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SUMMARY

Monoclonal antibodies (mAbs) with pan-ebolavirus
cross-reactivity are highly desirable, but develop-
ment of such mAbs is limited by a lack of a molecular
understanding of cross-reactive epitopes. The anti-
body ADI-15878 was previously identified from a hu-
man survivor of Ebola virus Makona variant (EBOV/
Mak) infection. This mAb demonstrated potent
neutralizing activity against all known ebolaviruses
and provided protection in rodent and ferret models
against three ebolavirus species. Here, we describe
the unliganded crystal structure of ADI-15878
as well as the cryo-EM structures of ADI-15878
in complex with the EBOV/Mak and Bundibugyo
virus (BDBV) glycoproteins (GPs). ADI-15878 binds
through an induced-fit mechanism by targeting
highly conserved residues in the internal fusion
loop (IFL), bridging across GP protomers via the
heptad repeat 1 (HR1) region. Our structures provide
amore complete description of the ebolavirus immu-
nogenic landscape, as well as a molecular basis for
how rare but potent antibodies target conserved
filoviral fusion machinery.

INTRODUCTION

There has been a resurgence of efforts to develop treatments
and vaccines for Ebola virus disease (EVD) after the recent
pandemic in western Africa, from 2013-2016. Monoclonal anti-
bodies (mAbs) are at the forefront of therapeutic development
since showing great promise in animal models. A tri-mAb cock-
tail, ZMapp, is being evaluated in clinical trials after demon-
strating the ability to revert advanced EVD in non-human
primates and showing modest success in a small number of
patients infected in the aforementioned outbreak (Prevail Il
Writing Group et al., 2016; Qiu et al., 2014). One disadvantage
of ZMapp and similar antibodies is their limited cross-reactivity
to other ebolavirus species (Murin et al., 2014). In addition to
Ebola virus (EBOV), there are four other species of ebolaviruses
that are antigenically divergent, differing by at least 30% on the
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amino acid level, including Sudan virus (SUDV), Bundibugyo
virus (BDBV), Reston virus (RESV), and Tai Forest virus (TAFV).
Historically, EBOV, BDBV, and SUDV have caused highly virulent
outbreaks in human populations (Burk et al., 2016). Ebolaviruses
are part of the larger filovirus family, which also includes Marburg
virus (MARYV) of the marburgvirus genus. MARYV has also caused
several large human outbreaks, with high lethality (Centers for
Disease Control and Prevention, 2014). Given the great unpre-
dictability and serious nature of ebolavirus outbreaks, a more
ideal therapeutic would be one that could target any filovirus
with equal potency.

The primary target of anti-ebolavirus mAbs is the viral glyco-
protein (GP), which is the only protein attached to the viral sur-
face and is indispensable for the viral life cycle (Lee et al,
2008). The viral GP acts as a machine, providing the key to un-
locking the host cell membrane and gaining entry into target
cells. Entry is achieved by storing tightly regulated potential
energy within the metastable, pre-fusion GP, which is released
after interaction with the host receptor NPC1, as well as other
downstream events that are not well understood (Lee and Sa-
phire, 2009; Miller et al., 2012; White and Schornberg, 2012).
Despite the large antigenic diversity among filoviruses, they
share their mechanism of entry via structural and sequence con-
servation in the fusion machinery (Hunt et al., 2012; Miller et al.,
2012; White and Schornberg, 2012). The conserved regions
include the receptor binding site (RBS), the IFL, and the HR1
and HR2 regions. Filoviral GPs also possess a variable, unstruc-
tured, and heavily glycosylated domain called the mucin-like
domain (MLD), which is thought to be loosely positioned above
ebolavirus GPs and draped over the sides of marburgvirus
GPs (Hashiguchi et al., 2015). Below the MLDs in ebolaviruses
is the glycan cap, which is structured and inserts itself into the
RBS (Lee et al., 2008), while in the marburgviruses the analogous
region is unstructured, leaving the RBS exposed on GP'2"3, The
RBS interacts with the host receptor NPC1 during entry and is
structurally conserved across all filoviruses (Wang et al., 2016).
While the RBS has been shown to elicit pan-filoviral antibodies,
potency and efficacy is variable because the ebolaviruses
require the proteolytic removal of the MLDs and glycan cap to
expose the RBS (Bale et al., 2011; Bornholdt et al., 2016a; Miller
et al.,, 2012; Wang et al., 2016), while the marburgviruses do
not (Flyak et al., 2015; Gnirss et al., 2012; King et al., 2018).
The HR2 domain has also been proposed as a hotspot of filoviral
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Figure 1. Crystal Structure of Unliganded ADI-15878 Fab

(A) Crystal structure of ADI-15878 Fab, demonstrating overall topology and
complementarity-determining region (CDR) loop arrangement. Three residues
shown in the CDRy3, D95, W99, and Y100c were previously identified as
critical for ADI-15878 binding to GP (Wec et al., 2017) and are shown as sticks.
(B) Residue W99y, forms a hydrophobic packing interaction with R97,45 in the
unliganded state, sequestering W99,; from solvent exposure.

vulnerability (Flyak et al., 2016, 2018; Wec et al., 2017; Ya-
mayoshi and Kawaoka, 2017), but antibodies that target this re-
gion have limited cross-reactivity.

The HR1 and IFL on filoviral GPs are highly conserved in
sequence and structure across genera, as demonstrated by
comparing the structures of EBOV, SUDV, and MARV GPs, mak-
ing this epitope an attractive target for therapeutic antibody
development (Bale et al., 2012; Dias et al., 2011; Hashiguchi
et al., 2015; King et al.,, 2018; Lee et al., 2008; Zhao et al.,
2016). HR1 is composed of an alpha helix, which cradles GP1
and contains a highly conserved glycan at N563. The IFL is
composed of an anti-parallel beta hairpin structure with a hydro-
phobic loop and is wrapped around the exterior of the GP. In the
ebolaviruses, the IFL is tucked beneath the cathepsin cleavage
loop, which is loosely tucked in between GP protomers.
Although NPC1 is necessary for viral fusion, it is not solely
responsible for the release of the IFL (Bale et al., 2011; Miller
et al., 2012; Shoemaker et al., 2013; Spence et al., 2016). It is
thought that once the IFL is released, it pierces the host cell
membrane, and then the viral and host membranes are fused
by a large structural change in the HR1 and HR2 region. There
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are only two known examples of antibodies that target the IFL,
including the mouse antibody 6D6 (Furuyama et al., 2016), which
specifically targets the tip of the IFL and an additional region, and
the non-human primate antibody CA45 (Zhao et al., 2017), which
targets the base of the IFL. Both of these mAbs exhibited broad
neutralizing capability and protective efficacy; however, only
6D6 was fully pan-ebolavirus reactive. The only known human
survivor mAbs that target the IFL are ADI-15878 and ADI-
15742, and both provide broad cross-reactivity and neutraliza-
tion (Wec et al.,, 2017). Interestingly, ADI-15878 binds to an
epitope between GP protomers that likely contacts both the
IFL and HR1 (Wec et al., 2017), which is distinct from CA45.

