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ABSTRACT

Cocktails of monoclonal antibodies (MAbs) that target the surface glycoprotein (GP) of Ebola virus (EBOV) are effective in non-
human primate models and have been used under emergency compassionate-treatment protocols in human patients. However,
the amino acids that form the detailed binding epitopes for the MAbs in the ZMapp, ZMADb, and the related MB-003 cocktails
have yet to be identified. Other binding properties that define how each MAb functionally interacts with GP—such as affinity,
epitope conservation, and epitope accessibility—also remain largely unknown. To help define how each MADb interacts with GP,
here we used comprehensive alanine-scanning mutagenesis (shotgun mutagenesis), neutralization escape, and whole virion
binding to define each MADb’s specific epitope, epitope accessibility, epitope conservation, and apparent affinity. Each of the six
therapeutic MAbs binds nonidentical epitopes in the GP base, glycan cap, or mucin-like domain. Their apparent affinity, epitope
complementarity, and epitope accessibility helps explain why MAbs 4G7 and 13C6 are more protective than 2G4 and 1H3. The
mucin-like domain MAbs 6D8 and 13F6 bind with the strongest apparent affinity, helping to explain their effectiveness in vivo

despite their inability to neutralize virus.

IMPORTANCE

Ebola virus disease (EVD) can be caused by four different filovirus family members, including Ebola virus (EBOV), which in-
fected 10 times more people in western Africa over the last year than all previous EVD outbreaks combined, with a number of
cases distributed across the globe by travelers. Cocktails of inhibitory monoclonal antibodies (MAbs), such as ZMAb, MB-003,
and in particular ZMapp, have demonstrated in animal models some of the most significant therapeutic potential for treating
EVD, and in 2014, 15 patients were treated with ZMapp or ZMAb under compassionate-use protocols. Here, we have defined the
epitope features for the most important therapeutic MAbs against EBOV developed to date. Defining the epitopes and binding
characteristics for these MAbs, as well as the commonly used reference MAb KZ52, helps explain their breadth of reactivity
against different ebolavirus species, predict viral evasion against these MAbs, and design new cocktails of MAbs with improved

complementarity.

he 2014 outbreak of Ebola virus (EBOV, the prototype virus

of the Zaire ebolavirus species) centered in Guinea, Liberia,
and Sierra Leone has resulted in over 27,000 confirmed cases of
Ebola virus disease (EVD) and 11,246 deaths (1), with a number of
cases distributed across the globe by travelers. In contrast, from
their discovery in 1976 until 2013, the five distinct filoviruses
within the genus Ebolavirus (Ebola virus [EBOV], Bundibugyo
virus [BDBV], Reston virus [RESTV], Sudan virus [SUDV], and
Tai Forest virus [TAFV], each representing an Ebolavirus species
[2]) were responsible for a cumulative total of less than 2,300
cases, almost all within local regions in Africa (3). Despite ac-
tive research into potential vaccines (4, 5) and therapeutics (6,
7), no prophylactic or postinfection therapeutics are yet ap-
proved for use against ebolaviruses.

One of the most promising treatments for the often fatal conse-
quences of EBOV infection is the passive administration of antibodies
targeting the EBOV surface glycoprotein (GP) (reviewed in refer-
ences 8 and 9). This was first demonstrated in nonhuman primates in
which immunoglobulin from an EBOV-surviving macaque con-
ferred protection in rhesus macaques when administered 2 days after
infection with EBOV (10). Numerous studies have shown that treat-
ment with monoclonal antibodies (MADbs) can confer postexposure
protection and that their effectiveness is enhanced by their applica-
tion in combination as a “cocktail” (10-16).
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Two of the most studied anti-EBOV cocktails are ZMAb
(MAbs 2G4, 4G7, and 1H3) (14, 17) and MB-003 (MAbs 13C6,
6D8, and 13F6) (12, 13). All six MAbs in these cocktails were
isolated following immunization of mice, and both cocktails pro-
vided some level of protection against EBOV in mice, guinea pigs,
and nonhuman primates (12, 13, 17). These MAbs have also been
tested individually in animal models, with MAbs 4G7 and 13C6
usually offering relatively better protection, and 2G4, 1H3, 6D8,
and 13F6 offering variable protection depending on the animal
model and conditions (14, 17, 18). After optimization of the dif-
ferent MAb combinations, two antibodies from ZMADb (2G4 and
4G7) were combined with one MAb from MB-003 (13C6) to cre-
ate the more potent cocktail ZMapp that reversed clinical signs in
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FIG 1 Shotgun mutagenesis epitope mapping of EBOV MAbs. (A) A mutation library for EBOV envelope protein encompassing 641 GP mutations was
constructed in which each amino acid was individually mutated. Residues were changed to alanine (with alanine residues changed to serine) to provide a
controlled method for defining the side chain contributions of each residue. Each well of each mutation array plate contains cells expressing one mutant with a
defined substitution. A representative 384-well plate of reactivity results is shown. Eight positive (wild-type GP) and four negative (mock-transfected) control
wells are included on each plate. Wells low in signal (<<20% of wild type) are colored red. (B) Human HEK-293T cells expressing the EBOV envelope mutation
library were tested for immunoreactivity with MAb KZ52 and a control MADb (13C6 shown) and measured using an Intellicyt high-throughput flow cytometer.
The highlighted region identifies clones with high GP expression but low KZ52 binding, and clones that were confirmed as critical are shown in red. Other clones
in the highlighted region were not confirmed as critical based on likely misfolding. (C) Mutation of five individual residues reduced KZ52 binding (red bars) but
did not affect binding of most other MAbs (gray, black, and white bars). Error bars represent the mean and range (half of the maximum minus minimum values)

of at least two replicate data points.

six out of six rhesus macaques when given as late as 5 days after
EBOV exposure (18).

