies (1–6). Monoclonal
antibodies (MAbs) isolated from human B cells of survivors can exert potent therapeutic
effects in experimental infection models in nonhuman primates using cocktails of MAbs
or even monotherapy (7–9).

Ebola virus is an enveloped, nonsegmented, negative-sense strand RNA virus (http://
www.who.int/en/news-room/fact-sheets/detail/ebola-virus-disease). Together with the
Marburg and Cuevaviruses, these members constitute the Filoviridae family. There are
six species of Ebola virus: Zaire ebolavirus (EBOV), Bundibugyo ebolavirus (BDBV), Sudan
ebolavirus (SUDV), Taï Forest ebolavirus (TAFV), Reston ebolavirus (RESV), and Bombali
ebolavirus (BOMV). Of these species, EBOV, BDBV, and SUDV are the primary species
associated with lethal disease in humans (1). The surface glycoprotein (GP) of Ebola
virus is the major target of neutralizing antibodies. The envelope glycoprotein gene of
Ebola virus encodes two GPs through transcriptional editing. The major product of the
gene is a 364-residue soluble dimeric form of the GP (sGP). The precise role of sGP in
Ebola virus infection is not clear. However, it is thought that sGP may serve as a decoy
to distract the immune response for virus evasion or contribute to pathogenesis (10).
The minor product of the gene is a 676-residue viral surface GP that is anchored to the
viral envelope. The GP consists of two subunits, GP1 and GP2, which form a trimeric
structure on the virus surface. The GP1 subunit contains the heavily glycosylated
mucin-like domain and a glycan cap, which are cleaved proteolytically by cathepsins
within the endosome during virus entry into the host cell (10, 11). This exposes the
receptor-binding site on the GP1 subunit that interacts with the endosomal receptor,
domain C of the Niemann-Pick C1 protein (NPC1) (12). Upon receptor binding, the
fusion loop of the GP2 subunit becomes exposed, enabling fusion of the virus with the
endosomal membrane (10, 11). The involvement of GP in virus attachment and entry
into host cells, receptor binding within the endosome, and membrane fusion with the
endosomal membrane result in the GP being the major target of neutralizing MAbs (5).

Cocktails of murine-human chimeric (ZMapp, ZMab, and MB-003) and human MAbs
administered as a monotherapy have shown potent neutralizing and nonneutralizing
activities for the prevention and treatment of Ebola virus (EBOV) in experimental
infection animal models, including ZMapp protection of nonhuman primates (7–9). The
MAbs characterized target diverse antigenic sites on GP, including the glycan cap, GP1
receptor-binding site, GP1 head, GP1/GP2 interface, GP2 fusion loop, GP2 stalk, and
HR2/MPER region (1–6, 12–18). Several MAbs that recognize antigenic sites present on
the glycan cap and GP1 head are cross-reactive with sGP (1, 5, 10, 13, 18). The ZMapp
cocktail (2G4, 4G7, and 13C6) consists of three murine-human chimeric MAbs that
recognize EBOV GP. 2G4 and 4G7 recognize the base of the GP at the GP1/GP2 interface
and exhibit potent neutralization activity in vitro (16–18). The other component of
ZMapp is a weakly neutralizing MAb, 13C6, which recognizes the glycan cap and
cross-reacts with EBOV sGP.

The characterization of MAbs isolated at late time points after recovery has been
described previously; however, the early human B cell response to EBOV is still poorly
understood, especially at the clonal level. To investigate the early response to EBOV
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infection, we took advantage of an unprecedented opportunity to study the acute
response to infection of four U.S. heath care workers, infected in West Africa, who had
received intensive care treatment and monitoring at Emory University Hospital. The
acute response to infection was characterized by an unusually long period of immune
activation, as evidenced by the persistence of activated CD8 and CD4 T cells and
plasmablasts even 1 month after the patients’ discharge from the hospital and other
persistent signs of immune activation (19). Studies also have revealed very prolonged
maintenance of infectious virus in immune-privileged sites, including the eye (20, 21)
and semen (22), that can last over 2 years. Both polyclonal and monoclonal antibodies
have been shown to exert potent antiviral effects against filovirus infection and disease
in preclinical models. Indeed, we and others have shown that at late time points after
recovery, survivors possess memory B cells in circulation specifying broad and potent
protective antibodies (1–6). However, the early human B cell response to EBOV is poorly
defined. Here, we investigated the B cell response in survivors 1 and 3 months
postdischarge, at a time when immune activation persisted and virus may have
persisted in immune-privileged sites. The results show that soon after the resolution of
viremia, the memory B cell response in blood is characterized by a low frequency of
EBOV-specific B cells, with the antibodies encoded by those cells displaying low
neutralizing activity.

RESULTS
Isolation of human GP-reactive MAbs from Ebola survivors. Peripheral blood

