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Filoviruses are the causative agents of highly lethal outbreaks in
sub-Saharan Africa. Although an experimental vaccine and
several therapeutics are being deployed in the Democratic
Republic of Congo to combat the ongoing Ebola virus
outbreak, these therapies are specific for only one filovirus
species. There is currently significant interest in developing
broadly reactive monoclonal antibodies (mAbs) with utility
against the variety of ebolaviruses that may emerge. Thus far,
the primary target of these mAbs has been the viral spike
glycoprotein (GP). Here we present an overview of GP-targeted
antibodies that exhibit broad reactivity and the structural
characteristics that could confer this cross-reactivity. We also
discuss how these structural features could be leveraged to
design vaccine antigens that elicit cross-reactive antibodies.
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Introduction

Filoviruses cause outbreaks associated with 25-90% human
lethality (Outbreaks Chronology Ebola virus, https://www.
cdc.gov/vhf/ebola/outbreaks/history/chronology.html  and
Outbreak Table Marburg Virus, https://www.cdc.gov/vhf/
marburg/resources/outbreak-table.html). Most outbreaks
occurred in sub-Saharan Africa, although the Reston virus
(RESTV) species of ebolavirus is native to Asia, and several
infected individuals traveled from outbreak zones in Africa
to North America and Europe. Because of their lethality and
potential for weaponization, filoviruses are classified as both
NIAID Category A Priority Pathogens and CDC Category A
Agents of Bioterrorism.

The Filovirus family has three genera: Ebolavirus, Mar-
burgvirus, and Cuevavirus. Although the diseases caused
by these viruses are clinically similar, ebolaviruses repre-
sent the largest global disease burden. Of the six known
Ebolavirus species, four are documented to cause severe
disease in humans, with Ebola virus (EBOV) (previously
known as Zaire ebolavirus) being the most common. The
2014-2016 EBOV outbreak caused over 28 000 infections
and over 11000 deaths [~41% case fatality rate (CFR)]
(2014-2016 Ebola virus outbreak in West Africa, https://
www.cdc.gov/vhf/ebola/history/2014-2016-outbreak/
index.html). Previous EBOV outbreaks have had CFRs of
up to 90% [1]. The second most lethal virus is Sudan virus
(SUDV), which is associated with a ~50% CFR and has
caused at least six outbreaks [2-4]. Bundibugyo virus
(BDBV) has emerged twice with ~25-50% CFR [5,6].
Finally, in 1994 a T'ai forest virus (TAFV) infection was
documented in a single patient, who survived, but this
virus has not reemerged [7]. RESTV is thought to be non-
pathogenic in humans, but infections in nonhuman pri-
mates (NHPs) are lethal [8]. A sixth ebolavirus, Bombali
virus (BOMYV), was recently discovered based on RNA
analysis of free-tailed bats in Sierra Leone [9], although
little is known about its potential to infect humans. A
related genus Marburgovirus includes the species Marburg
virus and Ravn virus, both of which are highly lethal to
humans. Since their discovery in 1967, 13 outbreaks of
marburgvirus infections have occurred, with CFRs rang-
ing from 23% to 90%. The most recent marburgvirus
disease outbreak occurred in October 2017, when 5 indi-
viduals were infected and 3 died (60% CFR) [10].

Filovirus virions exist as long filaments that are coated with
the viral surface glycoprotein termed GP. GP is the only viral
protein expressed on the virus surface and mediates host cell
attachment and entry. In host producer cells, newly tran-
scribed GP is post-translationally processed by furin cleav-
age to yield GP1 and GP2, which remain linked by a single
disulfide bond [11]. GP1 bears the receptor-binding subunit,
whereas GP2 encodes the fusion machinery [12°°,13-15].
Three GP1-GP2 heterodimers associate to form mature GP
trimers on the viral surface [16°°,17,18].