Based on their success in nonhuman primates, ZMapp and
ZMADb have been used under emergency compassionate protocols
in humans to treat EBOV infections originating from the 2014
EVD outbreak in western Africa (19). At least seven patients have
now been treated with ZMapp, with five surviving (20-22), and six
patients have been treated with ZMADb, with all surviving (Gary
Kobinger, personal communication). All administrations were re-
ported as well tolerated. It is not clear if the survival of these pa-
tients can be directly attributed to treatment with the MAb cock-
tails, but due to their promise for treating humans, the production
and clinical testing of anti-EBOV cocktails are now being rapidly
accelerated (23).

Despite the importance of these cocktail MAbs, the mecha-
nisms by which they inhibit GP are not yet well characterized,
including exactly how and where they bind GP. On the EBOV
surface, GP forms a chalice-shaped trimer, with each constituent
monomer comprising GP1 and GP2 derived from proteolytic
cleavage of GP (24). The general regions of binding for four cock-
tail antibodies have been localized on GP by single-particle elec-
tron microscopy (EM) at low resolution (21 to 24 &) (25). Viral
escape mutations have also identified three residues (1274, W275,
and Q508) that cause resistance to MAb neutralization in replicat-
ing EBOV (14, 25, 26). However, the amino acids that form the
detailed binding epitopes for all six cocktail MADbs have yet to be
identified. Other binding properties that define how each MAD is
functionally interacting with GP—such as affinity, epitope con-
servation, and epitope accessibility—also remain largely un-
known. More broadly, conformationally complex epitopes on GP
remain highly undercharacterized, with only two cocrystal struc-
tures and three individual amino acids determined by virus escape
mutation (http://www.iedb.org/).

In this study, we determined the epitope binding properties of
all six MAbs in the ZMapp, ZMAb, and MB-003 cocktails, as well
as the reference MAb KZ52. Comprehensive alanine scanning
across 641 residues of EBOV GP was used to determine the specific
epitope residues for each MAD, and results were validated by neu-
tralization escape. Results were combined with previously pub-
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lished single-particle EM data to define the complete footprint of
each MAD and the energetically critical “hot-spot” residues within
the epitope. Our epitope mapping results indicate that each of the
six therapeutic MAbs binds nonidentical epitopes in the GP base,
glycan cap, or mucin-like domain. Whole virion binding assays
were used to define the apparent affinity of each MAb, with the
mucin-like domain MAbs binding the strongest, possibly helping
to explain their effectiveness in vivo despite their inability to neu-
tralize virus. Our data help explain why MAbs 4G7 and 13C6 are
the most protective in animals, based on their apparent affinity,
epitope complementarity, and epitope accessibility. Our results
also predict how to improve the effectiveness of new EBOV MAb
cocktails.

MATERIALS AND METHODS

Antibodies. MAbs 2G4, 4G7 and 1H3 (ZMADb, obtained as individual
murine IgGs, was a kind gift of Gary Kobinger and Xiangguo Qiu) were
previously obtained following immunization of mice with packaged Ven-
ezuelan equine encephalitis virus replicons encoding the EBOV Mayinga
isolate GP or with vesicular stomatitis virus (VSV) with the VSV glyco-
protein gene replaced with one encoding EBOV Mayinga isolate GP (27,
28). MB-003 cocktail MAbs 13C6, 6D8, and 13F6 (IgGs obtained as
mouse variable regions chimerized with human constant regions and pro-
duced from tobacco [Nicotiana benthamianal; purchased from IBT Bio-
services) were originally derived from mice injected subcutaneously with
Venezuelan equine encephalitis virus replicons encoding EBOV Mayinga
isolate GP (27). All MAbs are referred to in the text by their original
names, irrespective of chimerization.

Construction of EBOV GP mutation library. As previously de-
scribed for other viral envelope proteins (29-31), comprehensive
high-throughput alanine scanning (shotgun mutagenesis) was carried
out on an expression construct for EBOV GP (Ebola virus H.sapiens-
tc/COD/1976/Yambuku-Mayinga [2]; UniProt accession number
Q05320) with a C-terminal V5-His tag. Residues 33 to 676 of full-length
EBOV GP were mutagenized to create a library of clones, each represent-
ing an individual point mutant. Residues were changed to alanine (with
alanine residues changed to serine), which provides a controlled method
of defining the side chain contributions of each residue. GP residues 1 to
32, which constitute the GP signal peptide, were not mutagenized. The
resulting EBOV GP alanine scan library covered 99.5% of target residues
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TABLE 1 Residues critical for EBOV MAb binding”

Location  Residue | K252 2G4 4G7 13C6 1H3 6D8 13F6 Infectivity sl‘;l‘:fﬁ';;e

Cocktail (none) ZMAb ZMAb MB-003 ZMAb MB-003 MB-003

ocktail(s) ZMapp ZMapp ZMapp ) B

Apparent

Affinity 1.9 7.0 3.3 1.2 12.7 0.5 09 - -

(nM)

Neut Titer

(ug/ml) 0.25 0.80 0.16 NN NN NN NN - -

Western No No Weak No No Yes Yes - -
Q508 36 (2) | 68 (1) | 72 (27)] 69 ()] 165 (36)] 52 ()| 67 (17)] 34 (16) 60
c511 1@ 16 @ 7 ©@| 66 @] 61 (12| 30 (3)| 33 (14) 8 (6) 100

