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Ebola virus (EBOV) and related filoviruses cause severe hemor-
rhagic fever, with up to 90% lethality, and no treatments are
approved for human use. Multiple recent outbreaks of EBOV and
the likelihood of future human exposure highlight the need for
pre- and postexposure treatments. Monoclonal antibody (mAb)
cocktails are particularly attractive candidates due to their proven
postexposure efficacy in nonhuman primate models of EBOV
infection. Two candidate cocktails, MB-003 and ZMAb, have been
extensively evaluated in both in vitro and in vivo studies. Recently,
these two therapeutics have been combined into a new cocktail
named ZMapp, which showed increased efficacy and has been
given compassionately to some human patients. Epitope informa-
tion and mechanism of action are currently unknown for most of
the component mAbs. Here we provide single-particle EM recon-
structions of every mAb in the ZMapp cocktail, as well as
additional antibodies from MB-003 and ZMAb. Our results illumi-
nate key and recurring sites of vulnerability on the EBOV
glycoprotein and provide a structural rationale for the efficacy of
ZMapp. Interestingly, two of its components recognize overlap-
ping epitopes and compete with each other for binding. Going
forward, this work now provides a basis for strategic selection of
next-generation antibody cocktails against Ebola and related
viruses and a model for predicting the impact of ZMapp on
potential escape mutations in ongoing or future Ebola outbreaks.
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Ebolaviruses cause extremely lethal hemorrhagic fever. Since
first identified in 1976 (1), there have been at least 20 major

human outbreaks in Africa, the most recent of which has caused
more than 8,000 cases and more than 4,000 deaths (as of Oc-
tober 10, 2014, World Health Organization). Further, the Reston
species of ebolavirus, lethal to nonhuman primates (NHPs) (2)
and other animals, is prevalent in Asia and has resulted in large-
scale culling of swine farms (3, 4).
Several candidate therapeutics against Ebola virus (EBOV)

are currently being evaluated, including postexposure vaccines
(5–10), small molecule inhibitors (11–13), siRNA-based thera-
peutics (14, 15), and mAbs (16–18). Passive administration of
mAbs offers an extended treatment window and has proven
highly efficacious in NHPs (19–24). Such mAbs could serve as
a therapeutic for occupational or natural infection, either pro-
phylactically or after exposure or infection. Initial studies of
protective mAbs in rodent models showed that there was a syn-
ergistic effect when antibodies are combined, increasing the
potency of protection. There were no major differences in pro-
tection whether three or five antibodies are combined (25, 26),
and antibody cocktails have since generally consisted of no more
than three antibodies. Key components of two of the most effi-
cacious mAbs cocktails, titled MB-003 (MappBio) including
antibodies c13C6, h13F6, and c6D8 (27) and ZMAb (Defyrus)
including antibodies c1H3, c2G4, and c4G7 (22), have been re-
cently combined and are being developed for human use as

a cocktail named ZMapp (24). The mAb components of ZMapp
include c13C6, c2G4, and c4G7. Each of these antibodies was
raised in vaccinated mice (28, 29), chimerized into human IgG1
scaffolds (21, 27, 30, 31), and are currently being mass produced
in tobacco plants (31).
A major knowledge gap is the current lack of information

regarding the epitopes of these and other mAbs and their
mechanism of action. In 1999, a neutralizing mAb KZ52 was
isolated from a human survivor (32). KZ52 protected mice and
guinea pigs from lethal infection (33), but failed to protect NHPs
when delivered as a single mAb, in two dosages at 1 day before
and 4 days after infection (34). The failure of this single mAb
delivered alone made it unclear, at the time, if neutralizing
antibodies could confer protection against EBOV infection.
Results have since shown that the presence of antibody does
correlate with protection (35) and that several combinations of
different mAbs do confer postexposure protection of NHPs (19–
24). Therefore, it remains an open question if the failure of
KZ52 was because of some inadequacy of its epitope or function
or because it was delivered as a single mAb.
A combination of two or more antibodies may confer pro-