Initial attachment of filoviruses to target cells is thought
to be initiated via interactions between virions and cell
surface lectins [19], membrane phosphatidylserine, or
TIM-1 proteins [20]. Following internalization by macro-
pinocytosis [21-23], the virion enters the endosome.
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During maturation, the endosome acidifies, and host
cathepsins proteolytically process GP to remove the
glycan cap and mucin-like domains from GP1. The
remaining processed GP is termed cleaved GP (GP(y)
[24]. This processing reveals the receptor binding site
(RBS) of the GP protein to allow GPy, to bind domain C
of the host receptor Niemann-Pick C1 (NPC1-C)
[25°,26°%,27]. Through a mechanism that remains unclear,
binding of GP¢y, to NPC1-C promotes fusion between
target cell and viral membranes to facilitate subsequent
entry of the viral genetic material into the target cell
cytoplasm. Considering its surface exposure and critical
role in viral entry, GP is the main target for immunother-
apeutic and vaccine development.

At the C terminus of GP1 lies the glycan cap followed by
the heavily glycosylated mucin-like domain (ML D), both
of which are positioned on the upper/outer regions of the
GP trimer [16°°]. GP2 contains, in sequential order,
an N-terminal peptide (separated from GP1 by furin
cleavage), an internal fusion loop (IFL, consisting of
the IFL50p, IFLgem, and IFLy,,), two heptad repeats
(HR1 and HR2), a membrane proximal external region
(MPER), and a C-terminal transmembrane domain
[17,12°°]. HR1 wraps around the base of the GP1 recep-
tor-binding core, while HR2 creates a ‘stalk’ that connects
the core of GP to the viral membrane [17]. The organiza-
tion of GPs across ebolaviruses is highly similar, and many
portions of the GP are similar between ebolaviruses and
marburgviruses [17,28,29°°,30°]. However, marburgvirus

GPs differ in the presence of a marburgvirus-specific
‘wing’ domain and the likely absence of a well-ordered
glycan cap [30°,31,32].

Monoclonal antibody (mAb) therapies are currently on
the front line of experimental treatments used for filo-
viruses [33,34°°]. Some mAbD therapies have been shown
to confer complete protection to non-human primates
(NHPs), even if administered late in the disease course
[35,36,37°°,38°°,39°]. 'This feature is an important consid-
eration given that the filovirus infection prodrome is
virtually identical to common, co-circulating diseases
such as typhoid fever and malaria [40], and as a result
may be diagnosed later in the discase course. A large
number of other anti-GP neutralizing antibodies have
been isolated from both human survivors and immunized
animals [28,37°°,38°°41°,42°°,43°,44,45,46°°,47-52]. 'The
structures of several of these antibody—GP complexes
have been determined, which has allowed categorization
of the most commonly recognized epitopes on GP
[53°,54°°].

GP antibodies can be grouped into several epitope
classes: the GP1 glycan cap, the head/apex of GPI,
IFL binders in the ‘waist’ region of GP, the HR2 stalk
of GP2, and several linear epitopes within the MLD
(Figure 1) [55]. Each epitope class has at least one
antibody that offers protection in the EBOV mouse
model of infection [37°°,38°°,42°°43° 44 46°°54°°55].
Most of these mAbs are specific for EBOV, and about

Figure 1
Antibody Neutralization Protection Epitope
ADI-15878 | EBSTR | EBSTR | IFL,,, + "isminal
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BDBV223 | EBSTR | EBSTR Stalk FLm Lt e+ L
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Overview of broadly neutralizing ebolavirus antibodies.

Columns are described from left to right. Listed antibodies are shown according to their originally published name. Neutralization and protection
columns display neutralization/protection capacity against the five ebolavirus species (E: EBOV, B: BDBV, S: SUDV, T: TAFV, R: RESTV). Green
indicates >70% neutralization/protection, yellow indicates >40%, red indicates <40%. White indicates that the neutralization/protection activity
toward these species is not known. All protection data were from BALB/c mice experiments unless otherwise indicated. The Epitope column
shows the multiple epitopes recognized by the antibody colored according to scheme shown on the crystal structure (right, PDB: 5JQ3). The
colors indicate the location of key structural features on GP, and not the footprints of each antibody. The glycan cap, cathepsin cleavage loop,

and N-terminal tail present in the crystal structure are not shown for clarity.

