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ABSTRACT

ZMapp, a cocktail of three monoclonal antibodies (MAbs; c2G4, c¢4G7, and c13C6) against the ebolavirus (EBOV) glycoprotein
(GP), shows promise for combatting outbreaks of EBOV, as occurred in West Africa in 2014. Prior studies showed that Fabs
from these MAbs bind a soluble EBOV GP ectodomain and that MAbs c2G4 and c4G7, but not c13C6, neutralize infections in
cell cultures. Using cryo-electron tomography, we extended these findings by characterizing the structures of c2G4, c¢4G7, and
c13C6 IgGs bound to native, full-length GP from the West African 2014 isolate embedded in filamentous viruslike particles
(VLPs). As with the isolated ectodomain, c13C6 bound to the glycan cap, whereas c2G4 and c4G7 bound to the base region of
membrane-bound GP. The tomographic data suggest that all three MAbs bind with high occupancy and that the base-binding
antibodies can potentially bridge neighboring GP spikes. Functional studies indicated that c2G4 and c4G7, but not c13C6, com-
petitively inhibit entry of VLPs bearing EBOV GP into the host cell cytoplasm, without blocking trafficking of VLPs to NPC1*
endolysosomes, where EBOV fuses. Moreover, c2G4 and c4G7 bind to and can block entry mediated by the primed (19-kDa)
form of GP without impeding binding of the C-loop of NPC1, the endolysosomal receptor for EBOV. The most likely mode of
action of c2G4 and c4G7 is therefore by inhibiting conformational changes in primed, NPC1-bound GP that initiate fusion be-
tween the viral and target membranes, similar to the action of certain broadly neutralizing antibodies against influenza hemag-

glutinin and HIV Env.

IMPORTANCE

The recent West African outbreak of ebolavirus caused the deaths of more than 11,000 individuals. Hence, there is an urgent
need to be prepared with vaccines and therapeutics for similar future disasters. ZMapp, a cocktail of three MAbs directed against
the ebolavirus glycoprotein, is a promising anti-ebolavirus therapeutic. Using cryo-electron tomography, we provide structural
information on how each of the MAbs in this cocktail binds to the ebolavirus glycoprotein as it is displayed— embedded in the
membrane and present at high density— on filamentous viruslike particles that recapitulate the surface structure and entry
functions of ebolavirus. Moreover, after confirming that two of the MAbs bind to the same region in the base of the glycoprotein,
we show that they competitively block the entry function of the glycoprotein and that they can do so after the glycoprotein is
proteolytically primed and bound to its intracellular receptor, Niemann-Pick C1. These findings should inform future develop-

ments of ebolavirus therapeutics.

he world was caught off-guard when an ebolavirus emerged in

West Africa in December of 2013. Ebolaviruses are hemor-
rhagic fever viruses that constitute a genus within the Filoviridae
family. Among the five known ebolavirus species, Zaire ebolavi-
ruses (EBOV), which include the Mayinga isolate from 1976, are
the most lethal. The 2013-2014 West African outbreak was caused
by EBOV-Makona, a member of this lethal EBOV species (1). At
the time of the outbreak, several anti-EBOV therapeutics and vac-
cines were in development, but none had been approved for use in
humans by the U.S. Food and Drug Administration (FDA) or an
equivalent international agency. Arguably, the most promising
therapeutic was ZMapp, a cocktail of three monoclonal antibodies
(MADs) directed against the glycoprotein (GP) of the Mayinga
isolate of EBOV. Since this cocktail provided strong protection of
nonhuman primates from ebolavirus disease, 100% survival even
if given 5 days postchallenge (2), it was administered to patients
stricken by EBOV-Makona on a compassionate care basis (3).
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The three MADs in the ZMapp cocktail, c13C6, c2G4 and c4G7,
were sourced from two previous collections of anti-EBOV GP
MAbs: MB003 and ZMADb. The immunogen for all of these MAbs
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was GP from EBOV-Mayinga (4, 5). 2G4 and c4G7 neutralize
EBOV infections in cell culture, whereas c13C6 does not (4, 6-8).
The binding sites for Fab fragments of c13C6, c2G4, and c4G7 on
the soluble trimeric ectodomain of EBOV-Mayinga GP were de-
termined by single particle electron microscopy (9), and an ala-
nine scanning study defined residues required for binding of each
MAD to EBOV-Mayinga GP (10).

Here, we provide additional insights into how the MAbs in the
ZMapp cocktail bind to EBOV GP and inhibit infection. We pro-
vide the first three-dimensional (3D) images of GP from EBOV-
Makona, unliganded, as well as in individual complexes with
MADbs c13C6, 2G4, and c4G7. Importantly, we imaged complexes
ofintact c13C6, 2G4, and c4G7 IgGs with full-length Makona GP
anchored in the membrane, at high density, on viruslike particles
(VLPs). We next showed that c2G4 and c4G7 block entry of VLPs
bearing EBOV GP (from Mayinga and Makona isolates) into the
cell cytoplasm, that they compete for this function, and that they
likely inhibit EBOV entry and consequent infection by blocking
fusion-triggering conformational changes in proteolytic primed
(19-kDa) GP bound to its intracellular receptor, Niemann-Pick
C1 (NPC1).