Here, we present three structures: unliganded ADI-15878
antigen-binding fragment (Fab), ADI-15878 Fab bound to
EBOV Makona GP mucin-like domain deleted (GPAmuc), and
ADI-15878 Fab bound to BDBV GPAmuc. These structures
reveal the molecular details of a cross-reactive antibody that
targets highly conserved filoviral fusion machinery. Our struc-
ture of EBOV/Mak represents the virus responsible for the
last major outbreak of EBOV in western Africa, from 2013 to
2016. In addition, we provide a high-resolution model of
BDBV GP, which completes a suite of available GP structures
for the three major virulent ebolaviruses. Together, these struc-
tures provide a valuable tool for evaluating antibody-based
responses to infection as well as a means for generating vac-
cines that may elicit more broadly neutralizing antibodies. Our
structures of ADI-15878, in unliganded and GP-bound forms,
give important insight into the molecular nature of this highly
potent and cross-reactive antibody that was derived from hu-
man infection and provides a blueprint for structure-based
engineering to potentially increase binding potency and/or
pharmacological properties. With the unpredictable nature
yet inevitable reoccurrence of filoviral outbreaks, it is para-
mount that we identify viable therapeutic options that would
be effective against the range of virulent filoviral species that
naturally exist in nature.

RESULTS

Unliganded ADI-15878 Features a Sequestered CDRH3
Loop

We first sought to determine the X-ray structure of unliganded
ADI-15878 to provide an accurate input model for our electron
microscopy (EM) studies of GP complexes, as well as to deter-
mine any potential structural changes that may occur upon bind-
ing to GP. We solved a 2.1-A resolution crystal structure of the
ADI-15878 Fab alone, which contained a single Fab in the asym-
metric unit (Figure 1A; Table 1). The sequence of ADI-15878 is
very close to that of the germline at 90% and 95% identity in
its variable heavy chain (Vy, VH3-23"04) and variable light chain
(VL, VK1-5%01), respectively (Wec et al., 2017). The majority of
changes from germline occur in the complementarity-deter-
mining regions (CDRs) H3 and L3. The contributions of both
the heavy chain (HC) and light chain (LC) were previously shown
to be important for GP binding, and each of these contain
several key hydrophobic residues that are implicated in binding,
according to kinetic analysis and neutralization assays (Wec
et al., 2017).



Table 1. Crystallographic Data Collection and Refinement
Statistics

ADI-15878 Fab
46.45-2.10 (2.14-2.10)

Parameter

Resolution® (A)

Space group P2,
Unit cell (&) 42.06, 96.84, 54.31
©) 90, 102.91, 90

Total reflections® 70,500 (3242)

Unique reflections® 24,142 (1150)

Multiplicity® 2.9(2.8)
Completeness” (%) 96.9 (96.5)
<I>/<ofl)>* 6.4 (0.9
<1 >/< ofl) > in the 2.56-2.49 A bin 2.0
Bt 0.17 (1.18)
B 0.12 (0.82)
CG et 0.73 (0.31)
Wilson B (A?) 29.7
Reflections used for Ry,ori(Rires) 22,948 (1166)
Ruwork™* (%) 0.22 (.36)
Riree™" (%) 0.27 (.39)
RMSD? (bonds) (A) 0.013
RMSD* (angles) (%) 1.58
Ramachandran favored (%) 96.8
Ramachandran outliers (%) 0

Average B-factor (A2) 325
Macromolecules 32.2
Solvent 35.3
Ligands 40.8

#Values in parentheses are for the highest-resolution shell.

Rmerge = Sria Sill{hkl) — (KNI Zpgq = 1{PKI).

Roim = Sl 1/[N(kd) — 111" x Zi{1{hkl) — ((hKD)|/ Zng Z; 1{(KI).
“CCi2=2lx — (X))ly — (V2 — (x)P2(y — ()"

eRwork = (Eth”Fnbs‘ -k ‘Fcach)/(Ehkl |Fob5‘)-

foree is the same as Ry, With 5% of reflections chosen at random and
omitted from refinement.

9RMSD, root mean square deviation.

The CDRys contains the majority of the residues that are
required for the recognition of GP (Wec et al., 2017). The length
of the CDRyz at 15 amino acids falls within a median range for the
average CDRyz length in the human repertoire (North et al., 2011;
Tiller et al., 2007). The fusion loop-directed antibody CA45 also
contains a CDRy3 loop of a length similar to ADI-15878 at 19
amino acids, but it recognizes an epitope distinct from that of
ADI-15878 (Zhao et al., 2017). CA45 is similarly highly conserved,
with its germline precursor at 86% identity in both Vy and V.
While relatively little somatic hypermutation (SHM) in both
ADI-15878 and CA45 may suggest that the IFL epitope is easily
accessible, there are relatively few described filoviral IFL-
directed antibodies and even fewer that are broadly cross-reac-
tive. Therefore, the HC/LC pairing that is required for binding to
this epitope may be more critical than SHM.

The ADI-15878 HC originates from the most common human
germline HC gene, VH3-23"04, and the LC from VK1-5"01 (Born-

holdt et al., 2016b; Wec et al., 2017). Given the diversity of
CDRy3 loops, it was not possible to predict the germline origin
of this region. As noted above, the ADI-15878 CDR}3 contains
several hydrophobic residues—in particular, a tryptophan at its
apex, W99,,3. Our structure shows that in the unliganded state,
W99,y is sequestered away from solvent, forming a hydrophobic
packing interaction with R975 (Figure 1B). We note, however,
that the CDRy3 loop is near a crystallographic contact, possibly
influencing its conformation in this unliganded structure.