"CA45=EBOV and SUDV: guinea pigs. BDBV results only published as cocktail.

2EBOV-520 = EBOV: BALB/c mice, SUDV: guinea pigs, BDBV: ferrets.
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45% cross-react to only one other filovirus, typically
another member of the ebolavirus genus [34°°]. A rare
few neutralize several of the ebolaviruses. No mAbs are
known that can neutralize all the filoviruses, ebola-
viruses, and marburgviruses alike, in their natural,
unprocessed forms. Since timing, location, and causative
virus of any new outbreak are each nearly impossible to
predict, antibody therapeutics that are broadly cross-
reactive are needed. This review focuses on six currently
known antibodies which broadly cross-react among the
ebolaviruses: ADI-15946, ADI-15878 [54°°], EBOV-520
[56°°], BDBV223 [57], CA45 [42°°], and 6D6 [46°°] and
discusses the structural features that may confer this
broad cross-reactivity.

Antibodies

Four of the six broadly cross-reactive antibodies (ADI-
15946, ADI-15878, EBOV-520, and BDBV223) were iso-
lated from human survivors of ebolavirus disease
[54°°,56°°,57]. Among these, BDBV223 was isolated from
a survivor of Bundibugyo virus infection in 2007, and the
other three were from survivors of EBOV infection in the
2014-2016 outbreak (ADI-15946, ADI-15878, and
EBOV-520). Meanwhile, antibodies CA45 and 6D6 origi-
nated from an immunized non-human primate [42°°] and
mouse [46°°], respectively.

Notably, five of the six cross-reactive antibodies recognize
epitopes that include at least part of the IFL (Figure 1).
This feature was perhaps not surprising given the high
sequence conservation of the IFL among ebolavirus GPs:
63% sequence identity within the IFL. compared to 41%
identity for the overall GP. These epitopes involving the
IFL span horizontally across a central portion of the GP
molecule, termed the ‘waist’, and have somewhat distinct
footprints, termed positions A—C (Figure 2) [29°°]. The site
located on the corner of GP that lies at the intersection of
sites A and C typically promotes elicitation of more strain-
specific antibodies [17,28,38°°].

Among the six broadly cross-reactive antibodies, 6D6 and
ADI-15878 have the broadest neutralization activity.
Both target the IFL,,,, (Position A) along the GP waist.
The crystal structure of ADI-15878 in complex with
EBOV GP revealed that this antibody binds a hydropho-
bic pocket that is normally hidden beneath the N-termi-
nal tail of GP2 [29°°]. The CDRs H3 and H2 of ADI-
15878 reach underneath an N-linked glycan at N563
[29°°] and into the pocket where W99 of CDR H3 and
.54 of CDR H2 form close hydrophobic contacts. The
binding of ADI-15878 into this cryptic N-terminal pocket
rather than on top of the GP2 N-terminal tail that typi-
cally covers the pocket is likely critical to the broad
reactivity since the amino acid sequence of the pocket
is highly conserved, whereas the N-terminal tail sequence
is highly divergent.

6D6, imaged by electron microscopy in complex with EBOV
GP, has a similar footprint to ADI-15878 and identical pan-
ebolavirus cross-reactivity. Although the currently available
structure does not have sufficient resolution to determine
precise amino acid contacts, the similar footprint and reac-
tivity suggest that 6D6 likely also binds into the conserved
N-terminal pocket and avoids the non-conserved N-termi-
nal tail [58°°]. The 6D6 epitope includes most of the IFL,,
and likely engages more of the IFL,,, than does ADI-15878
[58°°]. The IFLj,,, and the N-terminal pocket in site A are
60 and 86% identical (28 and 14% similar) across the ebo-
lavirus genus.