MATERIALS AND METHODS

Cells. HEK 293T/17 cells (University of Virginia Tissue Culture Facility,
ATCC CRL-11268) and BSC-1 cells (grivet kidney; a gift from Xiaowei
Zhuang, Harvard University) were propagated in high-glucose Dulbecco
modified Eagle medium supplemented with 1% L-glutamine, 1% sodium
pyruvate, and 1% antibiotic/antimycotic (Gibco/Life Technologies) con-
taining 10% supplemented calf serum (HyClone) for HEK 293T/17 cells
or 10% fetal bovine serum (Seradigm) for BSC-1 cells.

VLPs and MAbs. Entry-reporter EBOV VP40-driven VLPs bearing
GPs from the Mayinga and Makona isolates of EBOV were prepared as
described previously (11). In brief, 293T/17 cells were transfected with
c¢DNAs encoding EBOV GP, VP40, Blam-VP40, and mCherry-VP40.
cDNA encoding Mayinga GP was described previously. Mammalian
codon-optimized cDNA encoding Makona GP (GenBank accession
number KM034562.1) was synthesized by DNA2.0 (Menlo Park, CA) and
inserted into the vector, pWRG7077, using the NotI and BglII sites. After
transfection, the cell medium was collected at 24 and 48 h and cleared of
debris. VLPs in the cleared medium were then pelleted by centrifugation
through a 20% sucrose cushion. After resuspension and repelleting, the
VLPs were resuspended (1:100 starting volume of medium) in 10% su-
crose-HM (20 mM HEPES, 20 mM morpholineethanesulfonic acid
[MES], 130 mM NaCl; pH 7.4), snap-frozen, and stored at —80°C in
single-use aliquots (12). Protein concentrations of final VLPs were deter-
mined by bicinchoninic acid (BCA) assay. All VLP preps were titered for
entry competency on BSC-1 cells. The c13C6, c2G4, and c4G7 MAbs
(intact IgGs) were prepared as described previously (2, 6).

Preparation of cryo-electron microscopy (cryo-EM) grids. Purified
Ebola VLPs were incubated on ice with or without antibodies for about 30
to 60 min at an approximate ratio of 2 pg of antibody to 1 ug of VLP.
Immediately before grid preparation, 10 nm of protein A-gold was added
to the sample. This mixture was then pipetted onto plasma-cleaned 200-
mesh Quantifoil Multi-A carbon grids (Quantifoil). Excess buffer was
blotted from the grids at room temperature and 95% humidity using a
Leica EM grid plunger (Leica Microsystems). The grids were immediately
plunge-frozen in liquid ethane maintained at about —180°C and stored in
liquid nitrogen until use.

Cryo-EM. VLPs were imaged in a Titan Krios transmission electron
microscope (FEI) operated at 300 kV and equipped with a GIF Quantum
energy filter (Gatan) ata slit width of 20 eV. Images were recorded on a K2
Summit camera (Gatan) at a pixel size of 2.2 A. Tilt series were collected
at =60° in 2° increments at a magnification of X64,000 and a defocus
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TABLE 1 Tomographic image analysis”

No.
Subvolumes

Subvolumes contributing
Data set Tomograms picked to final map
EBOV-Makona 11 1,043 244
EBOV-Makona + c13c6 13 1,591 75
EBOV-Makona + c2G4 26 2,470 1,998
EBOV-Makona + c4G7 14 1,674 135

“ For each data set, the numbers of tomograms, subvolumes picked, and subvolumes
contributing to the structure presented are shown.

range of 2 to 3 wm. The total dose used per tilt series was approximately
120 e /A%

Tomographic image analysis. Fiducial-based reconstruction of to-
mograms using weighted back-projection techniques was performed, as
previously described (13—15). Between 11 and 26 tilt series were collected
for each sample (see Table 1 for a data summary). Glycoprotein spikes
(1,000 to 2,500 spikes per complex) were picked automatically for subvol-
ume averaging, as previously described (14-16), but tomograms were first
binned by 8 in this study. For each structure, spikes were selected from a
central region along the entire length of each VLP. For the unbound GP
data set, we verified that the spikes chosen represent the global population
by picking spikes from the entire surface of each VLP. This increased the
number of picked subvolumes by nearly 10-fold, yet resulted in a structure
extremely similar to the map shown in Fig. 1. Alignment, classification
and 3D averaging of the subvolumes were performed as previously de-
scribed (14, 15, 17). For the GP+c2G4 structure, subvolumes were clus-
tered into 10 classes per iteration. With each round of refinement, classes
that showed the most clearly defined features in the region of the spike
were combined and used as a reference for the next round. The final map
was obtained after seven iterations of refinement. All other structures were
determined using the collaborative alignment method (17). Tomographic
subvolumes were subjected to successive rounds of alignment and classi-
fication until the particles converged into multiple similar structural
classes of approximately 100 particles each. A representative map from
each data set was chosen for presentation. A class size of 100 subvolumes
was chosen in order to distinguish heterogeneity within the data. For all
data sets, we first verified that subvolumes displayed 3-fold symmetry in
the absence of enforced symmetry. Once the inherent symmetry of the
subvolumes was established, 3-fold symmetry was enforced on the aver-
aged subvolumes.