mononuclear cells (PBMCs) were isolated from patients who survived EVD (designated
subjects EVD2, EVD5, EVD9, and EVD15) 1 or 3 months after their discharge from Emory
University Hospital. PBMCs were transformed with EBV, and after expansion, cell
supernatants were screened to determine the relative magnitude of B cell responses to
soluble forms of the Ebola virus (EBOV), Bundibugyo virus (BDBV), Sudan virus (SUDV),
and Marburg virus (MARV) glycoprotein (GP) ectodomains. From the corresponding
enzyme-linked immunosorbent assay (ELISA) data, Circos plots were generated to
illustrate the cross-reactivity of the B cell responses for each donor to the various
glycoproteins (Fig. 1A and B). The relative height of each bar in Fig. 1 indicates the
optical density (OD) values at 405 nm as determined by ELISA. Subjects EVD2 and EVD5
had a greater and broader B cell response to these GPs 1 month after hospital discharge
than subjects EVD9 and EVD15. However, an increase in B cell response to these GPs
was observed for subject EVD15 at 3 months after hospital discharge compared to 1
month. The reactivities of EBOV GP and secreted GP (sGP)-specific B cell lines were
primarily EBOV GP/sGP cross-reactive (Fig. 1C) for all subjects at both time points,
except for EVD15 at the 1-month time point (EVD15_1). Additionally, a majority of the
B cell reactivity was toward EBOV GP and sGP. There was an increase in cross-reactivity
to BDBV GP of subject samples at 3 months compared to 1 month postdischarge,
indicating that development of these antibodies occurred over the period of recovery.
A minor percentage of reactive B cells were cross-reactive to EBOV, BDBV, and SUDV GP
and again increased at the 3-months compared to the 1-month postdischarge time
point.

We isolated human MAbs specific to EBOV, BDBV, and SUDV GPs or EBOV sGP from
transformed B cells. A panel of 25 human MAbs was isolated. The half-maximal effective
concentration (EC50) of binding values for the EBOV GP-reactive human MAbs as
determined via ELISA are indicated in Fig. 2A. The MAbs exhibited values for EC50 in
diverse ranges, including 0 to 100 ng/ml, 100 to 1,000 ng/ml, 1,000 to 10,000 ng/ml, or
greater than 10,000 ng/ml, as indicated in the heat map by dark red, orange, or yellow
color, or a greater than sign (�), respectively. The EBOV GP-reactive human MAbs are
separated into four groups, with two subgroups (A and B) for groups 1 and 2
designated based on pattern of reactivity to the various GPs. The A subgroup indicates
MAbs that bound GP and EBOV sGP, suggesting the GP1 glycan cap as the GP binding
site for these MAbs, whereas MAbs from the B subgroup bound GP only. Increasing in
cross-reactivity, group 1 bound EBOV, group 2 bound EBOV and BDBV or SUDV, and
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group 3 bound EBOV, BDBV, and SUDV. Group sGP MAbs bound to EBOV sGP only.
None of these MAbs bound to MARV GP. The isolation of MAbs, primarily from subjects
EVD2 and EVD5 at 1 and 3 months postdischarge, reflects the intensity and broad B cell
response measured initially with EBV-transformed B cell line supernatants, as indicated
by the Circos plots (Fig. 1A and B).

EBOV237, a neutralizing MAb. To determine the antiviral activity of the EBOV GP
reactive human MAbs, neutralization assays were performed against Ebola Zaire virus
(EBOV/Kik-9510621, CDC no. 807224). Plaque reduction neutralization test (PRNT) as-
says were performed to determine the endpoint titer for 50% (PRNT50) or 80% (PRNT80)
reduction in plaques compared to a virus-only control. From the panel of 25 human
EBOV MAbs, one MAb (designated EBOV237) was neutralizing with a PRNT50 of
0.78 �g/ml and a PRNT80 of 1.56 �g/ml (Fig. 2C).

A representative curve for binding of EBOV237 to full-length EBOV, BDBV, SUDV, or
MARV GP, or EBOV sGP is shown in Fig. 2B. EBOV237 bound to EBOV GP, BDBV GP, and
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FIG 1 Circos plot representation of the four EVD survivors’ cross-reactive B cell responses. (A and B) PBMC samples isolated from subjects EVD2, EVD5, EVD9,
and EVD15 1 month (A) or 3 months (B) postdischarge were transformed with EBV and subsequently expanded. The supernatants from the transformed B cell
lines were screened initially for binding to the soluble form of full-length extracellular domain of MARV, SUDV, EBOV, or BDBV GP. The height of the lines
indicates the relative intensity of the optical density (OD) values at 405 nm as determined by ELISA using the indicated GP. Black lines indicated the antibody
bound only to GP from one species. Orange, blue, and red lines represent cross-reactive B cell responses to GP from two, three, and four virus species,
respectively. For PBMC samples isolated from donors EVD9 and EVD15 at 3 months postdischarge, supernatant reactivity from transformed B cell lines was not
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EBOV sGP with EC50 values of 25, 3,367, and 9 ng/ml, respectively. EBOV237 did not
bind SUDV and MARV GPs. Thus, EBOV237 primarily binds to EBOV GP, EBOV sGP, and
BDBV GP, albeit with lower affinity. Stronger binding of EBOV237 to EBOV GP in
comparison to the other EBOV human MAbs correlated with its neutralization activity
toward EBOV.