tection via complementary mechanisms, involving neutralization
and neutralization-independent mechanisms and may reduce the
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opportunity for selection of escape mutants. Two of the anti-
bodies in the ZMAb cocktail (c4G7 and c2G4) are neutralizing,
whereas the third (c1H3) is nonneutralizing (22, 26, 36). None of
the MB-003 mAbs are neutralizing in the absence of comple-
ment (29), but both ZMAb and MB-003 mixtures are protective
(22, 27). Nonneutralizing antibodies could confer in vivo pro-
tection by preventing budding of nascent virions, as has been
proposed for Marburg virus (37), or by conferring antibody-
dependent cellular cytotoxicity or another immune mechanism.
For EBOV, antibodies against the mucin-like domains of the
glycoprotein (GP) are generally nonneutralizing because these
domains, as well as any antibodies bound to them, are stripped
from the viral surface by host cathepsins in the endosome,
leaving behind an antibody-free, functional receptor-binding
core of GP (16, 38).
By contrast, the epitopes of antibodies against the base of GP,

including KZ52 (39) and the anti-Sudan virus (SUDV) antibody
16F6 (38), do neutralize infection in vitro, because they are
unaffected by cathepsin cleavage or the low pH of the endosome.
KZ52 and 16F6 simultaneously bind both the GP1 and GP2
subunits of GP in their prefusion complex and may neutralize
Ebola virus by preventing the conformational rearrangements of
GP that drive membrane fusion (38, 39).
We sought to identify the binding sites of each conformational

antibody contained in the highly efficacious MB-003 and ZMAb
cocktails and subsequently a structure of the reformulated
ZMapp cocktail as well. MB-003 contains antibodies c13C6,
which binds the GP core, as well as c13F6 and c6D8, which both
bind to previously characterized linear epitopes in the mucin-like
domain (29, 40). ZMAb contains antibodies c1H3, c2G4, and
c4G7, all of which bind the GP core. ZMapp contains c13C6,
c2G4, and c4G7 (24). Here, we present single-particle EM
reconstructions of recombinantly expressed, soluble, and fully
glycosylated Ebola GP ectodomain (GPΔTM) in complex with
the fragment antigen binding (Fabs) of the four antibodies that
bind to regions outside the mucin-like domain: c13C6 from MB-
003 and c1H3, c2G4, and c4G7 from ZMAb/ZMapp. These
structures and additional competition data indicate that c13C6
and c1H3 bind overlapping epitopes in the glycan cap and
compete and that c2G4 and c4G7 bind overlapping epitopes in
the base and also compete. The c2G4/c4G7 site further overlaps
with that of human KZ52 and murine 16F6. The resulting body
of data demonstrates that neutralizing antibodies (38) and
nonneutralizing but protective antibodies collectively target
particular regions on GP, irrespective of their source or method
of elicitation. These data suggest the mechanisms of protection
imparted by these mAbs and provide a roadmap for functional
analysis. Further, our work builds a framework by which other
protective mAbs can be mapped, and offers direction for de-
velopment of a next-generation monoclonal antibody therapy
against Ebola and similar viruses.

Results
Binding Competition Analysis by Biolayer Interferometry. The GP1
or GP2 subunit bound by each antibody of the MB-003 and
ZMAb cocktails has previously been reported: (i) h13F6 and
c6D8 both bind linear epitopes within the GP1 mucin-like
domains (29), (ii) c1H3 and c13C6 bind to quaternary epitopes
within a region in GP1 that is shared between GP and sGP (28,
29), and (iii) c2G4 and c4G7 bind quaternary epitopes on the GP
trimer, with c2G4 mostly recognizing GP2 and c4G7 recognizing
a portion of GP1 (28). Further, point mutants that lead to escape
from c1H3 lie at the top of GP1 in the vicinity of the glycan cap,
whereas those for c2G4 and c4G7 lie near the GP1–GP2 in-
terface (22). Here we used biolayer interferometry (BLI) to
compare the binding of each of these antibodies side-by-side in
a single assay (Fig. 1). A GP ectodomain, which is fully glyco-
sylated and contains the mucin-like domains, but lacks the