GPBase NS5O 3 )| 9 ()] e6 (12)| 56 @) | 108 (24| 90 @e)| 90 (12| 17 ) 100
pss2 | 13 @) 97 @ | 16 (13| 59 ©)| 75 @| 71 )| 61 (16)] 46 (2 20
Gss3 |16 @) 8 ()|136 (16)| 52 ()| 126 (23)| 104 @1)| 99 @] 30 (1) 80
C556 3 @ 11 (0| 13 @o)y| 118 (15)| 70 (15)| 46 (6)| 37 (3) 8 (2 100
T270 108 (2) | 132 (2) | 134 (&) [ 16 (A0)| 231 (27) | 124 (5)| 106 _©) | 57 @) 100
ko2 | 88 (15) | 128 (4)| 88 (5)| 15 (1)| 166 ()| 106 (3)| 131 (3| 60 (5) 40

Glycan 1274 103 (1) |185 (9)|159 (12)| 47 (1)| 100 (5 | 113 (18)| 129 (15) ] 113 (82) 100

Cap w275 | 87 20)| 95 (5)|112 (30)| 28 (4) | 14 (2| 108 30)| 53 (29)] 172 (69) 100
k276 | 89 (21) | 68 (1) |145 @4)| 79 ()| 6 (15| 92 (46)| 128 4)] 36 (11) 60
P79 108 (2)| 132 (2)|120 @3)| 75 (7)| 14 (®)| 157 (20)| 120 (@) ] 106 (45) 80
Y394 119 (6)] 102 (1)| 68 ()] 54 (11)| 99 0)] 1 @) | 100 6| 67 G7) 20
k3gs | 89 (3)| 89 16)| 70 (15)| 78 (@) | 119 (0)| -1 @) | 125 @) 42 @) 20
L396 92 (19)| 95 @) |146 (12)| 83 )| 113 (17)| -3 @) | 8 @& 17 @ 40
D397 81 (25) 97 (8) | 147 (17) 67 (8) 45 (14) -2 (10) 107 (17) 51 (0) 20

Mucin-like 1398 85 (24) | 134 (4) | 133 (19) 52 (18) 99 (1) 4 (9)| 116 (6) 25 (3) 40

Domain E400 110 (3) | 118 (21) | 126  (9) 96 (9) | 137 (9) 13 (5)| 103 (3) 27 (13) 20
Q406 | 89 (18)| 87 (8)| 81 ()| 101 13)| 121 (16) | 115 @1 [ 3 @ 45 (@3) 20
R409 | 79 ()] 108 (7)|122 29)| 58 @®) | 110 (11)| 61 @| 4 @) 18 (3) 20
T411 77 20) | 109 (6)| 76 (23)| 82 (3)| 100 (13)| 124 ()| 21 @) 22 () 40
D412 | 85 (21)| 73 (7)|108 (16)| 90 ®)| 110 (11)| 89 5| 8 @) 35 (8 20

“ Summary data for EBOV GP MAbs are shown. MADb reactivities for each alanine scan mutant are expressed as a percentage of wild-type
reactivity with ranges (half of the maximum minus minimum values) in parentheses. Values for critical residues are shaded in gray. At least
two replicate values were obtained for each experiment. The infectivity of each mutant and neutralization (Neut) titer of each MAb were
determined using lentiviral reporter pseudotypes. The percent sequence identity at individual residues was determined by comparing
sequences representing the five Ebolavirus species (EBOV, BDBV, TAFV, SUDV, and RESTV). The ability of each MAb to detect GP by
Western blotting (an indication of the conformational or linear nature of its epitope) is indicated in references 27 and 28. NN,

nonneutralizing.

(641 of 644). Each individual mutation was confirmed by DNA sequenc-
ing, and clones were arrayed into 384-well plates, one mutant per well.

Immunofluorescence assay. The EBOV GP mutation library, arrayed
in 384-well microplates, was transfected into HEK-293T cells and allowed
to express for 22 h. The immunoreactivity of each MAb was first opti-
mized by determining reactivity with fixed or unfixed cells over a range of
MAD concentrations to identify optimal signal-to-background ratios
(>5:1) and to ensure that signals were within the linear range of detection.
Cells were fixed in 4% paraformaldehyde in phosphate-buffered saline
(PBS) plus calcium and magnesium, or were left unfixed, and were then
incubated with an anti-EBOV MAb diluted in 10% normal goat serum (NGS;
Sigma-Aldrich, St. Louis, MO). The cells were incubated with anti-EBOV
antibody for 1 h at room temperature, followed by a 30-min incubation with
Alexa Fluor 488-conjugated secondary antibody (Jackson ImmunoResearch
Laboratories, West Grove, PA) in 10% NGS. Cells were washed twice with
PBS without calcium or magnesium (PBS™~) and resuspended in Cellstrip-
per (Cellgro, Manassas, VA) plus 0.1% bovine serum albumin (BSA; Sigma-
Aldrich, St. Louis, MO). Cellular fluorescence was detected using an Intellicyt
high-throughput flow cytometer (Intellicyt, Albuquerque, NM). Background
fluorescence was determined by fluorescence measurement of vector-trans-
fected control cells. MAb reactivities against each mutant EBOV GP clone
were calculated relative to wild-type EBOV GP reactivity by subtracting the
signal from mock-transfected controls and normalization to the signal from
wild-type GP-transfected controls.