CAA45 was previously categorized as a fusion loop binder,
although the structure reveals that it engages neither the
loop portion of the IFL. assembly nor the N-terminal
pocket [59°°]. Instead, the majority of the CA45 epitope
lies in the IFL ., region (site B) (Figure 2), which has a
lower degree of sequence conservation compared to the
fusion peptide, but still has 68% sequence identity (86%
similarity) across ebolaviruses. CA45 also binds beneath
the IF L. of the GP fusion loop into a site referred to as
the ‘DFF’ cavity formed by D192, F193 and F194
[59°°,60]. The DFF cavity lies at the interface between
GP1 and GP2 in the vicinity of the lower attachment site
of the cathepsin cleavage loop, which was previously
identified as a binding site for toremifene [60] and other
small molecule inhibitors [61]. The CA45 epitope com-
prises equal parts of GP1 and GP2 (~50% buried molec-
ular surface each subunit). The antibody residue that lies
deepest in the cavity is F100a, which interacts via Van der
Waals forces with the eleven hydrophobic side chains (six
from GP2 and five from GP1) lining the pocket and a
w-stacking interaction with GP2 residue Y517. This key
F100a side chain is positioned almost precisely where the
phenyl ring of toremifene is located in the drug-GP
complex structure [60]. Although the mechanism of
6D6-mediated neutralization is unclear, the targeting of
the DFF cavity by both antibodies and small molecules
highlights the vulnerability of this GP epitope.

Isolated from the same survivor as ADI-15878, ADI-
15946 neutralizes at least three of the ebolaviruses and
binds the IFL,.,, between the fusion loop and the base,
at a third major site on the GP waist, site C (Figure 2).
ADI-15946 is unique among the other cross-reactive
antibodies for which high resolution structures are avail-
able in that it binds into another conserved feature
termed the 3y pocket, which is normally occupied by
the B17-B18 loop of the GP1 glycan cap. ADI-15946
appears to outcompete the glycan cap as it also binds to
uncleaved GP that retains the glycan cap and neutralizes
virions bearing uncleaved GP. ADI-15946 has enhanced
neutralization activity in the rVSV-EBOV system [54°°]
when the glycan cap is removed by cleavage or when the
glycan cap is repositioned following binding of an anti-
body that targets the B17-18 loop termed FVMO09 [62].

Current Opinion in Virology 2019, 34:140-148
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Figure 2
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Antibody footprints.

(a) Footprints of cross-reactive antibodies overlaid on the surface of EBOV GP (PDB: 5JQ3 [60]) and colored according to the table inset. (b)
Organization of the epitope continuum on the GP ‘waist’. (c) Relative locations of the GP2 N-terminal tail, the fusion peptide, and the IFLgtem
within the GP waist. (d) Sequence alignment of ebolavirus GPs along the IFL. Epitopes of the individual antibodies (within the IFL) are highlighted
according to their respective color in (a). This chart illustrates contact residues only within the IFL and does not include contact residues in GP1 or
other sections of GP2. The percentage of sequence conservation was calculated over the entire indicated epitope and the value in parentheses

represents the percentage of sequence similarity.

EBOV-520 has a similar footprint to ADI-15946 [56°°] ad
also neutralizes both EBOV and BDBV. However, only
EBOV-520 fully neutralizes SUDV (ADI-15946 weakly
neutralizes SUDV), underscoring the relative variability
of this epitope. A high-resolution structure of EBOV-520
is needed to illuminate the mechanisms by which binding

at site C affords its greater neutralization potency toward
SUDV.

Another epitope associated with cross-reactivity is the GP
stalk/MPER. This region is highly conserved (72%

identical, 92% similar) across ebolaviruses, and several
neutralizing/protective antibodies have been raised that
target this epitope. Also, this region appears to contain the
only known linear epitope that is targeted by a cross-
reactive antibody. The structure of the human survivor
antibody BDBV223 in complex with BDBV GP has been
determined by both negative stain EM and crystallogra-
phy [57,63, King ez a/., unpublished]. BDBV223 targets a
site that lies beneath the glycan linked to N618 and
engages the GP stalk through several hydrogen bonds
and a salt bridge to GP D624. SUDV bears a D624N