transmembrane (TM) region (GPΔTM), was engineered with
a double strep-tag at the C terminus, near the site of the entry
into the viral membrane. The position of this tag likely mimics
the orientation of GP on the viral surface to allow proper ex-
posure of relevant epitopes while bound to the sensor. Bio-
sensors coated with GPΔTM were first saturated with 1 μM of
antibody 1 before saturation with the same concentration of
antibody 2. mAbs were considered to be competing for the same
site if maximum binding of antibody 2 was reduced to <10% of
its noncompeted binding (black boxes with white numbers).
mAbs were considered noncompetitive if maximum binding of
antibody 2 was >30% of its binding to GP alone (white boxes
with red numbers). Gray boxes with black numbers indicate an
intermediate phenotype (between 10% and 30% of uncompeted
binding) (Fig. 1).
Analysis of the competition data revealed that the antibodies

bind to three general areas on GP, which we divide into three
groups (Fig. 1 and Fig. S1). Group 1 contains c4G7 and c2G4,
which strongly compete, suggesting that these two antibodies’
epitopes significantly overlap. Group 2 contains c13C6 and
c1H3. Binding of c13C6 strongly blocks binding of c1H3, sug-
gesting that these antibodies’ epitopes overlap as well. Binding
of c1H3 diminishes but does not completely block binding of
c13C6. Retention of some c13C6 binding even after binding of
c1H3 is likely due to incomplete saturation of GP by c1H3.
Group 3, containing h13F6 and c6D8, corresponds to the
mucin-like domain. Both antibodies bind this domain, but the
two antibodies do not compete with each other. The linear
epitopes of these antibodies have previously been determined
(residues 405–413 for 13F6 and residues 389–405 for 6D8)
(29), and a crystal structure of 13F6 in complex with its
peptide epitope exists (40). These linear epitopes are either

Fig. 1. Competition binding assays. Antibodies from the anti-Ebola cocktails
MB-003 and ZMAb were compared for their binding to Ebola GPΔTM to
determine if there were any overlapping binding sites within or between
mAb cocktails. The percent binding of the competing mAb in the presence
of the first mAb was determined by comparing the maximal signal of
competing mAb applied after the first mAb complex to the maximal signal
of competing mAb alone. MAbs were considered competing for the same
site if maximum binding of antibody 2 was reduced to <10% of its binding
to GP alone (black boxes with white numbers). mAbs were considered
noncompetitive if maximum binding of antibody 2 was >30% of its binding
to GP alone (white boxes with black numbers). Gray boxes with red numbers
indicate an intermediate phenotype (between 10% and 30% of its binding
to GP alone).
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physically separate in 3D space, or the mucin domain is flexible
enough to prevent significant overlap in the context of the
tertiary complex. These data also support the current model of
the mucin-like domain as a physically separate portion of GP1,
likely extending outward from the top of GP (39, 41), because no
mucin-like domain antibody in this study inhibits binding of any
antibody against the remaining core of GP.

Single-Particle EM Structures of c13C6, c2G4, c4G7, and c1H3 Fabs
Bound to Mucin-Containing Ebola GP. To determine the epitopes
and locate each competition group in the context of GP, single-
particle EM was used to generate reconstructions of the con-
formational antibody Fabs in the MB-003 and ZMAb cocktails in
complex with GPΔTM, (Fig. 2 A–D, Figs. S2 and S3 A and B, and
Table S1). Fabs were added in 10-molar excess to GP and pu-
rified by size-exclusion chromatography (SEC) before sub-
sequent staining and reconstruction by single-particle EM. These
structures allowed us to make a hybrid map of the ZMapp
cocktail (24), which is composed of c13C6 from MB-003 and
c2G4 and c4G7 from ZMAb (Fig. 2E and Fig. S3C).
The structure of the c13C6-GP complex shows that the anti-

body binds perpendicularly to the expected plane of the mem-
brane, straight down onto the surface of the GP, in the region of
the glycan cap (Fig. 2A and Fig. S2A). To verify the binding site
of c13C6 relative to the GP, we also added antibody KZ52, for
which the crystal structure bound to mucin-deleted GP has al-
ready been determined (39). KZ52 binds the base of GP, not the