Epitope identification. Mutated residues within critical clones were
identified as critical to the MAb epitope if they did not support reactivity of
the test MAb but did support reactivity of other control EBOV MAbs. This
counterscreen strategy facilitates the exclusion of GP mutants that are locally
misfolded or that have an expression defect (30, 32). The detailed algorithms
used to interpret shotgun mutagenesis data are described elsewhere (Kahle
KM, Doranz BJ, patent application 61/938,894 and reference 33). All epitopes
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solved here have been deposited with the Immune Epitope Database (sub-
mission ID 1000673; http://www.iedb.org/) (34).

Infectivity and neutralization assays. Lentiviral reporter pseudotypes
with EBOV GP (Yambuku-Mayinga isolate) were produced essentially as
described previously (35, 36) by cotransfecting EBOV GP plasmid (or
mutants thereof) with plasmids encoding HIV-1 core (gag-pol, based on
reference 37) and luciferase (pNL-luc, based on pNL4-3-R"E™~ [38]).
Cells were incubated at 37°C in 5% CO, to allow for transfection and
pseudotype production. Forty-eight to 72 h posttransfection, superna-
tants were harvested and stored at —80°C. Target HEK-293T cells were
plated at 0.4 X 10> cells/well in Dulbecco’s modified Eagle medium
(DMEM; ThermoScientific, Waltham, MA) containing additives and in-
cubated at 37°C in 5% CO, overnight. The following day, serial dilutions
of MAb and pseudotypes preincubated for 45 min were added to the
HEK-293T cells. Cells were then incubated at 37°C. At 24 h postransduc-
tion, 100 pl of fresh medium was added to each well. Transduced target
cells were lysed 72 h postinfection, and lysates were assayed for luciferase
activity (Promega, Madison, WI).

ELISA binding assays. Ninety-six-well white, flat-bottom microtiter
plates were coated with murine leukemia virus Gag-based virus-like par-
ticles (“lipoparticles”) pseudotyped with EBOV GP or EBOV Amucin GP
(lacking residues 313 to 462) at 0.5 pg (2 U)/well and incubated overnight
at 4°C. The plates were blocked with 3% BSA (Sigma) for 15 min at room
temperature. Primary MAb was added to the plates and allowed to incu-
bate for 1 h at room temperature. The plates were washed three times with
PBS-/-, and then horseradish peroxidase (HRP)-conjugated rabbit anti-
human secondary antibody diluted at 1:5,000 was added for 30 min at
room temperature. The plates were washed three times with PBS-/-, and
reactivity was detected using SuperSignal West Pico chemiluminescent
substrate (ThermoScientific, Waltham, MA).
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FIG 2 Epitope mapping of EBOV cocktail MAbs. GP residues critical for binding each MAb are shown in green on one GP monomer (left diagram of each panel) and
the GP trimer (right diagram of each panel) of the EBOV Amucin GP structure (PDB accession no. 3CSY) (24) for MAbs 2G4 (A), 4G7 (B), 13C6 (C), 1H3 (D), 6D8 (E),
and 13F6 (F). Thelocations of residue P279 (D) and residues in the mucin-like domain (E and F) are approximated, as the structures of these regions (residues 279 to 298
and mucin-like domain residues 313 to 464) are not yet solved. Also indicated (top right of each panel) are the cocktails that contain the MAb.

RESULTS sibility, epitope complementarity, epitope conservation, the func-
Identification of critical residues on GP required for EBOV  tional importance of the targeted residues, and binding affinity.
MAD binding. The most protective combination of MAbs in an  To help define these epitope features for the therapeutic EBOV
antiviral cocktail involves balancing epitope exposure and acces- MADbs currently in use, the residues required for binding of each

A EBOV MAb K252 Epitope B
X-Ray Crystallography  Shotgun Mutagenesis

GP trimer
membrane side view

FIG 3 Mapping of MAb KZ52 identifies the energetically critical epitope residues of the interaction. (A) Residues are shown on the crystal structure of EBOV Amucin
GP (PDB accession no. 3CSY) (24). One monomer is shown, with GP1 colored gold and GP2 colored red. KZ52 contact residues identified from crystallographic analysis
(left diagram) are shown in blue. The residues identified here by mutagenesis are shown in green (right diagram). (B) The KZ52 epitope (residues identified here in green)
forms a conformational epitope that lies at the interface of GP1 and GP2 at the base of the GP trimer (monomers indicated as I, II, I1I).
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MAD were first determined. We accomplished this by using com-
prehensive alanine scanning, in which MAD binding was assessed
against a shotgun mutagenesis mutation library of EBOV GP with
641 of 644 target residues mutated. The entire mutation library
was transfected into human HEK-293T cells in a 384-well array
format (one clone per well) and assessed for immunoreactivity
using high-throughput flow cytometry (Fig. 1A). Five hundred
eighty-six of the 641 alanine scan mutants (91%) were expressed
at >70% of the wild type at the cell surface (by MAb KZ52 surface
staining). The expression of full-length GP1/GP2 in human cells
and detection of the complex at the cell surface help ensure that
only correctly folded GP is used for epitope mapping.

Residues critical for each MAD epitope were initially identified
as those where GP mutations resulted in less than 20% reactivity
for the MAb of interest (relative to wild-type EBOV GP) yet
greater than 50% wild-type binding by a reference MAD (Fig. 1B).
Residues were further validated as critical by comparing their re-
activities across the panel of MAbs to verify that the mutation did
not globally disrupt the binding of diverse MAbs (Fig. 1C). By
testing each MAD against the comprehensive alanine scan muta-
tion library, we systematically mapped the detailed epitopes of
each of the MAbs in the ZMapp, ZMAb, and MB-003 cocktails
(Table 1).