Epitope mapping of EBOV237 to the glycan cap region of EBOV GP1. To
determine the epitopes recognized by the panel of EBOV human MAbs, competition-
binding assays were performed with MAbs that bound to EBOV GP or sGP as deter-
mined by a �0.19-nm shift in the interference pattern of light through biolayer
interferometry. Four epitope groups were identified on EBOV GP from the panel of
EBOV human MAbs. Recombinant forms of two MAbs that are components of the
ZMapp therapeutic cocktail (2G4 and 13C6) were used as controls for binding to EBOV
GP. The epitopes for 2G4 and 13C6 are known, as they bind to the base of the GP or
to the GP1 glycan cap, respectively (17, 18). None of the MAbs tested competed with
2G4, indicating that these MAbs do not bind to the base of EBOV GP. EBOV237 did not
compete for binding with either 2G4 or 13C6 (Fig. 3A), indicating that EBOV237 binds
to a distinct site on EBOV GP. EBOV237 competed for binding with EBOV173 and
EBOV236, suggesting that these human EBOV MAbs bind similar sites on EBOV GP.
Several unidirectional pairs were identified as well, such as EBOV173 and 13C6. This
may be due to difference in angle of binding of the first MAb relative to the second
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was done using 10, 1, 0.1, 0.01, or 0.001 �g of EBOV237 incubated with either wild-type (WT) virus or escape mutant 4. The numbers for the assays,
performed in triplicate, indicate the PFU per well.
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MAb. This could allow for binding of the MAb in one direction but not in the other.
Additionally, the relative kinetics of binding for the first MAb may also account for the
unidirectional competition of MAb binding. EBOV237 and a previously isolated neu-
tralizing BDBV MAb, BDBV43 (1), were competed with the human EBOV MAbs on EBOV
sGP (Fig. 3B). In addition to competition with BDBV43, EBOV237 competed partially
with EBOV29 or EBOV102 on EBOV sGP. EBOV237 did not compete for binding with the
previously isolated nonneutralizing MAb BDBV91, which is known to bind to the
hydrophobic pocket at the EBOV sGP dimer interface (10).

To identify key residues recognized by EBOV237, mutations were introduced into GP
through alanine-scanning shotgun mutagenesis of EBOV GPΔmucin (Ebola virus
H.sapiens-tc/COD/1976/Yambuku-Mayinga [23], Δ311– 461). Identification of the resi-
dues N278 and P279 as critical residues for binding confirmed that the EBOV237
epitope lies within the glycan cap region of GP1 (Fig. 3C to E). The critical residues for
EBOV237 are conserved in BDBV, supporting the cross-reactivity profile of EBOV237 to
BDBV GP. However, the reduction in binding of EBOV237 to BDBV GP (EC50 value,
3,367 ng/ml) suggests that other factors may be involved. This is also consistent with
the cross-reactivity profile of EBOV237 in SUDV (not recognized by EBOV237) residues
278 and 279 are D278 and A279, respectively. The glycan cap region of GP1 also is
bound by the ZMapp cocktail MAb 13C6. Residues G264 to W275, identified for binding
of this MAb to EBOV GP, lie at the tip of the glycan cap (10, 18). The difference in
residues bound by EBOV237 and 13C6 is consistent with the differences observed in the
competition-binding assays done with EBOV GP (Fig. 3A). Thus, even though these two
MAbs bind to the glycan cap of GP1, EBOV237 and 13C6 recognize distinct residues or
epitopes in this domain.

To identify key residues selectively pressured to mutate in the presence of EBOV237,
we isolated EbolaΔVP30-GFP neutralization escape mutant viruses. Sequence analysis
of EBOV GP for the mutant viruses identified the mutated residues I260R and S322G.
These two mutations were identified in four different independently selected neutral-
ization escape mutant viruses (Fig. 3F). PRNTs confirmed the ablation of neutralization
for escape mutant 4 in the presence of different concentrations of EBOV237 (Fig. 3F).
Plaque titers for escape mutant 4 were similar to those of the control MAb VP35 for
wild-type or mutant viruses. Thus, EBOV237 selectively pressures the virus to mutate at
these key residues as it binds the glycan cap of GP1, leading to escape of the virus from
the neutralization capabilities of EBOV237. The escape mutation at I260 is consistent
with glycan cap location and EBOV237 epitope (critical residues N278 and P279).
However, the escape mutation S322G presumably exerts an allosteric effect, since it is
not located within the glycan cap but instead within the mucin-like domain. The
EBOV237 cross-reactivity with sGP, which lacks residue S322, is also inconsistent with
inclusion of S322 as part of the epitope.