glycan cap, and serves as an internal validation in our structure
for the binding site of c13C6 (Fig. S2A).
The mucin-like domains comprise nearly half the mass of GP

and are thought to be heavily glycosylated and disordered (39, 41–
44). Notably, these domains are not visible in our class averages
(Fig. S2), due to their flexibility and poor negative-stain compat-
ibility. Further, the anti-mucin mAbs h13F6 and c6D8 were not
resolved in complex with GP, also likely due to this flexibility. In
an effort to reduce flexibility, complexes of h13F6 and c6D8 Fabs
with GPΔTM were lightly fixed with 0.125% glutaraldehyde be-
fore imaging. In the class averages of the fixed particles, the Fabs
were poorly resolved (Fig. S4), but are weakly visible near the top
of GP. The structure of another mucin-like domain antibody,
14G7 (44), bound to viral particles has previously been attempted
by cryo-tomography. Similarly, the Fab density was unable to be
resolved due to significant flexibility, although at least a portion of
the mucin-like domain was visualized extending away from the
glycan cap on GP (41).
All three mAbs from the ZMAb mixture are against the GP

core, outside the mucin-like domain, and could be structurally
characterized by negative-stain EM. We added the noncompeting
Fabs KZ52 and c13C6 to the c1H3 and c4G7 complexes, re-
spectively, for internal validation and to increase angular orien-
tation on the EM grid. The structure of the c2G4-GP complex
was solved in the absence of any other antibody, as the complex
did not suffer from orientation bias.
c1H3 binds in the vicinity of the glycan cap of GP, similar to

c13C6, although the angle of approach is much less steep than
that of c13C6 (Fig. 2B and Fig. S2B). The antibodies c4G7 (Fig.
2C and Fig. S2C) and c2G4 (Fig. 2D and Fig. S2D) both bind the
base of GP at or near the interface of GP1 and GP2, resembling
KZ52 (Fig. S2) (39) and 16F6 (38, 45). c4G7 binds almost per-
pendicularly to the side of GP, whereas c2G4 binds at the bottom
of GP at an upward angle toward GP1.
Our competition binding data indicate that c1H3 and c13C6

compete for binding at the same site on GPΔTM (Fig. 1). To
directly compare these two structures, we overlaid the recon-
structions of c1H3 and c13C6 and outlined their Fab footprints
on GP (Fig. 3A). As expected, the antibodies partially but do not

Fig. 2. Single-particle negative-stain EM reconstructions of MB-003 and
ZMAb antibodies bound to EBOV GPΔTM. Hybrid models of negative-stain
EM reconstructions fit with the EBOV GPΔmuc crystal structure (PDB ID code
3CSY) (39) with GP1 in white and GP2 in black. Core GPs and Fabs are ren-
dered as surfaces with GPs in white and Fabs in various colors. Fab densities
are fit with a model Fab structure for reference. (A) Fab c13C6 (in dark blue)
and KZ52 (removed) in complex with EBOV GPΔTM showing side (Left) and
top (Right) views of the reconstruction. (B) Fab c1H3 (in light blue) and KZ52
(removed) in complex with EBOV GPΔTM showing side (Left) and top (Right)
views of the reconstruction. (C) Fab c4G7 (in yellow) and c13C6 (removed) in
complex with EBOV GPΔTM showing side (Left) and top (Right) views of the
reconstruction. (D) Fab c2G4 (red) in complex with EBOV GPΔTM showing
side (Left) and top (Right) views of the reconstruction. (E) Side view com-
parisons of liganded EBOV GPΔTM (Left, hybrid reconstruction of GPΔTM in
complex with c4G7 in yellow, c13C6 in blue, c2G4 in red, and GP in white)
and unliganded GPΔTM (Center and Right, Fabs removed). Relative positions
of domains on GP are indicated.