Epitope mapping of protective EBOV antibodies. Our results
indicate that the seven MAbs tested bind to three different regions
of GP—the base of GP, the tip of the glycan cap, and the heavily
glycosylated mucin-like domain. For MAb 2G4, we identified four
critical residues at the GP base whose mutation impaired MAb
binding to wild-type GP: C511, N550, G553, and C556 (Fig. 2A).
MAD 4G7 bound in the same area but instead used critical residue
D552 (Fig. 2B). Binding of all GP base MAbs was affected by mu-
tation of C511 or C556, suggesting that elimination of the C511-
C556 disulfide bond disrupts the structure of this entire epitope
region. The overlapping footprint of the GP base MAbs explains
why they compete with each other for binding (25), but the dif-
ferent residues that they each engage suggests that there are im-
portant functional differences between these MAbs in how they
bind GP, their breadth of reactivity against ebolavirus species, and
how susceptible each MAb may be to viral evasion.

For MAD 13C6, we identified T270 and K272 as critical binding
residues in an exposed area at the tip of GP1 glycan cap distal from
the viral membrane (Fig. 2C). MADb 1H3 also bound to the GP1
glycan cap, but using residues W275, K276, and P279 (Fig. 2D).
The locations of these epitopes are in agreement with their general
location by cryo-EM and help explain binding competition results
(25).

Finally, for MAb 6D8, we identified consecutive residues Y394,
K395, L396, D397, and 1398 and adjacent residue E400 as critical
for binding within the GP mucin-like domain (Fig. 2E). MAb
13F6 bound close by, to nonoverlapping residues Q406, R409,
T411, and D412 (Fig. 2F). The location of these residues is consis-
tent with low-resolution cryo-EM localization of these epitopes
within the mucin-like domain (25, 39), the reactivity of the MAbs
to peptides derived from the mucin-like domain (27), the crystal
structure of 13F6 with a peptide substrate (40), and the inability of
peptides containing Q406A or R409A mutations to compete with
13F6 binding to wild-type GP (40). Glycosylation across the mu-
cin-like domain is expected to shield many otherwise immuno-
genic sequences of this domain, but our results suggest that these
particular residues are accessible within the mucin-like domain.
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TABLE 2 Comparison of KZ52 cocrystal contacts to binding data®

KZ52 reactivity

Crystal contact Type(s) of bond in crystal (% of WT)
GP residue structure (range)
GP1 V42 van der Waals 127 (1)
143 H-bond* 71 (25)
GP2 V505 van der Waals 76 (16)
A507 van der Waals 89 (4)
Q508 H-bond, van der Waals® 36 (4)
P509 H-bond* 85 (4)
C511 van der Waals 1(0)
P513 van der Waals 82 (11)
N514 H-bond 74 (0)
H549 van der Waals 78 (3)
N550 H-bond 3(2)
Q551 van der Waals 100 (11)
D552 H-bond 13 (6)
G553 H-bond, van der Waals® 16 (6)
C556 van der Waals 3(4)

@ All 15 predicted contact residues (<3.9 A) from the KZ52-GP cocrystal structure (23)
are shown, as well as the type of bond identified from analysis of the crystal structure
and the KZ52 immunoreactivity data (with ranges [the maximum minus minimum
values]) derived in the current study. Residues identified as critical for binding are
shaded in gray. All residues in the cocrystal structure are predicted to make hydrogen
bonds and/or van der Waals interactions, as indicated; no salt bridges are formed in the
cocrystal structure.

b Wild-type residue T42 (T42A in our mutation library) was mutated to V42 in the GP
crystal structure to eliminate glycosylation at N40 (23).

¢ Contact of the indicated residues with KZ52 is only through alpha-carbon interactions
on GP, so mutation to alanine is less likely to disrupt the MAb-GP interaction.

Hot-spot binding residues for the cocrystallized human
MADb KZ52. To further understand the implications of our results,
we also epitope mapped the conformationally sensitive MAb
KZ52.KZ52 is currently one of the only MAbs cocrystallized with
GP (24) and therefore is an important structural reference. We
identified as critical five (C511, N550, D552, G553, and C556) of
the 15 GP residues in close proximity to KZ52 in the cocrystal
structure (<3.9 A in PDB structure 3CSY) (Fig. 3). Thus, the
epitope for KZ52 is very similar to the 2G4 epitope but also in-
cludes D552. KZ52 has been postulated to neutralize EBOV by
preventing the rearrangement of GP2 helical regions HR1A and
HRIB in later stages of infectivity (24). The localization of all
critical epitope residues for KZ52 (as well as for 2G4 and 4G7) at
the interface of GP1/GP2 is consistent with this mechanism of
action. Because KZ52 was derived directly from a human patient
(41), its epitope at the GP base and mechanism of action represent
part of the native human B-cell response against EBOV.