In vivo studies revealed a correlate of protection. Mouse challenge studies were
performed to determine the prophylactic efficacy of EBOV237. Initially, groups of 10
female BALB/c mice, age 6 to 8 weeks, were treated intraperitoneally (i.p.) 24 h prior to
virus inoculation (day �1) with a single dose of 100 �g of EBOV237. For the positive-
control group, mice were treated i.p. with 100 �g of MAb 13C6. For the negative-
control group, mice were treated i.p. with an irrelevant IgG antibody. On day 0 (d0),
mice were inoculated i.p. with 100 PFU of mouse-adapted Ebola Zaire virus (Mayinga)
(ma-ZEBOV). Mice were monitored daily for 28 days after virus inoculation. EBOV237
provided a similar level of protection against ma-ZEBOV infection as the positive-
control MAb 13C6 (Fig. 4A). An irrelevant negative-control IgG antibody did not protect
mice from lethal infection. To observe clinical signs of disease, mice were monitored
twice daily for 28 days after virus inoculation (Fig. 4B). Individual disease score param-
eters included normal (0), reduced grooming/ruffled fur (1), subdued but normal when
stimulated (2), lethargic, hunched posture, subdued even when stimulated (3), and
nasal discharge/bleeding/unresponsive when stimulated/weak/paralysis (4). Animals
treated with the irrelevant negative-control IgG antibody exhibited several signs of
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disease. Animals treated with MAb 13C6 or EBOV237 also showed some signs of
disease. However, there was a reduction in signs of clinical disease for both of these
groups, with a slight improvement shown for EBOV237. Group body weights were
taken daily for 28 days after virus inoculation (Fig. 4C). Groups treated with EBOV237 or
13C6 showed little variation in average weight of mice over the 28 days. The group
treated with irrelevant negative-control IgG antibody showed variation in average
weight, corresponding with survival of the mice (Fig. 4A). These data confirm the
prophylactic efficacy of EBOV237 against ma-ZEBOV infection.
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FIG 4 EBOV237 provided prophylactic protection from mouse-adapted Ebola Zaire virus (Mayinga)
infection. BALB/c mice in groups of 10 were each given 100 �g of EBOV237 intraperitoneally 24 h prior
to challenge with 100 PFU of Mayinga virus intraperitoneally. (A) Kaplan-Meier survival curve indicates
that EBOV237 provides similar protection against lethal disease as MAb 13C6, in comparison to the
irrelevant negative-control IgG. (B) Disease scores were recorded based on the sickest animal in each
treatment group over the course of 28 days (normal [0], reduced grooming/ruffled fur [1], subdued but
normal when stimulated [2], lethargic, hunched posture, subdued even when stimulated [3], nasal
discharge/bleeding/unresponsive when stimulated/weak/paralysis [4]). Animals treated with MAb 13C6
or the irrelevant negative-control IgG exhibited several signs of disease, with an improvement shown for
EBOV237. (C) Average weight of mice (calculated from group weight divided by number of mice
weighed) taken over a course of 28 days. Mice treated with EBOV237 or 13C6 showed little variation in
average weight of mice over the course of study. Mice treated with the irrelevant negative-control IgG
antibody showed variation in average weight.
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A dose-response curve also was performed to determine the efficacy of protection
for EBOV237 against mouse-adapted Ebola Zaire virus (Mayinga) (ma-ZEBOV) infection.
At 24 h prior to virus inoculation, groups of 10 female BALB/c mice, age 6 to 8 weeks,
were treated i.p. with a single dose of 200, 100, 50, or 25 �g of EBOV237. The positive-
and negative-control groups were the same as described for the initial study. On day
0, mice were inoculated i.p. with 100 PFU of ma-ZEBOV. Mice were monitored daily for
21 days after virus inoculation. Survival depended on the dose of EBOV237 adminis-
tered, with a dose of 200 �g providing similar protection against ma-ZEBOV infection
to the positive-control MAb 13C6 administered at 100 �g (Fig. 5A). Animals treated with
EBOV237 showed a reduction in signs of disease in a dose-dependent manner. Similar
improvement of disease was observed for mice treated with 200 �g of EBOV237 and
with the positive-control MAb 13C6 (Fig. 5B). Little variation in the average weight of
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FIG 5 EBOV237 provides dose-dependent efficacy. Groups of 10 mice were given either 200, 100, 50, or
25 �g EBOV237, 100 �g of a positive-control MAb 13C6, or 100 �g of an irrelevant negative-control IgG
intraperitoneally 24 h prior to challenge with 100 PFU of Mayinga virus intraperitoneally. (A) Kaplan-Meier
survival curve over the course of 21 days demonstrates the extent of survival depended on the dose of
MAb. EBOV237 given at 200 �g provided a similar level of protection against lethal disease caused by
Mayinga virus as MAb 13C6, in comparison to the irrelevant negative-control IgG. (B) Individual disease
scores were determined over the course of 21 days (normal [0], reduced grooming/ruffled fur [1],
subdued but normal when stimulated [2], lethargic, hunched posture, subdued even when stimulated
[3], nasal discharge/bleeding/unresponsive when stimulated/weak/paralysis [4]). Reduction of disease
score was observed in a dose-dependent manner for animals treated with EBOV237. (C) Average weight
of mice (calculated from group weight divided by number of mice weighed) taken over a course of
21 days. Mice treated with any dose of EBOV237 or 13C6 showed little variation in the average weight
of mice over the course of the study compared to mice treated with the irrelevant negative-control IgG.
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mice over the course of 21 days was observed for animals treated with any dose of
EBOV237 compared to animals treated with the irrelevant negative-control antibody.

DISCUSSION

In this study, we found that the overall human B cell response to Zaire ebolavirus
(EBOV) infection early in convalescence is low in EBOV-specific B cell frequency and the
antibodies encoded are generally of limited neutralizing potency. Most of the previous
work on the human B cell response to EBOV infection has focused on cells obtained
long after infection. At later time points, we and others have observed high frequency
of circulating B cells that include clones encoding broad and potent protective anti-
bodies (1–6). Previous serological studies suggest that some human EBOV survivors do
not possess high-titer neutralizing antibody responses until later after recovery from
infection. It was uncertain if this observation was due to just a delayed or low level of
secretion of antibodies by plasma cells or if the response was fundamentally deficient
in the frequency of virus-specific B cells secreting high-quality antibodies. Using B cell
clones, here we show that the early response is characterized by both low magnitude
of B cell response and poor functional quality of the antibodies specified by those B
cells. Variation in antibody response was observed among these subjects, however,
with EVD2 and EVD5 exhibiting a higher and broader response to diverse EBOV species.
It is unclear why there are differences in B cell reactivity from these subjects. It is
possible that differences in the treatments administered potentially contribute to the
specific immune response for each subject, as subjects EVD2 and EVD5 both received
ZMapp, whereas EVD9 and EVD15 received a small interfering RNA (siRNA) product and
a DNA polymerase inhibitor, respectively, in addition to convalescent-phase serum (19).
Additionally, severity of disease may also account for these differences. Further studies
are necessary to address the influence on the induction of a patient’s B cells following
a specific treatment regimen for EVD.