Determination of X-ray coordinate fits. All of the EM maps in this
study were aligned to the unbound GP EM map. X-ray coordinates were fit
manually into the EM maps so that residues known to be important in anti-
body binding (escape mutant residues from Davidson et al. [10]) are aligned
with the location of observed antibody density in the EM maps. The same
X-ray coordinate position was used in each GP map for consistency.

Measurement of GP density and spacing on the VLP surface. The
density and spacing of GP on the surface of EBOV-Makona VLPs were
determined using tomographic reconstructions where clearly visible top
views of trimeric GP molecules were visible. VLP surface areas were mea-
sured in six tomographic slices, and the number of GP spikes within each
surface area (SA) was counted. Spike density (per 100 nm?) was deter-
mined based on the SA calculation. The distance between top views of
trimeric GP molecules was determined using the same tomographic slices.
The center-to-center distance was measured between each visible trimer.
In total, 75 interspike distance measurements were averaged. All measure-
ments were taken using IMOD software.

VLP entry assay. VLP entry into the cytoplasm was monitored using
entry-reporter VLPs bearing Mayinga or Makona EBOV GP as described
previously (11). In brief, VLPs were pretreated for 1 h at 37°C with the
indicated concentrations of the indicated MAbs and bound to the surface
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FIG 1 Structures of EBOV-Makona GP bound to ZMapp antibodies. (A to D) Tomographic slices of EBOV-Makona VLPs are shown unbound (A) or bound
to ZMapp antibodies c13C6 (B), c4G7 (C), or c2G4 (D). (E to H) Isosurface representations of density maps derived from tomographic subvolume averaging of
glycoprotein spikes expressed on the VLP surface for unbound GP (E) or GP bound to c13C6 (F), c4G7 (G), or c2G4 (H). Density assigned to the antibody Fab
region is colored magenta (c13C6), green (c4G7), or cyan (c2G4). All structures have been fitted with the crystal coordinates for EBOV-Mayinga GP (Protein
Data Bank [PDB] accession number 3CSY), which lacks the mucin-like domain and the transmembrane domain (21). X-ray coordinates are colored with the GP1
region in green, GP2 in blue, and residues important for binding to NPC1 in orange. Scale bars, 50 nm.

of BSC-1 cells by centrifugation (250 X g) for 1 h at 4°C. Cells with bound
VLPs were then incubated for 3 h at 37°C (in a 5% CO, incubator) to allow
for VLP entry. The cells were loaded with the B-lactamase substrate
CCF2-AM and then processed and analyzed for cytoplasmic entry (cleav-
age of the CCF2 dye) by flow cytometry. An amount of EBOV GP VLPs
was added to attain entry in 30 to 60% of cells. Data were included from
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experiments in which entry values in untreated EBOV GP VLP samples
ranged from 30 to 60%.

VLP trafficking to endolysosomes. To measure the effect of MAbs
¢c2G4 and ¢4G7 on EBOV VLP colocalization with NPC1, 40,000 BSC-1
cells were seeded per well of a 24-well plate containing glass coverslips that
were coated with 20 wg/ml fibronectin (Sigma-Aldrich). After 18 to 24 h,
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the cells were pretreated with 20 wM nocodazole (ACROS organics), di-
methyl sulfoxide (DMSO; mock-treated samples), or Opti-MEM1
(Gibco/Life Technologies, for MAb-treated samples) for 1 h at 37°Cin a
5% CO, incubator. Concurrently, EBOV VLPs (0.5 wg per sample) were
pretreated with 50 pg/ml MADb c2G4 or 50 pg/ml MADb c4G7 as indicated
for 1 h in a heat block maintained at 37°C. VLPs were bound to cells by
centrifugation at 250 X g and 4°C for 1 h. The cells were gently washed
once with phosphate-buffered saline (PBS) to remove unbound VLPs.
The cells with bound VLPs were then incubated at 37°C in a 5% CO,
incubator for 90 min. They were then washed once with PBS, fixed in 4%
paraformaldehyde (Boston Bioproducts), and stained for NPC1 as previ-
ously described (12). The coverslips were mounted on glass slides using
ProLong Gold antifade reagent (Life Technologies). The samples were
then imaged and analyzed as previously described (12).