Our data suggest that residues N550, D552, and G533 on GP2
and in the approximate center of all the contact residues form the
“functional epitope” for KZ52, often called hot-spot residues that
provide the primary energetic interactions of an epitope and are
usually surrounded by energetically less important contact resi-
dues (42, 43). Their energetic importance is supported by the co-
crystal structure, where N550, D552, and G553 form hydrogen
bonds with KZ52 heavy-chain complementarity-determining re-
gions (CDRs) (24) (Table 2). The 10 other KZ52 contact residues
on GP surrounding the hot-spot residues were not identified as
critical for binding by KZ52 (or 2G4 or 4G7), although Q508
significantly reduced the binding of KZ52 (but not beyond our
20% threshold; see Discussion). Many of these residues form en-
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4G7

FIG 4 Visualization of epitopes within the EM footprint. Visualization of epitopes obtained by mutagenesis with the Fab footprints from electron microscopy
(25) suggest that the critical residues identified by mutagenesis are the energetically critical hot-spot residues at the center of the MAb epitope. The EM footprint
residues (purple) and mutagenesis hot-spot residues (green) are shown in the context of the Fab EM density information (solid structures). Docking of each MAb
to GP was obtained by fitting the EBOV GP crystal structure (25) into the structural information for the EM reconstructions of Fabs bound to EBOV GP,
identified by the EMDataBank ID emd-6151 (2G4) (A), emd-6152 (4G7) (B), emd-6152 (13C6) (C), or emd-6150 (1H3) (D) (25). Insets show the view of the
footprints and hot spots from the angle of the Fab. The location of residue P279 (D) is approximated, as the structure of this region (residues 279 to 298) is not

yet solved.

ergetically less significant van der Waals interactions with KZ52,
consistent with their inability to disrupt MAb binding when mu-
tated to alanine. Cysteine residues C511 and C556 also form
weaker van der Waals interactions with KZ52 in the cocrystal
structure but were identified as critical residues by shotgun mu-
tagenesis likely because the disulfide bond they form is required to
pin together a loop and a-helix that contain the epitope. It is
notable that cocrystallography alone cannot directly discriminate
which residues are the most energetically important among the
contact residues, and even contact residues in cocrystallography
are inferred primarily by distance, so our results are highly com-
plementary to structural analysis.

Validation of antibody epitopes by single-particle EM and
neutralization escape. Previous results using low-resolution EM
localized the general footprint and angle of antibody binding for
four cocktail MAbs of interest (25). These results were compared
to our mutagenesis results to resolve the specific epitope for these
antibodies and validate both results using independent ap-
proaches. Interestingly, for each of the four EM footprints avail-
able, the critical residues identified by shotgun mutagenesis were
at the approximate center of the EM footprint (Fig. 4). These
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results suggest that the residues that we identified by mutagenesis
are the energetically critical hot-spot residues for each MAb.

To further verify the epitopes identified from binding assays,
key critical residues were tested for escape from neutralization. All
critical mutants were first tested for infectivity (Table 1). Interest-
ingly, many of the mutants identified in our studies demonstrate
no or low infectivity with just a single alanine substitution, indi-
cating that these epitope residues are important for GP function-
ality and suggesting that binding by MAbs to these functionally
important locations could inhibit infectivity. The low infectivity
of these critical residues also implies that these residues might be
difficult to identify using traditional viral escape strategies using
live virus that may not be viable with these substitutions.

All MAbs were tested for the ability to neutralize the infectivity
of lentiviral reporter pseudotypes, but only the three GP base
MADbs (KZ52, 2G4, and 4G7) demonstrate any significant neutral-
izing activity against wild-type EBOV GP in vitro (Fig. 5), consis-
tent with prior reports. Based on their ability to support infectivity
and their importance for binding by neutralizing GP base MAbs,
D552A and G553A critical mutants were chosen to test their resis-
tance to the three neutralizing MAbs. Neutralization results mir-
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FIG 5 Neutralization escape studies validate epitope residues. MAbs were tested for their ability to neutralize the infectivity of lentiviral reporter pseudotypes
with full-length EBOV GP. Reporter pseudotypes were preincubated with MAbs, and infection of HEK-293T target cells was detected by the expression of Renilla
luciferase. (A) MAbs 13C6, 1H3, 6D8, and 13F6 demonstrated no neutralization at the concentrations tested. (B to D) Known neutralizing MAbs KZ52 (B), 2G4
(C), and 4G7 (D) were tested for neutralization of reporter pseudotypes with wild-type (WT) EBOV GP and with GPs containing mutants critical for binding by
KZ52 (D552A, G553A), 2G4 (G553A), and 4G7 (D552A). Data points represent the mean of three replicates (* standard deviation), and data are representative

of two independent experiments.

rored binding results. Mutation D552A eliminated EBOV neu-
tralization by MAbs KZ52 and 4G7, while mutation G553A
eliminated neutralization by MAbs KZ52 and 2G4, confirming
that these residues are indeed a critical part of their respective
epitopes, as binding results suggest. Thus, results from neutraliza-
tion and single-particle EM corroborate mutagenesis localization
of the critical residues for each MAb.

Epitope conservation among ebolaviruses. With the critical
residues for each MAD identified, we next determined how these
specific epitope residues differ between species of ebolavirus and
currently circulating isolates of EBOV. The reactivity of each MAb
was first tested using cells expressing GP from EBOV, BDBV,
TAFV, and SUDV ebolaviruses, as well as EBOV Amucin GP. Of
the seven MAbs tested, only 2G4 and 13C6 showed cross-reactiv-
ity with any ebolaviruses other than EBOV, with some reactivity
against TAFV (>3:1 signal-to-background ratio) (Fig. 6). Inter-
estingly, MAb 2G4 has an epitope nearly identical to that of KZ52,
except that 2G4 does not require residue D552. In contrast, D552
was the primary critical residue for MAb 4G7, and this MAb was
also determined to bind specifically to EBOV. Therefore, we pro-
pose that residue D552, which is present only in EBOV GP, con-
tributes to the ebolavirus reactivity restriction of GP base MAbs
KZ52 and 4G7.