In total, we isolated 25 MAbs from four U.S. donors who survived EVD. Blood
samples were collected at 1 to 3 months postdischarge to represent early convales-
cence time points. Out of these MAbs, only one, EBOV237, possessed detectable
neutralization activity, which was isolated from subject EVD5 3 months postdischarge.
It was interesting that the early B cell response was dominated by clones that
recognized the secreted form of EBOV glycoprotein (sGP). This finding may indicate that
the initial B cell response to EBOV infection is driven principally by sGP, which might
serve as a decoy to allow for virus evasion of the immune response. The low frequency
of neutralization activity from the isolated MAb panel suggests that the B cell response
is of low quality and quantity early during infection and further implicates the impor-
tance of aggressive treatment of disease early during infection and during early
convalescence.

Identification of the neutralizing epitope recognized by EBOV237 through several
laboratory methods revealed that EBOV237 recognizes a unique site within the glycan
cap of GP1. In particular, residues N278 and P279 and residues I260 and S322 were
identified through alanine-scanning mutagenesis and neutralization escape mutant
viruses, respectively. This epitope is in a location near the top of the glycan cap, similar
to that of chimerized mouse antibodies included in the ZMapp cocktail, MAb 13C6, and
the ZMab cocktail, 1H3, that also recognize the glycan cap of GP1. However, MAbs 1H3
and 13C6 are weakly neutralizing, and the differences in epitope recognition by
EBOV237 suggest that this new MAb binds to a slightly different antigenic determinant
within the glycan cap of GP1 that enables it to have stronger neutralization activity
against EBOV. In addition to in vitro virus neutralization activity, EBOV237 also exhibited
prophylactic activity, similar in comparison to the ZMapp cocktail MAb 13C6, in a
dose-dependent manner against infection and disease caused by the mouse-adapted
Ebola Zaire virus (Mayinga) (ma-ZEBOV) strain.

The results presented here suggest that the human B cell response to EVD early in
recovery is characterized by targeting the EBOV GP glycan cap or sGP, with a paucity
of broad or potent neutralizing B cell clones. However, the neutralizing epitope in the
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glycan cap recognized by EBOV237 may play a role in the early human antibody
response to EVD and should be considered in rational design strategies for new EBOV
vaccine candidates.

MATERIALS AND METHODS
Research subjects. The subjects, designated EVD2, EVD5, EVD9, and EVD15, were patients who

survived EVD and received treatment at Emory University Hospital in 2014. The clinical course and
immune activation profiles for these patients were previously described (19, 24). Peripheral blood from
the subjects was collected 1 month and 3 months postdischarge from the hospital. The sample that
yielded the MAb EBOV237 is designated EVD5_3, indicating the subject sample identification (EVD5) and
time point of peripheral blood collection (3 months postdischarge). Multiple PCR tests were performed
to detect the presence of virus, which were negative, indicating the absence of virus at these time points.
The institutional review boards (IRBs) at Emory University and Vanderbilt University Medical Center
approved the protocol for the recruitment and collection of blood samples used in this study. Specifically,
the subjects were enrolled under an Emory protocol, IRB00076700, The Longitudinal Characterization of
Immune Responses to Ebola Virus Infections. The samples were obtained after the subjects gave written
informed consent. PBMCs were isolated and cryopreserved in liquid nitrogen until use.

Generation of human hybridomas. Previously cryopreserved PBMCs were thawed rapidly in a 37°C
water bath. The cells were washed and resuspended in prewarmed medium A (catalog no. 03801;
ClonaCell-HY) prior to Epstein-Barr virus (EBV) transformation. In 16 ml of B cell growth medium (medium
A, 50 �l CpG [2.5 mg/ml; Invitrogen oligonucleotide ZOEZOEZZZZZOEEZOEZZZT], 15 �l Chk2 inhibitor
[10 mM in dimethyl sulfoxide {DMSO}; catalog no. C3742; Sigma], and 20 �l cyclosporine [1 mg/ml in
ethanol; catalog no. C1832; Sigma]), 4.5 ml of filtrate containing EBV from the B95.8 cell line (ATCC
CRL-1612) was added. The PBMCs then were added and plated at 50 �l/well for 8 to 10 million cells per
384-well plate (catalog no. 164688; Thermo Scientific). After 7 to 10 days at 37°C, cells were expanded
into four 96-well plates (catalog no. 353072; Falcon) at 200 �l/well in 20 ml of B cell expansion medium
(medium A, 50 �l CpG, 15 �l Chk2 inhibitor, and irradiated [9,000 rads] heterologous human PBMCs
[Nashville Red Cross] at 10 million cells/ml) per 96-well plate. The plates were incubated for an additional
4 days at 37°C, prior to screening by ELISA with purified glycoproteins (described below and as previously
described [1]). Cells from positive wells containing supernatant reactive for an EBOV-specific ELISA were
added to 1 ml of prewarmed BTX cytofusion medium (300 mM sorbitol [catalog no. 36021; Sigma],
0.1 mM calcium acetate [catalog no. AC21105-2500; Fisher], 0.5 mM magnesium acetate [catalog no.
AC42387-0050; Fisher], and 1 mg/ml bovine serum albumin [BSA; catalog no. A9418; Sigma]) in micro-
centrifuge tubes. The microcentrifuge tubes were centrifuged at 3,000 rpm for 4 min, and the superna-
tant was decanted. This procedure was repeated for a total of three times. HMMA 2.5 cells were washed
3� in BTX cytofusion medium and resuspended in BTX cytofusion medium for a total of 10 million
cells/ml. HMMA 2.5 nonsecreting myeloma cells then were added to the microcentrifuge tubes contain-
ing the positive EBV-transformed B cell pellet, for a total of 1.15 million cells per fusion. These cells were
resuspended and transferred to a cytofusion cuvette (catalog no. 450125; BTX). Electrofusion of the cells
was performed as described previously (25). The cuvettes were incubated at 37°C for 30 min. The cells
then were added to 21 ml of HAT medium (400 ml of medium A, 100 ml of medium E [catalog no. 03805;
ClonaCell-HY], 50� HAT medium supplement [100 �M hypoxanthine, 0.4 �M aminopterin, 16 �M thy-
midine; catalog no. H0262; Sigma], 150 �l ouabain octahydrate [1 mg/ml; catalog no. O3125; Sigma]) and
plated at 50 �l/well in 384-well plates. The plates were incubated for a total of 18 days at 37°C in 7% CO2