Treatment of VLPs bearing EBOV GP to generate 19-kDa GP and
assessment by Western blotting. The 19-kDa GP was generated as de-
scribed previously (12). In brief, VLPs bearing EBOV-Makona or EBOV-
Mayinga GP were treated with 0.25 mg/ml thermolysin (VitaCyte) at 37°C
for 30 min. The cleavage reaction was quenched by the addition of 500 uM
phosphoramidon (Sigma-Aldrich). Cleavage of GP to 19 kDa was con-
firmed by Western blotting. In brief, 2 pg of VLPs were run on Mini-
Protean TGX Any kD gels (Bio-Rad) and transferred to nitrocellulose
membranes. After blocking (5% milk in PBS or Odyssey blocking buffer
[OBB; Li-Cor]) for 1 h at room temperature, the membranes were incu-
bated in primary antibodies overnight at 4°C on an orbital shaker. The
primary antibodies were as follows (and as indicated in the figure leg-
ends): rabbit anti-GP1 (a gift from Paul Bates) diluted 1:1,000 in 5%
milk-PBS, rabbit anti-GP1 F88 peptide (18) diluted 1:500 in 5% milk-
PBS, or mouse H;Cg (a gift from Carolyn Wilson, FDA) diluted to 7 ug/ml
in OBB plus 0.2% Tween. After one rinse with PBS, followed by three (5
min) washes with PBS (for rabbit antibodies) or PBS plus 0.1% Tween (for
H,Cy), the membranes were probed with Odyssey secondary (anti-mouse
or anti-rabbit) antibodies diluted 1:10,000 in PBS (for rabbit primary
antibodies) or OBB plus 0.2% Tween (for H;Cg) for 1 h at room temper-
ature. After rinsing and washing steps as described above, the membranes
were subjected to a final quick rinse with PBS and scanned with an Odys-
sey infrared imaging system.

MAD binding to VLPs. VLPs (0.5 p.g/well) were bound to a high-bind
enzyme-linked immunosorbent assay (ELISA) plate overnight at 4°C. The
ELISA plate was then washed and blocked (3% bovine serum albumin
[BSA]-PBS). After an additional wash (PBS), 50 pwg/ml c2G4, c4G7, or
c13C6 (PBS for control) were added, and the plate incubated for 1 h at
room temperature. After another washing step in PBS, anti-human horse-
radish peroxidase (HRP) IgG (Thermo Scientific; 1:10,000 in PBS) was
added for 1 h at room temperature, and the plate was processed and
analyzed for primary antibody binding by the addition of 1-Step Ultra
TMB ELISA substrate (Thermo Scientific), followed by a 2 M sulfuric acid
quench. The absorbance at 450 nm (A,,) was determined using a BioTek
Synergy HT microplate reader. The average signals from wells containing
no VLPs were subtracted, and the resulting average A5, values * the
standard deviation (SD) are shown.

Preparation of soluble NPC1 C-loop. The soluble NPC1 C-loop was
modeled after the construct described in references (19, 20). Codon-op-
timized DNA encoding the NPC1 C-loop, flanked by N- and C-terminal
antiparallel coiled-coil domains (19) (with BglII and Sall restriction sites
at the 5" and 3’ ends, respectively), was synthesized by GenScript and
cloned into the vector pDisplay, resulting in a construct with a hemagglu-
tinin (HA) epitope at the N terminus and a myc epitope at the C terminus.
Soluble C-loop protein was then produced by transfecting suspension
293F cells with this pDisplay vector. After 72 h, the protein was purified in
batch using Ni-Sepharose high-performance affinity media (GE Health-
care) essentially as described previously (19).

Binding of soluble NPC1 C-loop to VLPs bearing 19-kDa GP: effect
of MAbs. Indicated VLPs were bound overnight to a high-bind ELISA
plate as described above. The ELISA plate was then washed and blocked
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(5% milk-PBS) for 2 h at room temperature. After an additional wash
(PBS), 50 pug/well c2G4, c4G7, or c13C6 (PBS for control) was added, and
the plate was incubated for 1.5 h at room temperature. After further wash-
ing (PBS), 0.2 pg/ml soluble NPCI1 C-loop (PBS for no NPC1 C-loop
control) was added, and the plate incubated for an additional 1 h at room
temperature. After washing (PBS), anti HA-HRP (Roche; 1:1,000 in PBS)
was added for 1 h at room temperature. After a final wash (PBS), 1-Step
Ultra TMB ELISA substrate (Thermo Scientific) was added for 30 min and
quenched with 2 M sulfuric acid, and the absorbance at 450 nm was
determined using a BioTek Synergy HT microplate reader. The resulting
average A5, values = the SD are shown.

Accession number(s). Cryo-EM maps for unbound EBOV-Makona
GP and EBOV-Makona GP bound to c13C6 IgG, c2G4 IgG, and c4G7 IgG
have been deposited in the EMDataBank under accession numbers EMD-
8225, EMD-8226, EMD-8227, and EMD-8228, respectively.