The Structure of BDBV GP Reveals Similarities to EBOV/
Mak and SUDV GPs

The BDBV was first identified in Uganda during an outbreak that
occurred in 2007 (Towner et al., 2008). An additional outbreak
occurred in 2012, with a high mortality rate, demonstrating the
prevalence and virulence of this virus (Albarifo et al., 2013).
Here, we present a cryo-EM structure of BDBY GPAmuc bound
to ADI-15878 Fab (Figure 2A) and confirm that this structure is
highly similar to other ebolavirus GPs, despite low sequence
identity; for example, 77% for EBOV GP (PDB: 5JQ3) and 66%
for SUDV GP (PDB: 3VEQ). The global resolution of our complex
is ~4.3 A, while the majority of the core GP structure is in the
4.0-4.2 A resolution range (Table S1; Figure S1). Our cryo-EM
map also revealed N-linked glycans associated with the
following residues: N228 and N257 in GP1 and N563 and N618
in GP2. The glycan at N563 is highly conserved and resembles
analogous glycans built at this position in other structures.

The majority of the core GP structure is very similar to
previously solved filoviral GPs, but there are some noteworthy
similarities and differences that are relevant to the binding of
ADI-15878. One similarity is the presence of the B17-$18 loop
from W288-E292 in BDBV, which is well conserved and resolved
in EBOV Mayinga variant (EBOV/May) (Zhao et al., 2016)
and SUDV GP (Dias et al., 2011) structures (Figure 2B). The
B17-p18 loop is thought to mask an epitope that exists at
the base of the IFL (Howell et al., 2017). We show that this
hydrophobic region associates with the base of the IFL and likely
contributes to its stability.

Furthermore, we were able to model the entire IFL from resi-
dues 513-550 (Figures 2A and 2C). Comparing the IFL across
other viral species revealed that it most closely resembles the
structure of the unliganded EBOV/May IFL; however, there are
subtle changes in the conformation of this loop in our structures
of GP bound to ADI-15878, suggesting that ADI-15878 influ-
ences the conformation of the IFL (Figure 2C). Finally, we noted
the presence of the cathepsin cleavage loop, which is more pro-
nounced at lower sigma values in our cryo-EM density map. This
loop is close to the ADI-15878 binding site, and cleavage here
has been shown to significantly increase ADI-15878 neutraliza-
tion potency (Wec et al., 2017).

Some differences between BDBV GP and other GP structures
that we noted were in the 1-p2 loop at the base of the GP that is
shifted when compared to unliganded GP (Zhao et al., 2016) but
closely resembles the conformation of SUDV GP (Dias et al.,
2011), which is also bound to an antibody near this region, and
is reminiscent of the MARV “wing anchor” (Figure 2D). We also
modeled a large portion of HR2 down to residue 625 (Figure 2A),
which adopts a three-helix bundle within the GP2 and has been
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Figure 2. Cryo-EM Structure of BDBV
GPAmuc and Key Structural Elements Rele-
vant to the ADI-15878 Epitope

(A) Atomic model of BDBV GPAmuc derived from the
cryo-EM map of BDBV GPAmuc bound to ADI-15878
Fab (4.3 .’B\), with GP1 (dark blue) and GP2 (brown)
highlighted. Two predicted N-linked glycans are
modeled in GP1 and two are modeled in GP2. In

Intemal fusion loop

addition, there is clear density for three disulfides
(labeled), along with a large portion of HR2 that ex-
tends to residue 625. Dashed lines represent regions
that were included in our construct but we did not
build in our model.

(B) Details of the B17-p18 loop modeled in the BDBV
structure (dark blue), demonstrating homology to

D

previously modeled loops in SUDV GP (green; PDB:
3VEQ) and EBOV/May GP (yellow; PDB: 5JQ3). This
loop interacts with the base of the internal fusion

2
g
N618; g Egg‘:"’ - Mak loop (IFL) (orange), which shows homology across
Y sSUDV Filoviridae, including MARV (purple; PDB: 6BP2),
Ceterm 625 MARV SUDV, and EBOV/May (yellow). See also Figure 3.
R1-82lop (C) Comparison of the IFL across known filoviral
E Garius shojavines Genus: marburavi GP structures. The tip of the IFL is shifted in SUDV
| \ . gvirus and MARV in comparison to unliganded EBOV/
BDBV GP EBOV GP SuUDV GP MARV GP May GP as well as BDBV and EBOV/Mak bound

to ADI-15878, although SUDV and MARV shift in
opposite directions.

(D) The B1-B2 loop of BDBV, near the base of the
ADI-15878 epitope, is most similar to the structure
of SUDV bound to 16F6. The MARV wing anchor,
although divergent in sequence, occupies this same
space and has structural similarities.

(E) Side-by-side comparison of the highest-resolution

I viral membrane viral membrane

I structures of filoviral GPs solved to date, showing

previously modeled for EBOV/May (Zhao et al., 2016) and MARV
(King et al., 2018). Notably, HR2 in MARYV is slightly different from
the ebolaviruses, with a slightly wider three-helix bundle. A side-
by-side comparison of known viral GP structures demonstrates
the high level of similarities within the ebolavirus genus and in the
core (Figure 2E). However, MARYV lacks a structured glycan cap,
contains an additional immunodominant epitope at the base of
the GP, and displays its MLDs in a different spatial arrangement
(Fusco et al., 2015; Hashiguchi et al., 2015; King et al., 2018).

ADI-15878 Recognizes HR1 and the Fusion Loop across
Two Protomers

To determine the epitope of ADI-15878, we solved cryo-EM
structures of ADI-15878 Fab bound to EBOV/Mak GPAmuc
at 4.1 A resolution (Figures 3A and S1; Table S1) and BDBV
GPAmuc at 4.3 A resolution (Figures 3B and S1; Table S1). As
expected, ADI-15878 contacts the side of the GP across two
protomers, making contacts at HR1 and the IFL. The structures
are nearly identical in ADI-15878 binding, and therefore we only
discuss the higher-resolution EBOV/Mak here. All contacts
within 4.0 A between ADI-15878 and the GP were calculated to
determine the critical epitope-paratope regions for binding
(Tables S2, S3, and S4), including HC contacts within GP1 at
the B1-p2 loop, near the N563 glycan in HR1, as well as several

2726 Cell Reports 24, 2723-2732, September 4, 2018

structural similarity among the ebolaviruses and
divergence in the marburgviruses.
See also Figure S1 and Table S1.