We next compared MAD epitope residues to the sequences of
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circulating isolates of EBOV. The GP of the 1976 EBOV Yam-
buku-Mayinga isolate used in our studies differs at 19 residues
from the GP of the EBOV Makona isolates from the 2013-to-
present day EVD outbreak (44-46) (Fig. 7A). However, only one
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FIG 6 MAD cross-reactivity with Ebolavirus species GP. MAbs were tested by
flow cytometry for immunoreactivity with HEK-293T cells transfected with
constructs expressing GP from EBOV, BDBV, TAFV, or SUDV, an EBOV
Amucin GP construct, or empty vector. All ebolavirus GPs were fully reactive
with a control MAb against the V5 epitope tag included on the C terminus of
each protein as well as with other anti-GP MAbs (not shown). Data shown
represent the mean and standard deviation of at least four data points. RFU,
relative fluorescence units.
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FIG 7 Conservation of epitope residues. (A) Diagram of EBOV GP1 and GP2 showing the location of 19 residue changes (red circles) that have occurred between the
EBOV Makona isolate from the 2013-to-present day outbreak and the 1976 EBOV Yambuku-Mayinga isolate (45). The locations of critical epitope residues identified
in our study are shown in green. SP, signal peptide; TM, transmembrane region. (B) Alignment of the GP domains representing the five species of ebolaviruses (EBOV,
BDBV, TAFV, SUDV, and RESTV), showing the critical epitope residues for ZMapp, ZMADb, and MB-003 MAbs. The epitope residues identified for the indicated MAbs
are highlighted green, and the locations of residues altered by changes in EBOV are marked with red circles. Conservation among the five ebolaviruses is shown below the
alignment: asterisks indicate complete conservation, colons indicate conservative mutations, and periods indicate semiconservative mutations.

of the GP sequence changes is at a critical residue for the epitopes
we identified, i.e., mutation T411A in the mucin-like domain (Fig.
7B). Since this residue is critical only for MAb 13F6 in the MB-003
cocktail, this suggests that the most important cocktails (ZMapp
and ZMAD) should be as effective against the currently circulating
Makona variants of EBOV as they have been against the Kikwit
EBOV isolate tested in preclinical studies.

Reactivity and relative affinity of EBOV MAbs. To further
define their binding mechanism, each MAb was tested for relative
affinity by enzyme-linked immunosorbent assay (ELISA) using
retroviral virus-like particles (VLPs) pseudotyped with wild-type
EBOV GP. Wild-type GP pseudotyped on retroviral VLPs is func-
tionally active (similar particles were used for infectivity assays
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[Table 1]), so these data represent the apparent affinity (K, ,,,,) of
the MADbs and maximum number of GP molecules recognized
(Bomax) o0 these particles. Interestingly, our results suggest that the
mucin-like domain MAbs 6D8 and 13F6 bind GP with the highest
affinity (0.5 to 0.9 nM K, ), as well as recognizing the most
numbers of GP molecules on the virion surface (B,,,,,, 3.2 X 10°to
3.5 X 10°), compared to the other MADbs (Fig. 8A and Table 3).
The high affinity of the mucin-like domain MAbs and their ability
to recognize the most numbers of GP molecules on the virion
surface help explain their contribution to protection in vivo de-
spite their lack of neutralization in vitro.

Because the mucin-like domain is removed by cellular cathep-
sin cleavage during virus endocytosis (and often also experimen-
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FIG 8 Relative binding affinities of EBOV cocktail MAbs. ELISAs using VLPs pseudotyped with EBOV wild-type GP (A) or EBOV Amucin GP (B) were used to
test 2-fold dilutions of each MAb to compare apparent binding affinities against GP on virions. VLPs were also tested for reactivity with a V5 antibody against a
V5 epitope tag incorporated onto the C terminus of EBOV WT GP and EBOV Amucin GP (dotted line).

tally to improve GP expression), each MAb was also tested for
relative affinity using retroviral VLPs pseudotyped with EBOV
Amucin GP. EBOV Amucin GP was expressed approximately
2-fold better than wild-type GP, as measured using an identical V5
epitope tag on both constructs (Fig. 8B). Independent of the in-
creased expression of EBOV Amucin GP, MAbs 13C6 and 1H3
against the glycan cap demonstrated a 3-fold-better K, ,,,, against
EBOV Amucin GP (Table 3). This suggests that exposure of glycan
cap epitopes is enhanced when the mucin-like domain is removed.
As EBOV Amucin GP is commonly used by laboratories due to its
high expression levels, our results suggest that its use could result
in systematic biases (e.g., artificially increased glycan cap reactiv-
ity), for example, in serum reactivity experiments.

DISCUSSION

The mechanisms of inhibition for the MAbs in the ZMapp,
ZMADb, and MB-003 cocktails are not well understood, despite
their compassionate use as therapeutics. Here we identified the
critical binding properties for all six of the MAbs being used in
therapeutic antibody cocktails, as well as the human reference
MADb KZ52. Five of the seven epitopes mapped here are confor-
mational in nature so could not have been fully mapped with
peptides or denatured protein. With only limited epitopes for any
ebolavirus MAbs characterized previously, our results signifi-
cantly enhance our understanding of the humoral immune re-
sponse against ebolaviruses.