www.sciencedirect.com
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substitution, and insertion of a D624N point mutation
into the BDBV GP stalk abrogates BDBV223 binding
[63]. The affinity afforded by the formation of a salt
bridge between the antibody and the aspartic acid side
chain in GP may be critical for neutralization. Comparison
of the crystal structure of the Fab-epitope complex to the
unbound (apo) Fab alone reveals that each heavy chain
CDR of BDBV223 rearranges to bind the GP stalk
through an induced fit mechanism (King e7 «/., unpub-
lished). The crystal structure also showed that BDBV223
binds only a single stalk at a time and that its mode of
binding, in which CDR H3 wraps about the helical stalk,
precludes formation of the close trimeric assembly
observed for the unbound EBOV stalk [25°,29°°,59°°,60].
Thus, BDBV223 binding appears to be incompatible with
a compact trimeric stalk assembly. Moreover, binding of
BDBV223 is incompatible with the proposed position of
the GP spike in the viral membrane based on cryo-
electron microscopy. Lifting or bending of the GP relative
to the viral membrane may thus be required for BDBV223
anchoring, and antibody binding could stabilize an alter-
nate conformation of the GP spike.

Although these antibodies are broadly cross-reactive with
ebolaviruses, their activity does not extend to marburg-
viruses. Marburgvirus GPs are significantly divergent
from ebolavirus GPs and share only ~30% sequence
identity. Further, antibodies that neutralize marburgvirus
infection target epitopes that are either unique to mar-
burgvirus or are more exposed in marburgvirus compared
to ebolavirus. Indeed, some neutralizing antibodies target
a ‘wing’ epitope in GP2 that only exists in marburgviruses
due to the distinct location of the furin cleavage site in
marburgvirus relative to the ebolaviruses that results in
the inclusion of 65 residues in the marburgvirus GP2 N-
terminus. The most potent neutralizing antibodies
against marburgviruses target the receptor binding site
in GP, a site that appears to be exposed to immune
surveillance in marburgvirus infection but not ebolavirus
infection. Analysis of sera from a human survivor of
marburgvirus infection revealed an abundance of anti-
bodies against the receptor-binding site [64], whereas
such antibodies are exceedingly rare in survivors of natu-
ral ebolavirus infection. Further, crystal structures of
EBOV and Ravn GPs show that while the glycan cap
domain in EBOV is ordered and covers the receptor
binding site [17,28], in marburgvirus the corresponding
regions are disordered and do not mask the receptor-
binding site [30°].

Mechanism of neutralization

Filovirus GPs mediate receptor binding and conforma-
tional changes that drive fusion of target cell and virus
membranes. Formation of GP¢y, following processing by
cathepsin enzymes in the infected cell facilitates receptor
binding by the ebolaviruses and may also promote con-
formational changes in GP and membrane fusion.

Antibodies that mechanically interfere with virus entry
may block any of these steps. Those antibodies that target
the NPC1-C binding site, such as the panel elicited
against marburgvirus, directly block receptor binding
[30°,64]. Curiously, the ebolavirus cross-reactive antibody
EBOV-520 also blocks receptor binding, yet binds to the
side of the GP assembly, not into the receptor-binding
trough or in a manner that would sterically interfere with
NPC-1 binding [56°°]. Determination of a high-resolution
structure of EBOV-520 in complex with GP would illu-
minate its mechanism of neutralization.

The ebolavirus cross-reactive antibody CA45 binds in the
location of the cathepsin cleavage loop, in site B of the GP
waist. CA45, as well as ADI-15946 (site C) and ADI-15878
(site A) similarly interfere with cathepsin cleavage
[54°°,56°°,42°°,58°°,63], but do not directly bind to the
expected cleavage site [29°°].

Antibodies against different regions of the IFL may
interfere with conformational changes associated with
membrane fusion itself. Antibodies 6D6 and ADI-
15878 that bind the hydrophobic IFL,,., bridge the
IFL to the rest of the GP core and likely prevent its
separation from the GP complex and subsequent pene-
tration into the target cell membrane. Antibodies against
the IFL stem and base (site B (CA45) and site C (ADI-
15946 and EBOV-520)) may function similarly. Although
structures of filovirus GP in its prefusion and postfusion
conformations are available [14,15], little is understood
about the triggers and refolding pathways associated with
this conformational change. Thus, the precise mecha-
nisms by which antibodies interfere with membrane
fusion await further elucidation.