LC-mediated contacts at the tip of the IFL on an adjacent proto-
mer. This exercise allowed us to determine an accurate footprint
for ADI-15878 on GP (Figure 4A). Comparison of the epitope
across sequences of filoviruses reveals the high sequence
conservation of this region within the ebolaviruses, whereas
this sequence conservation is much lower within MARV GP
(Figure S2).

The ADI-15878 HC makes the majority of critical contacts with
GPs, including two CDRy3 contacts to L529 within the IFL and
Q560 in HR1, with Y100cyz; and W99y, respectively (Figures
4B and 4C). These residues on ADI-15878 were previously
shown to be critical for ADI-15878 binding, although Y100chs
was significant only for binding to SUDV (Wec et al., 2017).
This may be due to a difference in sequence at L529, which is
an isoleucine in SUDV, but not in any other ebolaviruses. Our
structures show that ADI-15878 binding causes subtle changes
in the conformation of the IFL (Figure 2C) that are accommo-
dated by a network of hydrophobic interactions between the
CDR}3, CDR, 3, and a rotamer change at Y100c,5 (see below).
It is possible that a disruption in this network at Y100chs
may cause the more extended L529 to significantly clash with
ADI-15878.

The main contact made on HR1 is to Q560, which is
completely conserved throughout all of the ebolaviruses (Figures
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4C and S2), and stacks against W99,,; similar to the stabilizing
interaction that the IFL makes with HR1 further down at W531
and Q567, respectively (Figure 4C). Furthermore, NE2 of Q560
is within hydrogen-bonding distance of the main chain O of
S304 (Figure 4C). Finally, we show that the tip of the CDRy4
appears to interact with the B1-p2 loop (Figure 4D). This interac-
tion is not readily defined in the current lower-resolution negative
stain EM model (EMD: 8700) (Wec et al., 2017).

The LC of ADI-15878, specifically the CDR_; and CDRs,
makes contacts on the GP solely with the IFL (Figure 4B). These
loops form a loose network of hydrophobic interactions within
the IFL, CDR_1, CDR,3, and CDRys, likely helping to stabilize
the IFL between the GP and ADI-15878 (Figure 4B). A mutation
at G528 (to glutamic acid) derived from a viral escape mutant
within a recombinant vesicular stomatitis virus (rVSV) EBOV GP
pseudovirion system was shown to eliminate ADI-15878 binding
(Wec et al., 2017). A G528 escape mutation (to serine) that arose
in ferret models with the related antibody ADI-15742 but not
ADI-15878, G5288S, also abolishes the binding of ADI-15878.
Modeling the G528E/S mutations indicate that these residues
would potentially clash with the CDRs, providing a reason for
the loss in binding by ADI-15878 to these viral escape mutants
(Figure S3). Germline analysis shows a higher degree of matura-
tion associated with the CDR, 3 of both of these antibodies, but
our structure indicates that residue differences between the
CDR_; of ADI-15742 (QQYNRS-P) and ADI-15878 (QQYYSS-P)
may have contributed to the escape in animal models. While
most contacts are driven by the HC, the contribution of the LC
confirms previous observations that both chains contribute to
binding (Wec et al., 2017).

Figure 3. Cryo-EM Structures of ADI-15878
Fab Bound to EBOV/Mak GPAmuc and
BDBV GPAmuc

(A) Model of EBOV/Mak GPAmuc bound to ADI-
15878 Fab. Shown are side (left) and top (right)
views. We built four glycans in GP1 (cyan) and one
in GP2 (yellow) and only the variable (Fv) domain of
ADI-15878, with the light chain (LC) in blue and the
heavy chain (HC) in magenta. Cylinders represent
the HR2 domain, which were not built in this model.
(B) Model of BDBV GPAmuc bound to ADI-15878
Fab. We describe the core GP structure in Figure 2
and only built the ADI-15878 Fv domain, as
described in (A).

See also Figures S1 and S2.

Despite the significant pan-ebolavirus
cross-reactivity of ADI-15878, this anti-
body fails to bind to the related filovirus
genus of marburgviruses (Wec et al.,
2017). This is likely due to a combination
of a clash with the recently described
MARV wing anchor at the base of the
GP (King et al., 2018) (Figure S4A), as
well as sequence divergence at the
critical contact residue Q560, which is
an arginine (R561) in MARV, a bulkier res-
idue that likely clashes with the CDRy3
(Figure S4B). It has been demonstrated that the MLDs hang
over the sides of the MARV GP, in contrast to their conformation
in ebolaviruses, which possibly further shields the ADI-15878
epitope in marburgviruses (Hashiguchi et al., 2015). Many LC
contacts are well conserved even in MARV GP (Figures S4C
and S4D) and suggests that a pan-filoviral antibody may be
possible with a different HC/LC pairing and/or structure-based
mADb engineering.

ADI-15878 Releases Buried Residues and Changes
Conformation upon Binding to GP

We next compared our unliganded crystal structure of ADI-
15878 Fab (ADly) to structures of BDBY GPAmuc and EBOV/
Mak GPAmuc bound to ADI-15878 Fab (ADIg). As noted above,
the structures of ADIg in complex with EBOV/Mak and BDBV GP
were nearly identical; therefore, we discuss EBOV/Mak only for
the sake of clarity. Alignment of the Fab variable (Fv) domains
of ADIy and ADIg revealed several key differences, indicating
an induced-fit mechanism for binding. Binding of ADI-15878 to
GP causes the Fv to become more open, loosening the associ-
ation between the HC and LC (Figure 5A; Video S1). We
measured the solvent-accessible surfaces (SASs) between the
HC and LC for ADI and ADIg using UCSF Chimera (Pettersen
et al., 2004). The total SAS for the unliganded Fv is 702 A? and
increases to 759 A2 when ADI-15878 binds to the GP, indicating
an increase in the total accessible surface area. To determine the
degree of the shift in CDR loops, we aligned both structures on
the Fv LCs and measured the distance between Cu residues at
the tip of each HC loop, observing a 2.4- to 4.8-A change in dis-
tance between ADIy and ADIg (Figure 5A). This change was most
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Figure 4. Details of the ADI-15878 Epitope in
EBOV/Mak GPAmuc.

(A) The ADI-15878 epitope footprint, which spans
two GP1/2 protomers, including the f1-B2 loop in
GP14 (cyan), HR1 in GP1,4 (yellow), and the IFL in
GP2g (orange). All residues within 4 A of ADI-15878
in our model are labeled and highlighted.