RESULTS

Cryo-EM tomographic analysis of MAbs from the ZMapp cock-
tail bound to EBOV-Makona GP on filamentous VLPs. A previ-
ous single-particle EM study performed at a resolution of 21 to 24
A located the binding sites of Fabs from the three MAbs in the
ZMapp cocktail on the soluble ectodomain of GP from the May-
inga isolate of EBOV. Fab c13C6 was found to bind in the vicinity
of the glycan cap, while the binding sites for Fabs ¢2G4 and c4G7
were localized to overlapping regions in the base of GP, near the
GP1/GP2 interface (9), similar to previously characterized sites in
the base regions of Mayinga GP (21) and Sudan ebolavirus GP
(22) for Fabs from MAbs KZ52 and 16F6, respectively. These find-
ings were consistent with subsequent mutagenesis data implicat-
ing residues T270 and K272 in the glycan cap for binding of c13C6
and residues C511, N550, G553, and C556 in the fusion loop of
GP2 for binding of 2G4 and c4G7; c4G7 also requires D552 (10).
Escape mutants to MAbs c2G4 and c4G7 mapped to residue Q508,
just upstream of the fusion loop (8). We have extended these
recent studies by delineating the binding sites for c13C6, c2G4,
and c4G7 (intact IgGs) on EBOV-Makona GP embedded in a
membrane at high density on filamentous EBOV VP40-driven
VLPs.

We first sought to determine whether c13C6, c2G4, and c4G7
bind to EBOV-Makona GP on the surface of VLPs in the same
locations and orientations as seen with the Fab portions of these
antibodies bound to the soluble Mayinga GP ectodomain (9). Us-
ing cryo-EM tomography, we were able to visualize the Makona
GP protein in a native-like state, bound to a membrane surface.
GP molecules on the VLP surface were imaged in an unbound
state (Fig. 1A) or in complex with intact IgG molecules, i.e.,
c13C6, c4G7, and c2G4 (Fig. 1B to D, respectively). GP spikes were
visible on the surface of Makona VLPs in tomographic slices of
each complex tested (Fig. 1A to D). Using subvolume averaging,
we were able to determine the 3D structures for unbound EBOV-
Makona GP (Fig. 1E), as well as the structures of GP in complex
with the head-binding antibody, c13C6 (Fig. 1F), or individual
base-binding antibodies, c4G7 (Fig. 1G) or c2G4 (Fig. 1H). Con-
sistent with previous studies (9, 10), c13C6 IgG bound to the gly-
can cap region, perpendicular to the plane of the membrane. The
dense array of c¢13C6 projecting perpendicularly from the VLP
may therefore contribute to the Fc effector function (23), which
has been proposed to elicit the protective ability of this nonneu-
tralizing MAD (24).

c4G7 and ¢2G4 bind to overlapping epitopes within the base
region of EBOV-Makona GP (Fig. 1G and H), as expected, at
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FIG 2 Spacing of GP spikes on EBOV-Makona VLP surface and potential for bridging by base-specific antibodies. (A) A tomographic slice of an unbound
EBOV-Makona VLP surface shows top views of trimeric GP proteins (highlighted in yellow). Center-to-center distance between spikes (indicated on represen-
tative GP spikes with colored dashed lines) is shown in the upper right corner inset. The distance corresponding to each dashed line is shown in the same color
as the line. (B) A model of GP spikes on the surface of EBOV-Makona VLPs is shown using a top view of the cryo-EM structure of unbound GP. GP spikes are
spaced 15 nm apart. The measured distance between the base portion of the maps is 11.5 nm, as indicated. A model IgG molecule (PDB accession number 11GT)
is shown in green. IgG molecules are placed between the GP spikes to indicate that the two Fab arms of a single IgG molecule can bridge two neighboring GP
spikes. (C to E) Denoised tomographic slices through an EBOV-Makona VLP show views through the center (C) and top (D and E) of a VLP. In panel E, top views
of the trimeric GP molecule are highlighted in yellow. (F to H) Denoised tomographic slices through an EBOV-Makona VLP after incubation with c4G7 IgG show
views through the center (F) and top (G and H) of the VLP. In panel H, top views of the trimeric GP molecule are highlighted in yellow, while lines of density

between the spikes are highlighted in green. Scale bars, 10 nm (A and B) or 50 nm (C to H).

angles and orientations previously described for binding of the
corresponding Fabs to the soluble Mayinga GP ectodomain
(9). Visualization of density for each base-binding antibody in
the expected location is consistent with our observations (de-
scribed below) of functional competition between these two
MAbs.

All three antibodies (c13C6, c2G4, and c4G7) are likely to bind
Makona GP at high occupancy, since no unbound GP classes were
resolved for any of these complexes during 3D averaging of auto-
matically picked GP spikes. Binding of these antibodies does not
appear to dramatically alter the structural conformation of GP
(see the ectodomain of the GP spike in Fig. 1E to H). In structures
of GP bound to c13C6, c2G4, and c4G7, the chalice-like shape of
the unbound GP ectodomain is retained. Although small but sig-
nificant changes to individual residues may occur upon antibody
binding, our study demonstrates that, ata resolution of ~25 A, the
structure of the ectodomain of Makona GP anchored in a mem-
brane closely mimics that of the soluble Mayinga GP ectodomain
(9,21).