TABLE 3 Apparent affinity and maximal binding of MAbs to EBOV
WT GP and EBOV Amucin GP*

EBOV WT GP EBOV Amucin GP
B ax signal B, .« signal

MAb K 0pp (MM) (10%) Ky opp (0M) (10%)
KZ52 1.9 £0.5 4.7 £ 0.6 1.9 =08 26 =04
2G4 7.0* 3.8 13 +2.7 2804 39 £9.0
4G7 33 %05 6.6 2.6 1.3£0.3 26 £ 5.0
13C6 1.2+0.2 17+ 1.7 0.4 *0.1 39 £ 3.9
1H3 12.7 = 4.0 6.6 = 1.0 42 *03 26 £ 5.7
6D8 0.5*0.1 32£0.0 ND ND
13F6 09 *04 35+ 3.7 ND ND
V5 NA 20+ 0.4 NA 39 = 1.49

“ The values for apparent affinity (K, ,,,) and maximal binding (B, shown as relative
fluorescence units) were derived from the ELISAs using VLPs pseudotyped with EBOV
WT GP or EBOV Amucin GP, as shown in Fig. 8. Values are averages (and ranges) of
two experiments. NA, not applicable; ND, not detectable.
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Our shotgun mutagenesis approach identifies epitopes irre-
spective of MAb neutralization status or viral fitness, so it is not
limited to inhibitory MAbs or to mutations that are compatible
with virus replication. Nonetheless, this strategy cannot detect the
contribution of alpha carbons to an interaction, mutations other
than those to alanine could result in somewhat different results,
and the ability to differentiate direct from indirect or allosteric
effects on MADb interactions is dependent on the number and di-
versity of other available control MAbs. However, the concor-
dance of mutagenesis data, single-particle EM data, and neutral-
ization escape data provides high confidence that the specific
epitope residues identified here are accurate. Other residues may
also be involved in each epitope, but their mutation to alanine did
not disrupt the energetics of binding significantly enough to be
identified as critical.

Previously, viral escape studies identified the mutations 1274M,
W275L, Q508R, and Q508H, which confer resistance to MAb neu-
tralization in replicating EBOV (14, 25, 26). Consistent with these
studies, we identified W275, as well as nearby K276 and P279, as
energetically important for 1H3 binding (and significantly affecting
13Cé6 binding, although not below our chosen 20% threshold) (Table
1). However, our 1274A mutation had no apparent effect on 1H3
bindingand only a modest effect on 13C6 binding, possibly due to the
different type of residue substitution. Similarly, our Q508A mutation
significantly reduced the binding of KZ52 but not beyond our 20%
threshold. However, Q508 is known to contact KZ52 only through
alpha carbon interactions (Table 2), which our methodology may not
be able to detect, and we did not test the more structurally disruptive
Q508R or Q508H substitutions.

Our data predict that MAbs KZ52, 4G7, and 13C6 may be
particularly susceptible to viral evasion, since critical residues
within each of their epitopes (D552 and K272) are relatively vari-
able among ebolaviruses (Table 1). Conversely, MAbs 2G4 and
1H3 may be more resistant to viral evasion, since critical residues
within each of their epitopes are relatively conserved among ebo-
laviruses. However, none of the MAbs tested are highly cross-
reactive between ebolaviruses or demonstrate absolutely con-
served epitopes, suggesting that improved MAbs with more
conserved epitopes and higher cross-reactivity would be better for
inclusion in protective MAb cocktails.

The ZMapp cocktail combines the two best MAbs from ZMAb
(2G4 and 4G7) with the best MAb from MB-003 (13C6) (18)
(Fig. 9). Thus, ZMapp and ZMAD are identical except for the
replacement of 1H3 with 13C6 in the more protective ZMapp
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FIG 9 Inhibitory epitopes on EBOV GP. Residues identified as critical for the
MADbs assayed in this study are represented on the crystal structure of EBOV
Amucin GP (PDB accession no. 3CSY) (24). (A) All epitopes. (B) MB-003
cocktail epitopes. (C) ZMAD cocktail epitopes. (D) ZMapp cocktail epitopes.
For reference, the epitope for KZ52 is highlighted in panel A, overlapping the 2G4
(red outline) and 4G7 (green) epitopes. For each cocktail (B to D), a value for the
percent survival is indicated, obtained from a direct comparison of the results of
the cocktails in guinea pigs (5-mg doses given 3 days postinfection) (18).

cocktail; both MAbs bind at structurally adjacent residues at the
tip of the glycan cap. Our results suggest that MAb 13C6 provides
better protection in vivo than MAb 1H3 primarily due to its stron-
ger apparent affinity (10-fold better for both wild-type GP and
EBOV Amucin GP).

Epitopes at the base of GP have inherent advantages in neutral-
ization that may be informative for both vaccine design and ther-
apeutic development. The glycan cap and mucin-like domain
epitopes are removed from the trimer by cathepsin cleavage in the
host endosome prior to GP interaction with receptors and mem-
brane fusion (47, 48). Thus, MAbs that bind the glycan cap and
mucin-like domain likely neutralize EBOV by using complement,
antibody-dependent cell-mediated cytotoxicity (ADCC), or other
Fc-mediated mechanisms. The identification of epitopes for
KZ52,2G4, and 4G7 in the base of GP, as well as the localization of
another neutralizing MAb (16F6) to the equivalent region in
SUDV (49, 50), suggests that the base of GP contains highly pro-
tective epitopes. It is also possible that the specific epitope residues
identified here at the base of GP could serve as structural targets
for small-molecule inhibition.

The “best” combination of MAbs in a cocktail will involve
balancing affinity, epitope accessibility, epitope conservation,
epitope complementarity, and the functional importance of the
targeted residues. Our results help define these epitope features of
the most important therapeutic MAbs against EBOV developed to
date and can be used to rationally design better cocktails of MAbs
with potentially better neutralizing potency, epitope complemen-
tarity, and resistance properties.
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