Fig. 3. Details of the glycan cap and GP1-GP2 interface epitopes. (A)
Competition analysis indicated that antibodies c13C6 and c1H3 have over-
lapping epitopes. Here, structures of c13C6 (dark blue) and c1H3 (light blue)
bound to GPΔTM are illustrated, with the GPΔmuc crystal structure (PDB ID
code 3CSY) fit into the GP EM density. GP1 is white and GP2 is black. Su-
perimposition of the structures illustrates that the antibodies have over-
lapping epitopes within the glycan cap on GP1 (side view on the far left, top
view in the center and far right). The footprints of these antibodies are
highlighted on the far right. The mesh portion of the reconstruction is the
part of the GP glycan cap that is resolved in the c1H3:GPΔTM structure. (B)
As in A but c4G7 is in yellow and c2G4 is in red (side view on the far left and
right, top view in the center).
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completely overlap within the glycan cap. A point mutation at
W275, shown to prevent binding of c1H3 (22), lies solely within
the footprint of c1H3 (Fig. 3A).
Our competition binding data indicate that c4G7 and c2G4

indeed compete for binding to the side/base of GP at the GP1–
GP2 interface. We also overlaid these structures and mapped
their footprints on GP (Fig. 3B). Unlike c1H3 and c13C6, the
epitopes of c4G7 and c2G4 overlap extensively, and the anti-
bodies differ mainly in their angle of approach to the over-
lapping binding sites. c2G4 appears to bind almost exclusively
to GP2 in the vicinity of HR1A-B (39). c4G7 binds slightly lower
on GP, encompassing some of the GP1 base, similar to KZ52
(39). The footprints of both c2G4 and c4G7 shown here, as well
as the footprint of KZ52 determined crystallographically, all
include residue Q508 of GP2. A point mutation at Q508 has
been shown to abolish the binding of c2G4 and c4G7 (22).
Here, we show that this same point mutation also abolishes
binding of KZ52 (Table S2). Notably, the anti-SUDV antibody
16F6 and an additional anti-Ebola virus mAb, termed ch133
(20, 46, 47), likely bind this site as well. The 16F6 epitope was
mapped crystallographically (38, 45); the ch133 epitope is
inferred by the mapping of a mutant that escaped it at residue
H549 (Fig. 3B) (20, 46, 47).
Alignment of the crystal structure of the KZ52–GPΔmuc

complex [Protein Data Bank (PDB) ID code 3CSY] (39) with
the EM structure of the c4G7:GPΔTM complex indicates that
KZ52 and c4G7 bind at a similar angle to GP and have over-
lapping footprints (Fig. 4A). However, KZ52 recognizes a larger
portion of HR1A-B, whereas c4G7 recognizes an epitope located
closer to the base of the fusion loop (Fig. 4A).
The angle of binding of c2G4 to GP is more reminiscent of the

anti-SUDV mAb 16F6 (19, 38, 45), as the constant regions of
both c2G4 and 16F6 mAb are angled toward the viral membrane
(Fig. 4B). Both c2G4 and 16F6 neutralize well despite their
apparent steep angle of approach and proximity to the viral
membrane (28, 38). In summary, we now find that at least four
antibodies (c2G4, c4G7, KZ52, and 16F6) recognize the GP base
and that recognition of the base is a commonality of multiple
antibodies that neutralize ebolaviruses.

Discussion
Here we illustrate the structures of four key components of the
MB-003, ZMAb, and ZMapp cocktails (Fig. S3), including
c13C6 (29), c1H3, c2G4, and c4G7 (28), each bound to Ebola
virus GPΔTM (Fig. 2). Among these, two (c13C6 and c1H3) are
the first antibodies confirmed to bind within the glycan cap. We
compare the four structures of these mAbs to each other (Fig. 3)
and also to two mAbs whose structures have previously been
solved by X-ray crystallography, namely anti-Ebola KZ52 (39)
and anti-SUDV 16F6 (38, 45) (Fig. 4). Overall, we find that
antibodies against the ebolaviruses each bind one of three dis-
tinct regions (Table S3). These regions, therefore, constitute at
least three sites of vulnerability on the viral surface (Fig. 5).
Coverage of each of these sites may be important in design of
additional therapeutic antibody mixtures against Ebola or re-
lated viruses. Similarly, consistent sites of vulnerability have also
been noted for other viruses with class I viral glycoproteins, such
as HIV-1 and influenza (48, 49).
Some of the anti-ebolavirus antibodies are neutralizing, whereas