The density of GP spikes on the surface of EBOV-Makona
VLPs, determined by counting only those spikes displayed in a
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top-view orientation, was ~0.4 GP spikes per 100 nm* *+ 0.1 GP
per 100 nm? (SD). This corresponds to ~1 GP spike per 250 nm?
on the VLP surface, and an average center-to-center spacing of
15 = 4 nm (SD) between spikes (Fig. 2A). The unbound Makona
GP spike structure has dimensions of ~10 nm at the widest por-
tion of the head domain and ~3.5 nm at the base where c2G4 and
c4G7 bind. The spacing of unbound GP on the Makona EBOV
VLP surface, therefore, is such that the edge-to-edge distance be-
tween GP spikes at the c4G7 binding epitope is approximately 11.5
nm (Fig. 2A). Given that an individual IgG molecule is estimated to
span ~11.5 to 14 nm between the two Fab domains (25), we conclude
that neighboring spikes can be bridged by a single antibody that tar-
gets the base region (as indicated in Fig. 2B). In fact, tomographic
slices of EBOV-Makona VLPs incubated with ¢4G7 IgG molecules
show evidence of GP bridging (Fig. 2). In the absence of antibody, top
views of GP molecules on the surface of EBOV-Makona VLPs are
easily distinguished in tomographic slices, and clear separation and
spacing is observed between spikes (Fig. 2C to E). In contrast, after
incubation with c4G7 antibody, individual GP proteins are more
difficult to identify, and lines of density that appear to connect indi-
vidual GP proteins are visible (Fig. 2F to H).
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FIG 3 ZMapp MADbs c2G4 and c4G7 competitively block entry of VLPs bearing EBOV GP. VLPs bearing EBOV-Mayinga GP (A) or EBOV-Makona GP (B) were
incubated with the indicated concentrations of the indicated MAD for 1 h at 37°C. VLPs were then bound to and allowed to enter BSC-1 cells, and the extent of
entry determined as described in Materials and Methods. The percent entry values were normalized to mock-treated (0 pg/ml MAD) controls. Data are the
averages of triplicate samples, with error bars representing the standard deviations (SD) of the mean. Mock-treated VLP entry values were 35% for (a) and (b).
Similar results were seen for three and two repeat experiments for panels A and B, respectively. (C) VLPs were treated with either 10 or 50 pg/ml c2G4, c4G7, or
a combination of the indicated amounts of 2G4 and c4G7 and then processed as described above. Values are the percent inhibition of entry relative to
mock-treated (no MAD) controls. Data are the averages of three experiments performed in triplicate, with error bars representing the SD. The percent entry values
in mock-treated samples in the three experiments were 46, 41, and 36%. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001 (A and B, relative to 0 pg/ml [no MAb] samples;
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C, relative to c2G4 alone).

MADbs c2G4 and c4G7 competitively block entry mediated by
EBOV GP. Extensive work has shown that 2G4 and c4G7 neutralize
infections by EBOV and recombinant VSV expressing the GP from
Mayinga EBOV (4, 6-8). Based on their neutralizing activity and
binding sites (8-10), it has been proposed, but not formally shown,
that these MAbs block GP-mediated entry into the cell cytoplasm.
Here, using entry-reporter VLPs (11), we provide evidence that this
is,indeed, the case. As seen in Fig. 3A, 2G4 and c4G7 blocked entry of
VLPs bearing GP from the Mayinga isolate of EBOV. Consistent with
results with viral particles (6, 8), c2G4 was more potent than c4G7.
MAD ¢13C6 did not have a significant impact on virus entry, in line
with its only weak ability to neutralize virus infection in cell cultures
in the absence of complement (4, 6, 8, 24). We therefore focused on
2G4 and c4G7 in continuing studies.

In addition to their effects on entry mediated by EBOV-May-
inga GP, 2G4 and ¢4G7 blocked VLP entry mediated by EBOV-
Makona GP (Fig. 3B). This finding is consistent with the close
sequence relationship between the GP proteins from these two
EBOV isolates (1, 26, 27). Previous biochemical studies showed
that c2G4 and c4G7 compete for binding to EBOV-Mayinga GP,
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an observation consistent with their overlapping binding sites (8—
10). In line with these in vitro biochemical findings, we observed
that c4G7, which binds with ~2-fold-higher affinity to GP than
2G4 (8-10), inhibited the ability of c2G4 to block VLP entry (Fig.
3C). This result indicates that c4G7 can functionally compete with
c2G4 for blockade of EBOV entry and infection.