(B) Details of the ADI-15878 epitope at the IFL in
GP2g. A loose hydrophobic network is formed
between Y100c,3, H100dys, Y913, Y92, 5 W32, ,,
and IFL residues 527-530. The peptide back-
bone O from Y92, 5 is also within hydrogen-bonding
distance of the backbone N from L529 and A30 on
the IFL. W32, inserts itself between F535 and
L529 of the IFL.

(C) Details of the ADI-15878 epitope at HR1 in
GP2,. W99,,5 stacks against Q5604 at a distance
of ~3.8 .5\, similar to the interaction of W531,g with

Q567. Y100cyz and R9745 are within hydrogen-

bonding distance of Q567 and NAG-563ug;,
respectively. Also, NE2 of Q560 is within hydrogen-
bonding distance of the main chain O of S30,y;.
(D) Residues L54; and S56y; are within 4 A of
portions of the B1-p2 loop in GP1, and may
mediate contacts.

Dashed lines represent regions that we did not
build in our model but were included in our
construct.

See also Figures S2, S3, and $4.
Y100c,5

in the W32 4 rotamer, which alters its

P34

A va5

81-82 loop GP1,

side-chain angle by 40° (Figure 5D). This
residue is important for interaction with
the IFL (Figure 4B). By shifting the
ADI-15878 HC toward the adjacent GP
protomer upon binding, W32 4 releases
its association with the HC and assumes
hydrophobic packing within the IFL.
Taken together, it appears that binding-
induced conformational changes are

CDR-H1

S56

D47

pronounced in CDRys, which moved by ~4.8 A.The CDR; also
shifted slightly (~1.2 A).

In the unliganded ADI-15878 structure, W99, is in a different
orientation than when it is bound to GP, and the loop itself shifts
in several places to accommodate this change (Figures 5B and
5C). In the unliganded state, W99,45 is flipped in toward the
interior of the antibody and stacks against R97,3 (Figure 1B).
Upon binding, W99 flips downward by ~120° (Figure 5B).
The released R975 then shifts by ~4.7 lf\, potentially interacting
with a portion of the conserved N563 glycan (Figures 4C and 5C).
The Y100c3 position changes, making more intimate contacts
with hydrophobic residues in the CDR, 3 loop (Figure 5B). Overall,
the root-mean-square deviation (RMSD) between the ADIy and
ADIlg CDRyy3 (aligned on the HC) is 3.97 A (residues 93-100).
This type of large conformational change is highly unusual and
is a unique attribute of ADI-15878. Another structural change
that occurs within ADI-15878 upon binding to GP is a change
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important for releasing W99,; to interact

with HR1 and result in changes in the LC

as well. It should be noted that W99y3 is
participating in a crystal contact in the apo structure (Figure S5),
and therefore some of the conformational differences between
the bound and unbound structures may be explained by crystal
packing artifacts. That being said, the extended conformation of
W99,5 seen in the bound structure is likely not favored in solution
without the stabilizing effects of GP, and it is likely that W99y, is
stabilized by R97y3 in the unliganded state found in solution,
similar to what is seen in the crystal structure.

D953 was also previously shown to be critical for ADI-15878
binding and neutralization, but here we show that this residue
does not make any contacts with GP. D953 points below the
CDRy,3, making contacts with portions of the CDRyy4 (Figure 1A).
Therefore, this residue is likely critical for maintaining the
structural integrity of the CDRy; and sequestering this loop
within the interior of ADI-15878. W99,,; also makes minor con-
tact with the base of the conserved glycan at N563. Despite
this contact, this glycan is likely a steric barrier to binding



A

Figure 5. Comparison of Bound and Un-

CDRL3-GP bound

bound ADI-15878 Paratopes

(A) Comparison of unliganded (light blue/pink) and
GP-bound (dark blue/magenta) ADI-15878 Fv.
Upon binding to GP, ADI-15878 opens up at the
HC/LC interface, with the greatest shift occurring
at CDRys (~4.8 A shift). There is also a slight
change in the position of CDR, 5.

(B) A main-chain conformational change causes
W99, to flip downward by ~120° upon binding to

GP, causing an overall shift in the position of the

CDRys, as well as a change in the rotamer of
Y100cy3, which subsequently mediates interac-
tion with a portion of the IFL and the LC.

(C) The change in CDRy3 conformation upon GP
binding shifts the position of R97ys by 4.7 .5\,
allowing it to contact the glycan at N563.

(D) A slight shift in the CDR| 3 upon binding to GP
changes the position of W32, ; by ~40°, allowing

for hydrophobic interactions with the IFL.

because deglycosylation has been shown to significantly in-
crease ADI-15878 binding to GP (Wec et al., 2017).

DISCUSSION

Here, we have described the molecular basis of viral neutraliza-
tion by the potent human survivor-derived antibody ADI-15878,
which has full pan-ebolavirus activity and has shown protection
in three stringent animal models as a monotherapy (Bornholdt
et al., 2016b; Wec et al., 2017). The basis of our analysis comes
from a comparison of structures of the unliganded antibody and
bound to GP derived from our newly described BDBV GP struc-
ture and the EBOV/Mak variant GP, also hitherto undescribed.
In addition to providing details into the molecular nature of the
interaction between ADI-15878 and GP, our atomic-level de-
scriptions of two new viral GPs enable a better description
of the immunogenic landscape of the ebolavirus genus.
These data improve our ability to evaluate the antibody-based
immune response to filoviral infection and enable engineering
of ADI-15878 for improved pharmacological properties.

Our structures demonstrate that ADI-15878 uses a hydropho-
bic CDRy3 that changes conformation upon binding to GP. The
existence of hydrophobic residues at the apex of CDRy3 loops
has been seen for other antibodies, such as the HIV antibodies
4E10 and b12, which both use a key CDRys tryptophan
residue in their paratopes (Rujas et al., 2015, 2017; Zhou et al.,
2007). These examples indicate a conserved immunological
solution for presenting hydrophobic residues on CDRy3 loops
(Mian et al., 1991), although antibodies necessarily form highly
unique structures to accommodate such a wide range of ligands

See also Figures S4 and S5.