others are nonneutralizing in vitro but still provide in vivo pro-
tection (23, 27, 29). Neutralization is an in vitro assay of the ability
of an antibody to block infection in cell culture. We propose that
the characteristic of being neutralizing or nonneutralizing may
reflect the physical portion of GP that is bound by the antibody.
During EBOV entry, the mucin-like domains and glycan caps are
removed by cathepsin cleavage before receptor engagement (42,
50–52). Antibodies against the mucin-like domains and glycan caps
generally appear nonneutralizing, because they and their epitopes
are likely removed from viral particles once those particles are
endocytosed and processed, but before receptor binding, which
likely happens in late endosomes. Neutralizing antibodies such as
KZ52, 16F6, c4G7, and c2G4 could, however, remain attached
during GP enzymatic processing. Such antibodies are positioned
where they could prevent the structural rearrangements of GP
required for viral fusion. Perhaps those nonneutralizing antibodies
that are nonetheless protective bind surface expressed GP and
facilitate immune responses, such as antibody-dependent cellular
cytotoxicity (ADCC) or complement. It has already been dem-
onstrated that ADCC is increased with the plant-derived anti-
bodies of the MB-003 mixture, likely due to the absence of fucose

Fig. 4. Comparison of EM reconstructions and crystal structures of mAbs that
bind at the GP1-GP2 interface. (A) c4G7 (in yellow) binds to a very similar
epitope and angle of approach to the human survivor mAb KZ52 (in orange;
PDB ID code 3CSY) and their footprints overlap significantly. (B) Anti-SUDV
mAb 16F6 (in brown; PDB ID code 3VE0) (38, 45) binds a similar epitope to
c2G4 (as well as KZ52 and c4G7) and at a similar angle (from the bottom of
GP, upward toward GP1), although c2G4 binds closer to GP2 and likely rec-
ognizes less of GP1, as previously indicated (28). Note that 16F6 only binds
SUDV, whereas the others bind EBOV. Similarity of the binding sites indicates
functional conservation across the ebolavirus genus.

Fig. 5. Sites of vulnerability on Ebola virus for protective mAbs. Anti-Ebola
mAbs target key sites on GP. Antibodies that do not neutralize, or that do
not neutralize in the absence of complement, bind outside of the core GP in
the glycan cap and mucin-like domains, and are shown in cool colors. These
antibodies can be protective, despite the removal of these domains before
receptor binding in the endosome. All neutralizing mAbs (warm colors)
solved to date bind at nearly the same site, within the GP1–GP2 interface.
These mAbs bind the core of GP, which remains intact before entry. These
mAbs may neutralize the virus by preventing structural changes in GP2 re-
quired for membrane fusion. A monomer of GPΔmuc (PDB ID code 3CSY) is
fit into the core GP of the c13C6:c4G7 complex. MPER, membrane proximal
external region.
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on the Fc N-glycans (21, 27), which enhances binding by im-
mune effectors.
It is possible that antibody-mediated protection requires a mix-

ture of antibodies that recognize both the core of GP and upper
regions. Indeed, the ZMapp cocktail (24), which contains c13C6,
c4G7, and c2G4, provides superior protection over MB-003 (21,
23, 27) or ZMAb (22, 24). MB-003 contains only antibodies
against domains that are cleaved off GP before viral fusion (Fig.
S3A). The original ZMAb, and the improved ZMapp, both con-
tain one antibody against the glycan cap plus two against the GP
base (Fig. S3 B and C). The difference between them is that
ZMAb contains c1H3 as its glycan cap antibody, whereas ZMapp
contains c13C6. Thus, the improved efficacy of ZMapp is likely
due to some superiority of c13C6 over c1H3. c13C6 has a different
angle of approach that could improve presentation of the Fc for
immune effector function (Fig. 3). A remaining question for future
studies is if both c4G7 and c2G4 are needed. Our EM maps show
that these two antibodies have extensively overlapping epitopes.
Future studies will reveal if these antibodies have complementary
functions or if it is simply that the right formula is one part anti-
glycan cap plus two parts anti-base. Other potential mixtures could
be imagined that instead contain one antibody against each of the
three major antigenic regions (mucin-like domain, glycan cap, and
base) (Fig. 5).
One important consideration for antibody cocktails is whether