prior to screening by ELISA.
Human MAb production and purification. Positive wells from hybridoma fusions containing

supernatant reactive for an EBOV-specific ELISA were cloned biologically by single-cell fluorescence-
activated cell sorting. These clones then were expanded serially in 1, 2, and then 30 ml of medium E into
48-well plates (catalog no. 3548; Corning), 12-well plates (catalog no. 3513; Corning), and T-75-cm2 flasks
(catalog no. 430641; Corning), respectively. For each T-75-cm2 flask, the cells were scraped and expanded
further into four T-225-cm2 flasks (catalog no. 431082; Corning) in 250 ml of serum-free medium
(Hybridoma-SFM, catalog no. 12045-076; Gibco). After 21 days at 37°C, the supernatants were filtered
using a 0.2-�m-pore-size filter. Antibodies were purified from the filtrate using HiTrap protein G or HiTrap
MabSelectSure columns (catalog no. 17040501 and 11003494, respectively; GE Healthcare Life Sciences).

Screening ELISA. Soluble forms of the full-length extracellular domain of Ebola Zaire virus (EBOV),
Bundibugyo virus (BDBV), Sudan virus (SUDV), and Marburg virus (MARV) glycoproteins (GPs) (1 �g/ml)
or EBOV secreted GP (sGP) (1 �g/ml) were diluted in 1� Dulbecco’s phosphate-buffered saline without
calcium and magnesium (D-PBS) to coat 384-well ELISA plates (catalog no. 265203; Thermo Scientific) at
25 �l/well and incubated at 4°C overnight. The plates were washed 3� with D-PBS-T (1� D-PBS plus
0.05% Tween 20) and blocked for 1 h at room temperature with blocking solution (1% nonfat dry milk
[blotting-grade blocker, catalog no. 170-6404; Bio-Rad], 1% goat serum [catalog no. 16210-072; Gibco] in
D-PBS-T). After blocking, the plates then were washed 3� with D-PBS-T, and 10 �l/well of supernatant
from wells containing EBV-transformed B cells was added. Plates were incubated for 2 h at room
temperature and then washed 3� with D-PBS-T. A solution of secondary antibodies (goat anti-human
IgG Fc gamma fragment-specific alkaline phosphatase [AP] conjugated, catalog no. W99008A; Meridian
Life Science) at a 1:4,000 dilution in blocking solution was then added at 25 �l/well for 1 h at room
temperature. Alkaline phosphatase substrate solution (phosphatase substrate tablets [catalog no. S0942;
Sigma] in AP substrate buffer (1 M Tris aminomethane [catalog no. BP152-5; Fisher], 30 mM MgCl2
[catalog no. M1028; Sigma]) was added at 25 �l/well following plate washing 6� with 1� D-PBS-T. Plates
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were incubated at room temperature in the dark for 2 h then read at an optical density of 405 nm with
a Biotek plate reader. Reactive wells were chosen based of an optical density of �0.5 nm. For data
visualization, the Circos software package was used (26).

Recombinant glycoprotein. For the production of recombinant EBOV, BDBV, SUDV, and MARV GP
ectodomains (amino acids 1 to 636) and EBOV sGP (amino acids 1 to 316), stable Drosophila S2 cell lines
were generated. Briefly, Effectene transfection reagent (Qiagen) was used to transfect S2 cells with
modified pMTpuro vector plasmids containing the GP gene of interest, followed by stable selection of
transfected cells with 6 �g/ml puromycin in complete Schneider’s medium. Stable cells were transitioned
to Insect Xpress medium (Lonza) in shaker culture, and GP ectodomain expression was induced with
0.5 mM CuSO4. Supernatants were harvested after 4 days. All proteins were engineered with a double
strep tag at the C terminus to facilitate purification using Strep-Tactin resin (Qiagen), and the GPs were
further purified by Superdex 200 size-exclusion chromatography in Tris-buffered saline (TBS) or PBS
buffer.

Viruses and cells. Neutralization assays were performed using a virus stock containing Ebola virus
Zaire (EBOV/Kik-9510621, CDC no. 807224, Vero E6p2), which was passed additionally in Vero cell
monolayer cultures once and Vero E6 cell monolayer cultures twice (Vero E6p2, Vero p1, E6p2).
Mouse-adapted Ebola Zaire (ma-ZEBOV) was prepared from the original Bray stock (1976 strain, Mayinga)
(27) with an additional passage on Vero E6 cell monolayer cultures (Mp3, Vp2, Mp9, ppGH, Vp1). For
plaque reduction neutralization tests (PRNTs), a biologically contained Ebola virus, EbolaΔVP30 virus, was
generated as previously described possessing the green fluorescent protein (GFP) reporter gene instead
of the VP30 open reading frame in the viral genome (28). VeroVP30 cells were maintained in complete
growth medium (10% fetal bovine serum [FBS], 1� minimal essential medium [MEM] with antibiotics and
supplements), and EbolaΔVP30-GFP virus was propagated in a reduced medium (2% FBS, 1� MEM with
antibiotics and supplements) as previously described (28). EbolaΔVP30 viruses were approved for use
under biosafety level 2 containment at the University of Wisconsin—Madison by the NIH and CDC in
February 2016.