(Regep et al., 2017), highlighting the
20° importance of structural data to assist
therapeutic development. In cases in
which these antibodies suffer from solu-

bility, for example, with the HIV antibody

10ES8, it has been possible to engineer

framework residues to counteract these
issues (Kwon et al., 2016). For ADI-15878, however, hydrophobic
residues are largely sequestered within the paratope before
making contact, possibly enabling greater solubility in the unli-
ganded state and generating higher specificity. Sequestering
hydrophobic CDR loops in the unliganded state may offer a
creative solution for engineering such antibodies for greater
solubility while still retaining high affinity and specificity upon
binding to the cognate antigen.

The IFL and HR1 are seemingly well exposed on the surface of
the GP, similar to other enveloped viruses for which these fea-
tures have been identified as sites of vulnerability for broadly
neutralizing antibodies (Kallewaard et al., 2016; Kong et al.,
2016). Nevertheless, antibodies that target the IFL are isolated
at a low frequency. This is possibly due to the partial sequestra-
tion of the fusion machinery in the GP, decoy antigens unigue to
ebolaviruses such as soluble GP (sGP) (de La Vega et al., 2015;
Pallesen et al., 2016), and the heavily glycosylated and immuno-
genic MLDs and glycan cap, which elicit the largest responses in
patients (Bornholdt et al., 2016b; Flyak et al., 2016; Wec et al.,
2017). The mature version of ADI-15878 is very close to its germ-
line precursor, having undergone very little SHM (Wec et al.,
2017). Due to the acute nature of filoviral infection, extensive
SHM may not be possible, as opposed to viruses that occur
seasonally such as influenza or chronically such as HIV, where
a much greater degree of SHM is noted in the most broadly
neutralizing antibodies (Gray et al., 2011; Klein et al., 2013).
The lack of major SHM and low prevalence of cross-reactive an-
tibodies supports the idea that their generation may be largely
based on the proper LC pairing that enables the targeting of
more difficult to access epitopes.

Cell Reports 24, 2723-2732, September 4, 2018 2729

OPEN

ACCESS
Cell’ress




OPEN

ACCESS
Cell®

Cleaved versions of virus-like particles and GPs have been
proposed as a means of eliciting more cross-reactive responses
(Bornholdt et al., 2016a; Wec et al., 2017; Zhao et al., 2017). Pre-
vious binding and neutralization studies also demonstrated that
cleaved versions of GPs, where the glycan cap and MLDs are
removed, exposing the NPC1 binding patch, make viruses
more susceptible to ADI-15878 neutralization and increase its
binding affinity (Wec et al., 2017). This was also shown for the
IFL-directed antibody CA45, suggesting that cleavage exposes
the IFL differently from native GP (Zhao et al., 2017). The GP un-
dergoes major remodeling throughout the entry process (Lee
and Saphire, 2009; White and Schornberg, 2012), resulting in a
much-reduced cleaved GP (GP¢) structure and the exposure
of the NPC1 binding site (Bornholdt et al., 2016a). Removal of
the bulk of GPs and associated glycans likely allows easier ac-
cess to the ADI-15878 epitope and may also relax some associ-
ation of the IFL with the core of the GP.

ADI-15878 demonstrates excellent cross-reactivity among
ebolaviruses, but it may be difficult to readily engineer cross-
reactivity to the marburgviruses due to several critical
structural and sequence differences (Figures S2 and S4). Our
structures, however, provide a valuable tool for using struc-
ture-based design in silico to generate new starting models,
such as those with increased affinity, that can be subsequently
integrated into an in vitro evolution pipeline (Adolf-Bryfogle
et al., 2018). Such efforts have shown promise for influenza
mAbs, although it seems that increases in specificity result in
diminished cross-reactivity (Wu et al., 2017; Wu and Wilson,
2017, 2018). Future work should be aimed at optimizing
potent antibodies such as ADI-15878 for clinical development.
Structural information is invaluable in navigating this process
and provides a blueprint for engineering immunotherapeutics
with optimal properties.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
ADI-15878 (Bornholdt et al., 2016b); N/A

Mapp Biopharmaceutical
ADI-16061 (Bornholdt et al., 2016b); N/A

Mapp Biopharmaceutical
c13C6 Mapp Biopharmaceutical N/A
BDBV289 (Flyak et al., 2016); J.E. Crowe N/A

Chemicals, Peptides, and Recombinant Proteins

FreeStyle 293 expression medium

ExpiCHO expression medium

Thermo Fisher

Thermo Fisher

Cat no. 12338018
Cat no. A2910001

ExpiCHO feed Thermo Fisher Cat no. A2910002
Opti-MEM Thermo Fisher Cat no. 31985070
EBOV GPAMuc-Makona variant This study N/A

BDBV GPAMuc This study N/A
n-Dodecyl-beta-Maltoside Anatrace Part no. D310S
A8-35 amphipole Anatrace Part no. A835
Deposited Data

ADI-15878 Fab complex with EBOV This paper EMDB; EMD-8935
GPAMuc-Makona variant cryo-EM map

ADI-15878 Fab complex with BDBV This paper EMDB; EMD-8936
GPAMuc variant cryo-EM map

ADI-15878 Fab complex with EBOV This paper PDB; 6DZL
GPAMuc-Makona variant model

ADI-15878 Fab complex with BDBV This paper PDB; 6DZM
GPAMuc model

Unliganded ADI-15878 Fab crystal structure This paper PDB; 6DZN
Experimental Models: Cell Lines

293-FreeStyle Thermo Fisher R79007

ExpiCHO Thermo Fisher A29127
Oligonucleotides

pPPl4 Sequencing primer For: This study N/A
AGCGGCAGAAGAAGATGCAGGCAGC

BGH_Rev Sequencing primer: Eton Bioscience N/A
CCTCGACTGTGCCTTCTA

AbVec Sequencing primer For: This study N/A
AGTCTATAGGCCCACCCCCT

AbVec Sequencing primer Rev: This study N/A
AACCATTATAAGCTGCAATAAACAA

Recombinant DNA

pPPI4-EBOV GPAMuc Makona variant-Ek-ddStrep This study N/A

pPPI4-BDBV GPAMuc-Ek-ddStrep This study N/A
AbVec-ADI-15878 HC Fab This study N/A
AbVec-ADI-16061 HC Fab This study N/A
AbVec-BDBV289 HC Fab This study N/A
AbVec-ADI-15878 LC This study N/A
AbVec-ADI-16061 LC This study N/A
AbVec-BDBV289 LC This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