MAbs c2G4 and c4G7 block a late step of EBOV entry. We
next explored the step of EBOV entry that is blocked by ¢2G4 and
c4G7. As seen in Fig. 4, pretreatment of EBOV GP VLPs with
inhibitory concentrations of c2G4 and c4G7 did not reduce the
proportion of VLPs that reach NPC1™ endolysosomes. This im-
plies that neither MAb blocks EBOV GP VLP attachment to the
cell surface, internalization from the cell surface, or trafficking to
endolysosomes, the organelle where EBOV fusion occurs (12, 28,
29). Moreover, this finding indicates that 2G4 and c4G7 stay
bound to GP all throughout VLP trafficking to, and proteolytic
processing in, highly acidic endolysosomes found deep in the en-
docytic pathway.

During EBOV trafficking along the endocytic pathway, the re-
ceptor binding subunit of GP (GP1) is proteolytically processed
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Colocalization

FIG 4 MADs 2G4 and c4G7 do not inhibit trafficking of EBOV GP VLPs to
NPC1™" endolysosomes. VLPs bearing EBOV-Mayinga GP were pretreated
with 50 pg/ml c2G4 or ¢4G7, added to BSCI cells, and processed for VLP
trafficking and colocalization with NPC1 as described in Materials and Meth-
ods. Control cells had been preincubated with 20 wM nocodazole (Noc) or
DMSO (Mock) for 1 h prior. (A) Data are the average Manders coefficients for
colocalization of mCherry-VLPs (red) with NPC1 (stained green) from 27
(Mock and Noc treated) or 33 (c2G4 and c4G7 treated) microscope fields.
Error bars represent the SD. ***, P < 10~ '° (relative to mock samples). (B)
Representative images are shown. White arrows indicate areas of VLP-NPC1
colocalization, and red arrows indicate VLPs that have not colocalized with
NPCI. Scale bars, 10 wm (primary images) and 2 pm (insets). Virtually iden-
tical results were seen in two additional experiments.

from ~130 to ~19 kDa (30, 31). This event, which is enacted in
most cell types studied by cathepsin B and/or cathepsin L, removes
the mucin domain and glycan cap from GP1 and exposes residues
critical for GP binding to its intracellular receptor, NPC1 (20,
30-35). We therefore sought to determine whether c2G4 and
c4G7 could bind to the 19-kDa form of GP. As seen in Fig. 5A,
c2G4 and ¢4G7 bound to 19-kDa GP. In fact, both MAbs bound
more extensively to 19-kDa GP than to full-length GP. In contrast,
while c13C6 bound well to full-length GP, it showed only limited
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FIG 5 MAbs c2G4 and ¢4G7 bind to 19-kDa EBOV GP on VLPs and block
VLP entry mediated by 19-kDa GP. (A) VLPs bearing EBOV-Makona GP were
untreated, mock treated, or (thermolysin) treated and then bound (triplicate
samples) to high-bind ELISA plates as described in Materials and Methods.
VLPs bearing VSV-G were used as a control. After blocking and washing (see
Materials and Methods), 50 pug/ml MAb c2G4, c4G7, or c13C6 (PBS for con-
trol) were added, and the plate was processed and analyzed to detect MAb
binding as described in Materials and Methods. Error bars represent the SD.
%, P < 0.001 ([thermolysin]-treated GP versus mock-treated GP). For the
inset, cleavage of full-length GP to 19 kDa was confirmed by Western blotting
with the anti-GP1 F88 rabbit antibody as described in Materials and Methods.
Lane 1, mock-treated GP; lane 2, (thermolysin)-treated GP. The band labeled
GP runs at 130 kDa, indicating that it is full-length GP with its mucin-like
domain intact. (b) VLPs bearing Mayinga GP were untreated or (thermolysin)
treated as described in Materials and Methods. After quenching the thermo-
lysin, the VLPs were incubated with 50 pg/ml c2G4, c4G7, or PBS (Mock), as
indicated, for 1 h at 37°C. Entry was then assayed, as described in the legend to
Fig. 2. The entry level of untreated VLPs with full-length GP was 60%, and that
of VLPs with (thermolysin)-treated (19 kDa) GP was 35%. Error bars repre-
sent the SD. Highly similar results were seen in two additional experiments
(full-length mock-treated entry levels, 45 and 40%; 19-kDa mock-treated en-
try levels, 20 and 25%). Cleavage of full-length GP (130 kDa) to 19 kDa was
confirmed by Western blotting with MAb H;Cg as described in Materials and
Methods. Lane 1, untreated; lane 2, blank; lane 3, (thermolysin) treated.