or not a component antibody or antibodies also bind to sGP. sGP
is the soluble, dimeric version of GP that results from the pri-
mary ORF of the GP gene and is expressed abundantly during
EBOV infection (53–55). It has been suggested that antibodies
that bind sGP would not be effective in protecting against in-
fection, because sGP could serve as a decoy for antibodies that
might otherwise bind viral particles (56, 57). Clearly, however,
sGP cross-reactive antibodies such as c1H3 and c13C6 (28, 29)
can impart protection and appear to be important components of
these mixtures. It is possible that such antibody therapies given in
sufficient amounts can surmount the abundance of sGP or that
antibodies against sGP interfere with some as-yet-unknown
pathogenic function of sGP. Future studies to uncover any
shared structural features between sGP and GP and to uncover
the mechanism of protection provided by glycan cap-binding
antibodies such as c13C6 will be informative for selection and
optimization of future antibody therapies.
These studies illustrate that the GP1–GP2 interface in the

core of GP is clearly important for protection and elicits multiple
potently neutralizing antibodies (39, 45) (Fig. 5). The anti-
EBOV antibodies c4G7, c2G4, and KZ52 (Fig. 2B) and the anti-
SUDV antibody 16F6 overlap significantly in this region (Fig.
3B), even though some were raised by vaccination of mice and
another in natural infection of a human (Table S3). Further,
antibody ch133, which is also protective against Ebola virus, is
affected by a point mutation located in this same site (Fig. 3B)
(46, 47). c4G7, c2G4, KZ52, and 16F6 differ, however, in their
angle of approach. KZ52 and c4G7 are shallow and nearly
parallel with the viral membrane, whereas c2G4 and 16F6 are

steep, with the constant regions angling toward the viral mem-
brane (Fig. 3). It is unclear if the difference in binding angle
confers any difference in function. These structures collectively
indicate that the GP1–GP2 interface at the base of GP is a major
site of vulnerability for Ebola virus, and mAbs that recognize this
epitope may be important to include in a therapeutic antibody
mixture. Although KZ52 did not provide protection in non-
human primates as a single mAb (34), it may similarly be ef-
fective as a member of an antibody cocktail.
The desperate need for effective pre- and postexposure

treatments is further illuminated by the magnitude and persis-
tence of the 2014 Ebola virus outbreak. Strains of Ebola virus
currently circulating in Guinea and Sierra Leone bear multiple
mutations distinct from previous strains of Ebola virus (58–61).
However, our structural modeling indicates that none of the
accrued mutations fall directly within the epitopes of the ZMapp
antibodies (Fig. S5). Further, ZMapp is able to neutralize pre-
vious virulent strains of Ebola (Kikwit outbreak 1995), as well as
the current West African 2014 strains (61). These data collec-
tively support that ZMapp would likely have efficacy against viral
strains circulating in the ongoing 2014 outbreak. Negative-stain
EM and biophysical characterization, which can be done rapidly,
can guide the assembly of different mixtures to mitigate viral
escape in future strains. Further, this work provides clear next
steps to determine if ZMapp can be honed for even greater
potency, efficacy, or production.

Materials and Methods
The c13C6, c6D8, h13F6, c1H3, c2G4, and c4G7 Fabs were generated by
optimized papain digestion of plant-derived mAbs kindly provided by Mapp
Biopharmaceuticals and Kentucky Bioprocessing, which had been engi-
neered, expressed, and purified as previously described (21, 27, 31). Ebola
virus GP ectodomains (39, 62) were produced in Drosophila Schneider 2 (S2)
cells (Invitrogen). All binding experiments were performed using the For-
teBio Octet platform. EM reconstructions were carried out by using Xmipp
(63) IMAGIC (63), and EMAN2 (64). Fitting of X-ray models into the EM
reconstructions was carried out by using UCSF Chimera (65). For more
details, see SI Materials and Methods.
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