COoOoT Emsley et al., 2010 http://www2.mrc-Imb.cam.ac.uk/personal/
pemsley/coot

Phenix Adams et al., 2010 https://www.phenix-online.org

HKL2000 Otwinowski and Minor, 1997 http://www.hkl-xray.com/

MotionCor2 Zheng et al., 2017 http://msg.ucsf.edu/em/software/
motioncor2.html

GCTF Zhang, 2016

DoG Picker Voss et al., 2009 http://emg.nysbc.org/redmine/projects/
software/wiki/DoGpicker

Relion 2.0 Scheres, 2012 http://www2.mrc-lmb.cam.ac.uk/relion/
index.php?title=Main_Page

UCSF Chimera Pettersen et al., 2004 https://www.cgl.ucsf.edu/chimera/

Rosetta DiMaio et al., 2015 https://www.rosettacommons.org/

Swiss Modeler

Biasini et al., 2014

https://swissmodel.expasy.org/

Phaser McCoy et al., 2007 http://www.ccp4.ac.uk/html/phaser.html
BUSTER Bricogne et al., 2017 https://www.globalphasing.com/buster/
Refmac5h Murshudov et al., 2011 http://www.ccp4.ac.uk/html/refmac5.html
EMRinger Barad et al., 2015 http://emringer.com

Molprobity Chen et al., 2010 http://molprobity.biochem.duke.edu
PDBcare Litteke and von der Lieth, 2004 www.glycosciences.de/tools/pdb-care/
Privateer Agirre et al., 2015 www.ccp4.ac.uk/html/privateer.html
Other

Titan Krios 300kV electron microscope
Talos Arctica 200kV electron microscope
K2 Summit camera

Vitrobot

Gatan Solarus 950 Plasma system

Thermo Fisher
Thermo Fisher
Gatan
Thermo Fisher
Gatan

https://www.fei.com/
https://www.fei.com/
http://www.gatan.com
https://www.fei.com/
http://www.gatan.com

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Andrew

Ward (andrew@scripps.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Suspension-adapted HEK293F female human embryonic kidney fibroblast cells were obtained from Thermo Fisher and cultured in
FreeStyle 293F serum-free expression media (Thermo Fisher). Cell lines were maintained in a humidified 37°C incubator supplied with

8% COs,. Cell lines were not authenticated following purchase.

METHOD DETAILS

Construct design, expression and protein purification

EBOV/Mak GPAmuc, (including residues 32-311 and 461-640, with residues 312-460 deleted to remove the mucin-like domain) was
synthesized (GenBank: KR534526.1) and subcloned into the expression vector pPPI4. An Igk secretion signal was included on the
N-terminal end of GP. On the C terminus, an enterokinase site was engineered (DDDDK) followed by a small linker (AG) and tandem
strep-tags (WSHPQFEK) separated by a linker (GGGSGGGSGGGS). BDBV GPAmuc (including residues 1-312 and 471-640, with
residues 313-470 deleted to remove the mucin-like domain) was synthesized (GenBank: ALT19772.1) and subcloned into pPPI4, us-
ing the naturally occurring signal peptide on the N terminus. The C terminus was engineered as described for EBOV/Mak. Both GPs
were expressed and purified from HEK293F (FreeStyle) by transient transfection. 1L of HEK293F cells at a density of 0.8-2 x 10°
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cells/mL was transfected using 750 pug of DNA and 2.25 mg of polyethylenimine ‘Max’ (linear, MW 25,000, Polyscience, Inc.) mixed
with 50 mL of Opti-MEM (Thermo Fisher). The solution was sterile filtered using a 50 mL 0.22 um Steriflip sterile disposable vacuum
filter (Millipore) before being added to cells. After 5 days of expression in a shaking incubator at 37°C with 80% humidity and sup-
plemented with 8% CO,, cells were harvested using centrifugation (8,000 x g for 1hr at 4°C) and filtered with a 0.45 um filter (Millipore)
to remove cellular debris. Next, BioLock biotin blocking solution (IBA Biosciences) was added according to the manufacturer’s
instructions and cells were loaded over 5 mL of Strep-Tactin Superflow Plus beads (QIAGEN) that had been incubated in 100 mM
Tris-HCI, pH. 8.0, 150 mM NaCl and 1 mM EDTA (1X Strep Buffer). Beads were washed with 10 mL of 1X Strep Buffer and GP
was eluted using 2.5 mM d-desthiobiotin (Sigma) in 1X Strep Buffer. GP was further purified by size exclusion chromatography
(SEC) using an S200 increase (S200I) column (GE) equilibrated in 150 mM NaCL, 20 mM Tris, pH 7.4 (1X TBS) to separate trimers
and monomers.

ADI-15878 IgG used for cryo-EM studies was kindly provided by Mapp Biopharmaceutical and Fab was generated by optimized
papain digestion. Briefly, |gG was buffer exchanged by dilution to a concentration of 1 mg/mL into 100 mM Tris and 2mM EDTA with
10 mM L-cystein and 4% (w/v) activated papain (Sigma) and allowed to incubate at 37°C for 6 hours. Digestion was stopped with the
addition of 50 mM iodacetamide (Sigma) before digests were placed over a 5-mL Hi-Trap Protein A column (GE) and the flow-through
was collected. Fab was further purified by SEC using an S200i column (GE) in 1X TBS, pH 7.4 For crystallography, ADI-15878 variable
regions from published sequences (GenBank KU602363-64) were synthesized and cloned into the expression vector AbVec,
containing either the human IgG HC constant region or the human kappa LC constant region. Fab was produced by the insertion
of a double stop codon after residue 226 in the HC hinge-region. ADI-15878 Fab was then expressed in ExpiCHO cells (GIBCO/
ThermoFisher Scientific) as per the manufacturer’s “max titer” protocol. Cell supernatant was then passed over a k-Select 5mL
column (GE Healthcare). Fab was eluted using 0.1 M glycine, pH 3.0 and subsequently buffer-exchanged into 20 mM sodium acetate
(NaOAc), pH 5.6. Fab was then loaded onto a MonoS (GE Healthcare) column that had been equilibrated in 20 mM NaOAc, pH 5.6 and
eluted with a gradient of 1M KCI. The appropriate fractions were pooled and further purified by SEC using an S200I column that had
been equilibrated in 1X TBS.