binding to VLPs with GP1 processed to 19 kDa (Fig. 5A). This is
consistent with binding of ¢13C6 to the glycan cap (Fig. 1) (9, 10),
which is removed from full-length (130 kDa) GP during proteo-
lytic priming in the endocytic pathway. The lack of binding of
MAD c13C6 to 19-kDa GP is also consistent with its inability to
neutralize EBOV infections in cell cultures in the absence of
complement. In line with their binding to 19-kDa GP (Fig. 5A),
c2G4 and c4G7 were able to block entry mediated by 19-kDa
GP (Fig. 5B).
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FIG 6 MAbs c2G4 and c4G7 do not block binding of the NPC1 C-loop to
primed (19-kDa) EBOV GP. VLPs bearing EBOV-Mayinga GP were mock
treated or (thermolysin) treated (to 19 kDa) and then bound (triplicate sam-
ples) to a high-bind ELISA plate. After washing and blocking, MAbs ¢2G4,
c4G7, or c13C6 (50 pg/well; PBS for the control) were added, and the plate
incubated for 1.5 h at room temperature. After washing, 0.2 pwg/ml soluble
NPCI1 C-loop (PBS for no NPC1 C-loop samples) was added, followed by
incubation for 1 h at room temperature. After washing (PBS), the plate was
processed to detect soluble C-loop binding as described in Materials and
Methods. Data are the averages * the SD. Cleavage of full-length GP to 19 kDa
was confirmed by Western blotting with a rabbit anti-GP antibody (a gift from
Paul Bates) as described in Materials and Methods. Lane 1, mock treated GP;
lane 2, (thermolysin) treated GP. Band labeling is as described in the Fig. 5
legend.
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Another key event in EBOV entry is binding of the proteolyti-
cally primed (19-kDa) form of GP to NPC1 (20) in endolyso-
somes. Prior work has shown that the critical domain of NPC1 for
this interaction is the C-loop (20), which projects into the lumen
of the endolysosome. Given that the NPC1 binding site is near the
distal tip of 19-kDa GP (20, 34, 36, 37), we predicted that c2G4 and
c4G7, which bind to the GP base region (9, 10) (see also Fig. 1),
would not interfere with NPC1 C-loop binding to 19-kDa GP. As
seen in Fig. 6, this is the case: neither c2G4 nor c4G7, which bind
strongly to 19-kDa GP (Fig. 5A), blocked the binding of a soluble
NPC1 C-loop construct to VLPs bearing 19-kDa GP.

DISCUSSION

The ZMapp cocktail of MADbs against the EBOV GP is a promising
therapeutic for future use in patients infected with EBOV (2). In
this study, we extended previous work (4, 5, 8-10) on the locations
and mechanism of inhibitory activity of its three constituents,
MADs ¢2G4, c4G7, and c13Cé6.

Our structural studies (Fig. 1) are consistent with previous
findings on the location and angles of binding of c13C6, 2G4, and
c4G7 to the isolated GP ectodomain from the Mayinga isolate of
EBOV, notably that c2G4 and c4G7 display overlapping binding
sites to the base region of the EBOV-Mayinga GP ectodomain (9,
10). We extended these structural findings by showing (i) that all
three MAbs bind as intact IgGs to GP from EBOV-Makona, the
isolate that caused the 2014-2015 outbreak in West Africa; (ii) that
all three IgGs bind, at high occupancy, to membrane-embedded
GPs densely packed on a VLP; and (iii) that it is possible that the
base-binding MAbs could bridge adjacent trimers (Fig. 2).

Our cell-based studies (see Fig. 3) provide the first formal evi-
dence that 2G4 and c4G7 block entry of EBOV particles into the
cell cytoplasm and, moreover, that c4G7 diminishes the ability of
c2G4 to block entry. This finding is consistent with the higher
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(~2-fold) affinity of c4G7 for retroviral pseudovirions bearing
EBOV-Mayinga GP (10) and the ability of c4G7 to compete with
c2G4 for binding to the Mayinga GP ectodomain (9). Hence, our
cell-based findings, coupled with the previous binding data, raise
the question of whether both c2G4 and c4G7 are required for the
ZMapp cocktail to exert its protective effects (9).

Additional findings suggest that the base-binding MADbs (c2G4
and c4G7) exert their inhibitory action deep in the endocytic path-
way, after binding of primed (19-kDa) GP to NPCI. First, neither
base-binding MADb impedes VLP trafficking to NPC1™" endolyso-
somes (Fig. 4). Second, both ¢2G4 and c4G7 bind to, and can
inhibit cytoplasmic entry of, VLPs bearing 19-kDa GP (Fig. 5)
and, third, they do so without blocking binding of the NPC1 C-
loop to 19-kDa GP (Fig. 6). It is interesting that c2G4 and c4G7, as
well as KZ52, another neutralizing MAb (21), require C511 and
C556 in the EBOV GP fusion subunit (GP2) for binding (10).
These cysteine residues form the disulfide bond that clasps the
ends of the fusion loop in EBOV GP (21, 38). Hence, the base-
binding MAbs (c2G4 and c4G7) most likely block a structural
change in 19-kDa GP bound to NPC1 that is needed to expose the
fusion loop for interaction with the target membrane, an early step
in the fusion cascade (39, 40). This conclusion is consistent with
findings presented by Chandran and coworkers while this manu-
script was in preparation showing that the ZMapp cocktail blocks
the merging of EBOV GP pseudoviral and endolysosome mem-
branes (29). Hence, the function of MAbs ¢2G4 and c4G7 is most
likely similar to that of neutralizing antibodies that target the fu-
sion peptide regions of influenza HA (41) and HIV Env (42).
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