Vaccine importance

In addition to developing broadly protective therapeu-
tics, designing a broadly protective vaccine is a top
priority. Although the rVSV-EBOV vaccine appears to
be effective against EBOV [65], whether this vaccine
will also offer protection against other known ebola-
viruses or variants is unclear. A population of antibodies
elicited by this vaccine may be cross-reactive, as was
seen for several human antibodies such as ADI-15878
and ADI-15946 that were elicited in Americans infected
with Ebola virus and who were presumably filovirus
naive before being infected while caring for patients
during the 2014-2016 outbreak. The majority of the
antibody response to the EBOV vaccines currently
deployed, however, is thought to be EBOV-specific.

No vaccines are yet approved for SUDV, BDBV or other
ebolaviruses. [lluminating where the desired broadly reac-
tive antibodies anchor illustrates sites that could be
enhanced in future immunogens in order to improve the
breadth of activity. First, the epitope of ADI-15878 (and
potentially 6D6) demonstrates that avoidance of the GP2

Current Opinion in Virology 2019, 34:140-148
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N-terminal peptide and engagement of the N-terminal
pocket is desirable for achieving broad cross-reactivity.
Antibodies such as ADI-15878 may not be difficult to elicit
by immunization as evidenced by the only 6% divergence
in the heavy chain variable domain of ADI-15878 compared
to its germline precursor [54°°]. Improved antigen design,
such as an antigen that has a more flexible (or absent) N-
terminal tail may further promote elicitation of this class of

Figure 3

antibodies (Figure 3a—c). Second, ADI-15946 and EBOV-
520 illustrate that the 3;(-pocket is another site of vulnera-
bility that is normally occupied by the 1718 loop of the
glycan cap. Designing an uncleaved ebolavirus GP with a
non-binding or absent 317—B18 loop (or more simply using
GP(y1) as an antigen may be effective in raising this class of
antibodies (Figure 3d—f). Finally, CA45 can access the DFF
cavity that is normally occupied by the cathepsin cleavage

DFF Cavity

Cathepsin Cleavage Loop

CA45 CDR H3

Current Opinion in Virology

Cryptic epitopes engaged by ADI-15946, ADI-15878, and CA45.

(a) The N-terminal pocket (red) is shown on the surface of EBOV GP (PDB: 5JQ3 [60]) with the N-terminal tail removed. (b) The N-terminal tail
engages the highly conserved N-terminal pocket directly through 1504 and D506, likely impeding recognition by the immune system. (c) ADI-15878
engages the N-terminal pocket through heavy chain CDRs 1-3, most importantly with W103. (d) The 34o-pocket (blue) is shown with the 17-318
loop removed. (e) The B17-18 loop engages the 340-pocket primarily through two hydrophobic-aromatic residues (F290 and W291). (f) ADI-
15946 engages this pocket through CDR-H3, with three hydrophobic residues (W110, L111, and L112) localized in the binding pocket. (g) The
DFF cavity targeted by CA45 is shown in cyan. This pocket is bound by the cathepsin cleavage loop (h) in apo-GP. CDR H3 of CA45 binds into
this pocket (i) with F100a appearing to bind similarly to F194 of the cathepsin cleavage loop.
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loop (Figure 3g—1). This interaction is facilitated by F100a
of the CA45 CDR H3 that appears to occupy a similar
binding conformation as F194 of the cleavage loop [59°°].
Removal of the cathepsin cleavage loop may, therefore, be
one approach for creating an immunogen that favors pro-
duction of such antibodies. Of course, combining these
strategies into a single antigen may help to elicit these types
of broadly neutralizing antibodies from a single vaccine
immunogen.

Conclusions

Development of vaccines and therapeutics with broad
activity against ebolaviruses and marburgviruses is a
major goal of public health efforts. First-generation anti-
body therapeutics and vaccines are EBOV-specific
[37°°,38°°,39%,65,66], but were created before these
cross-reactive antibodies were identified and these poten-
tial new vaccination strategies were revealed. Important
next steps in the field will be use of these broadly reactive
antibodies as therapeutics and as design templates to
develop broadly protective vaccines.
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