Preparation and crystallization of ADI-15878 Fab

ADI-15878 Fab was screened for crystallization with the Joint Center for Structural Genomics (JCSG) Rigaku CrystalMation system
with the JCSG Core Suites I-IV. Protein at 4.4 mg/ml was mixed 1:1 with precipitants and crystallized using the sitting drop vapor
diffusion method at room temperature and 4°C. After 4 days, crystals were obtained with a precipitant of 0.1 M citric acid pH 5.0,
1 M LiCl and 20% (w/v) polyethylene glycol 6000 grown at 4°C and grew to a maximum size at day 8. Several crystals were harvested
with mother liquor and soaked in 30% ethylene glycol. Data were collected at the Stanford Synchrotron Radiation Light Source
beamline 9-2 and indexed, integrated and scaled using HKL-2000 (Otwinowski and Minor, 1997) to 2.1 A (Table S1). Crystals
belonged to the space group P2; with a single Fab in the asymmetric unit.

X-ray structure determination

The X-ray crystal structure of ADI-15878 Fab was determined using molecular replacement with a homology model generated using
Swiss Modeler (Biasini et al., 2014) and Phaser (McCoy et al., 2007). The structure was refined using BUSTER (Bricogne et al., 2017)
and Refmac5 (Murshudov et al., 2011).

Cryo EM sample preparation

EBOV/Mak GPAmuc was incubated overnight with a 5-fold molar excess of ADI-15878 Fab and a 2-fold molar excess of c13C6
(kindly provided by Mapp Biopharmaceutical). The IgG was included here to add bulk to the complex and to increase the angular
sampling. Complexes were then purified by SEC using an S200! column equilibrated in 1X TBS, pH 7.4. Fractions containing the
desired complex as determined by SDS-PAGE were concentrated to 1mg/mL using a 100-kDa concentrator (Amicon Ultra, Millipore)
and mixed with 0.04% (w/v) A8-35 amphipole immediately prior to freezing. Vitrification was performed with a Vitrobot (FEI) equili-
brated to 4°C and 100% humidity. 3 uL of sample was applied to a CF-1.2/1.3-4C grid (Electron Microscopy Sciences, Protochips,
Inc.) that had been plasma cleaned for 5 s using a mixture of Ar/O, (Gatan Solarus 950 Plasma system), followed by a 3.5 s blot on
both sides of the grid using filter paper (Whattman No. 1).

The BDBV GPAmuc complex was prepared in a similar manner. The complex was prepared and incubated overnight with
BDBV289 Fab (kindly provided by James Crowe, Vanderbilt University), ADI-15878 Fab and ADI-16061 Fab. Both Fabs were
produced from IgG as described above. The Fabs BDBV289 and ADI-16061 were added to increase sample bulk and angular
distribution. After SEC on an S200I column, the complex was concentrated to 3.5 mg/mL and a final concentration of 0.3 mM
n-Dodecyl-beta-Maltoside (DDM) detergent was added to a sample immediately prior to freezing. This complex was vitrified in
the same manner as the EBOV/Mak complex.

Cryo-EM data collection and data processing

Cryo EM data were collected as listed in Table S2. Micrograph movie frames were aligned and dose-weighted using MotionCorr2
(Zheng et al., 2017). Whole micrograph CTF estimation was then completed using GCTF (Zhang, 2016). Particles were initially iden-
tified from aligned micrographs using DoG Picker (Voss et al., 2009). Next, these particles underwent referenc-free, 2D classification
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with candidate images binned by a factor of four in Relion 2.0 (Scheres, 2012). Particles that corresponded to complexes were then
further classified using Relion 3D classification, to generate a final stack of homogeneous particles. Particles were re-extracted
without binning and refined against a 30A low-passed filtered 3D class without symmetry. A second round of 3D classification
with a tight mask was performed to select the most stable class of particles for the final refinement round using C3 symmetry and
a tight mask around just the GP-ADI-15878 portion of the structure. This mask excluded density from ¢13C6 in the EBOV/Mak struc-
ture, as well as the density from BDBV289 and ADI-16061 in the BDBV structure. Resolutions were calculated using soft-edged
masks generated in Relion and reported using the FCS 0.143 gold-standard criterion.

Cryo-EM modeling building and refinement

For building of the EBOV/Mak GPAmuc-ADI-15878 model, a homology model of EBOV GPAmuc was generated using Swiss Model
(Biasini et al., 2014) from a high resolution crystal structure of EBOV/May GPAmuc (PDB 5JQ3) as a template. For building BDBV
GPAmuc-ADI-15878, a homology model was similarly generated using EBOV/May GPAmuc as a template. We used the crystal
structure of ADI-15878 as a starting model for all ADI-15878 Fabs bound to GP. Models were fit into their respective cryo EM density
maps using UCSF Chimera (Pettersen et al., 2004) and initially refined using real-space refinement in Phenix (Adams et al., 2010) with
NCS constraints. This refined model was then used as a template for fragment-based refinement in Rosetta (DiMaio et al., 2015) and
the top five scoring models were chosen for further evaluation. The model that best fit the density, especially at the antibody interface,
was then used for a second round of real-space refinement in Phenix. The model was then corrected manually in Coot (Emsley et al.,
2010) and refined to maximize fit. Glycans were built by placing an idealized Man9 model into glycan densities using UCSF Chimera
and manually adjusting torsion angles to achieve a good agreement between map and model. Sugar moieties without strong corre-
sponding density were deleted. The final model was further refined using Phenix real-space refinement. Final structures were eval-
uated by EMRinger (Barad et al., 2015) and Molprobity (Chen et al., 2010). Glycans were validated using Privateer (Agirre et al., 2015)
and PDBcare (Lutteke and von der Lieth, 2004). All figures were generated in UCSF Chimera (Pettersen et al., 2004).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical models inherent to Relion were employed in image analysis to derive 2D classes and 3D models.

DATA AND SOFTWARE AVAILABILITY

The accession numbers for the structures reported in this paper are PDB: 6DZL (EBOVGPAmMuc-Mak:ADI-15878 Fab), PDB: 6DZM
(BDBVGGPAmMuc:ADI-15878 Fab) and PDB: 6DZN (unliganded ADI-15878 Fab). The accession numbers for the following cryo-EM

maps reported in this paper are EMD: 8935 (EBOVGPAmuc-Mak:ADI-15878 Fab) and EMD: 8936 (BDBVGPAmuc:ADI-15878 Fab)
(see Key Resources Table for details).
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