Half-maximal effective concentration (EC50) binding ELISA analysis. EBOV, BDBV, SUDV, or MARV
GP, or EBOV sGP (1 �g/ml) was prepared in 1� D-PBS to coat 384-well ELISA plates at 25 �l/well and
incubated at 4°C overnight. The plates were washed 3� with D-PBS-T and blocked for 1 h at room
temperature with blocking solution (1% nonfat dry milk, 1% goat serum, D-PBS-T). After blocking, the
plates were washed 3� with D-PBS-T, and 25 �l/well of 3-fold serially diluted purified EBOV human MAb
(30 �g/ml to 170 ng/ml) in blocking solution was added. A solution of secondary antibodies (goat
anti-human IgG Fc gamma fragment-specific alkaline phosphatase conjugated, catalog no. W99008A;
Meridian Life Science) at a 1:4,000 dilution in blocking solution was added at 25 �l/well for 1 h at room
temperature. Alkaline phosphatase substrate solution was added at 25 �l/well following plate washing
6� with D-PBS-T. Plates were incubated at room temperature in the dark for 2 h and then read at an
optical density of 405 nm with a Biotek plate reader. EC50 values were calculated using a nonlinear
regression analysis of the curves generated in Prism version 5 (GraphPad Software).

Neutralization assay. Virus-specific neutralizing antibody responses were titrated in a plaque
reduction neutralization test (PRNT), as previously described (2). Antibodies were diluted serially
in minimal essential medium (Corning Cellgro, Manassas, VA) containing 5% heat-inactivated fetal
bovine serum (Gibco-Invitrogen, Gaithersburg, MD), 1� antibiotic-antimycotic (Gibco-Invitrogen) (MEM
complete), and incubated 1 h at 37°C with virus. After incubation, the antibody-virus mixture was added
in duplicate to 6-well plates containing 90 to 95% confluent monolayers of Vero E6 cells. Plates were
incubated for 1 h at 37°C with gentle rocking every 15 min. Following the incubation, wells were overlaid
with 0.5% agarose in supplemented Eagle’s basal minimum essential (EBME) medium, 10% heat-
inactivated fetal bovine serum (Gibco-Invitrogen), and 2� antibiotic-antimycotic (Gibco-Invitrogen), and
plates were incubated at 37°C in 5% CO2 for 7 days. On day 7, cells were stained by the addition of a
second overlay prepared as described above containing 4 to 5% neutral red. Plates were incubated for
18 to 24 h at 37°C in 5% CO2. The endpoint titer was determined to be the highest dilution with �50%
or �80% reduction (PRNT50 or PRNT80, respectively) in the number of plaques observed to virus-only
control wells.

Plaque reduction neutralization test (PRNT). To determine the neutralizing activity of EBOV237, a
standard PRNT was performed with EbolaΔVP30-GFP virus (28). Approximately 200 PFU of virus was
incubated with EBOV237 (serial 10-fold dilutions of antibody in reduced medium) or a VP35 MAb as a
control for 60 min at 37°C. After incubation, standard plaque assays were performed (in triplicate) in
which the virus-antibody mixture was inoculated on VeroVP30 cell monolayers for 60 min. After washing
off unbound virus, cells were overlaid with 1.25% methylcellulose medium and incubated for 7 days. Cells
were fixed, an immunostaining assay using an antibody against VP40 was performed as previously
described (28), and the number of plaques was counted in each well.

Generation of antibody escape mutant viruses. To generate mutant viruses that no longer were
neutralized, approximately 10,000 PFU of EbolaΔVP30-GFP virus was incubated with 5 �g/ml of EBOV237
at 37°C for 60 min. After incubation, the virus-antibody mixture was inoculated onto VeroVP30 cells and
incubated for 60 min at 37°C, and after incubation, cells were washed three times with reduced medium.
Any escape mutant viruses were propagated for 9 days in reduced medium containing 5 �g/ml of MAb
EBOV237. Four individual escape mutant viruses were isolated by selection of resistant plaques (28), and
virus stocks were generated for each escape mutant virus in reduced medium in the presence of
EBOV237 (5 �g/ml). The sequence of the virus GP was determined using viral RNA isolated from the cell
culture supernatant of the stock virus (RNeasy minikit; Qiagen). A reverse transcription-PCR (RT-PCR;
Verso 1-Step RT-PCR kit; Thermo Fisher Scientific) was performed to amplify the viral GP gene using
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forward and reverse primers at positions 6000 and 8110 of the Zaire Ebola virus (strain Mayinga 1976)
genome that flank the 5= and 3= open reading frames of the GP gene, respectively. The resulting RT-PCR
product was blunt end cloned into the TOPO pCR-XL vector (Thermo Fisher Scientific), and the sequence
of the GP was determined by Sanger DNA sequencing method for plasmid DNA from 10 to 20 bacterial
clones for each virus escape mutant.

Competition-binding analysis using biolayer interferometry. For competition-binding experi-
ments, EBOV GP or EBOV sGP was biotinylated using an EZ-link Micro NHS-PEG4-biotinylation kit (catalog
no. 21955; Thermo Scientific). The biosensors were soaked for 10 min in 200 �l of 1� kinetics buffer
(catalog no. 18-1092; ForteBio), followed by a baseline signal measurement for 60 s. The biotinylated
proteins (5 �g/ml) then were immobilized onto streptavidin-coated biosensor tips (catalog no. 18-5019;
ForteBio) for 120 s. After washing the biosensor tips by immersion into 1� kinetics buffer for 60 s, the
biosensors were immersed into 1� kinetics buffer containing the first antibody (100 �g/ml) for 600 s. The
tips then were immersed into kinetics buffer containing the second antibody (100 �g/ml) for 300 s.
Comparison between the maximal signal of the second antibody in the absence or presence of the first
antibody was used to determine the percent binding of the second antibody. If the percent binding of
the second antibody was reduced to �30% of the maximal signal that occurred in the absence the first
antibody, the antibodies were considered to display full competition for binding. If the percent binding
was reduced from 30% to 70% of the maximal signal that occurred in the absence of the first antibody,
the antibodies were considered to display intermediate competition for binding. If the percent binding
was �70% of the maximal signal that occurred in the absence of the first antibody, the antibodies were
considered noncompeting.

Fab production. To generate the Fab fragment of EBOV237, purified MAb IgG protein was digested
with papain (0.1 mg/ml stock solution, catalog no. P3125; Sigma) at a ratio of 20:1 (wt:wt) MAb-papain.
Digestion was performed at 37°C for 1 h before termination by the addition of a 1/10 volume of 0.3 M
iodoacetamide in PBS, followed by immediate 10-fold dilution in 10% normal goat serum (NGS) and
storage at 4°C.

Alanine-scanning shotgun mutagenesis for epitope mapping. We created an alanine-scanning
mutagenesis library for EBOV GP (18) using an expression construct of EBOV GPΔmucin (Ebola virus
H.sapiens-tc/COD/1976/Yambuku-Mayinga [23], Δ311– 461). Each of the amino acid residues 33 to 310
and 462 to 676 of EBOV GPΔmucin were substituted in individual GP constructs one at a time to alanine
(or alanine residues to serine). The signal peptide sequence, residues 1 to 32, was not altered. The
alanine-scanning mutagenesis library clones constituted 99.9% of the target residues (492 of 493), and
the presence of the mutations was confirmed by DNA sequencing. Clones were arrayed at one mutant
per well per into 384-well plates. HEK-293T cells were transfected with the mutant library. After 22 h of
incubation to allow for expression of the mutant GPs, the cells were either fixed with 4% paraformal-
dehyde in PBS with calcium and magnesium or unfixed. The cells then were incubated with the Fab
fragment of EBOV237 in 10% normal goat serum (NGS) (Sigma-Aldrich, St. Louis, MO) for 1 h at room
temperature. An Alexa Fluor 488-conjugated secondary antibody (Jackson ImmunoResearch Laborato-
ries, West Grove, PA) in 10% NGS was added, and the cells were incubated for 30 min at room
temperature. The cells then were washed twice in PBS without calcium and magnesium and resuspended
in Cellstripper (Cellgro, Manassas, VA) with 0.1% BSA (Sigma-Aldrich). A multiwell automated flow
cytometer (HTFC; Intellicyt, Albuquerque, NM) then was used to detect cellular fluorescence. The relative
EBOV237 Fab fragment reactivity to the mutants in comparison to the wild-type EBOV GPΔmucin was
determined by subtracting the background signal given by mock vector-transfected control cells and
normalizing the signal to the wild-type EBOV GPΔmucin-transfected control. Critical clones were deter-
mined if they did not bind the EBOV237 Fab fragment but bound other control EBOV MAbs (EBOV296,
EBOV442, and EBOV520). This approach excludes mutants with misfolding or expression defects (29). The
mutagenesis data were analyzed by detailed algorithms, as described previously (30).

In vivo protection studies. All animal research was conducted under an IACUC-approved protocol
in compliance with the Animal Welfare Act, PHS Policy, and other federal statutes and regulations
relating to animals and experiments involving animals. The facility where this research was conducted is
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care, International
and adheres to principles stated in the Guide for the Care and Use of Laboratory Animals, National
Research Council, 2011. Female BALB/c mice, age 6 to 8 weeks, were purchased from Charles River
Laboratories. Upon arrival, mice were housed in microisolator cages in an animal biosafety level 4
containment area and provided chow and water ad libitum. An initial study evaluated the efficacy of
EBOV237 at a single concentration. Twenty-four hours before infection (day �1), groups of mice (10 mice
per group) were treated intraperitoneally (i.p.) with a single dose (100 �g) of antibody. Negative-control
mice received an irrelevant, IgG antibody. Positive-control mice received 100 �g of the previously
described MAb 13C6. On day 0, mice were inoculated by the i.p. route with 100 PFU of ma-ZEBOV. Mice
were monitored daily (twice daily if clinical signs of disease were noted) for 28 days after virus
inoculation. Group weights were recorded daily after virus inoculation. Body weights were calculated by
dividing the group weight by the number of mice weighed. In a second study, efficacy was evaluated at
various decreasing doses. For this study, mice (n � 10/group) were administered a single dose of 200,
100, 50, or 25 �g of EBOV237 at 24 h before virus exposure. Negative-control mice received an irrelevant,
IgG antibody. Positive-control mice received a single dose of 100 �g of MAb 13C6. On d0, mice were
inoculated by the i.p. route with 100 PFU of ma-ZEBOV. Mice were monitored daily (twice daily if there
were clinical signs of disease) for 21 days after virus inoculation. Group weights were recorded daily after
virus inoculation. Body weights were calculated by dividing the group weight by the number of mice
weighed.
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