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Antibody-based therapies are a promising treatment option for
managing ebolavirus infections. Several Ebola virus (EBOV)-specific
and, more recently, pan-ebolavirus antibody cocktails have been
described. Here, we report the development and assessment of a
Sudan virus (SUDV)-specific antibody cocktail. We produced a panel
of SUDV glycoprotein (GP)-specific human chimeric monoclonal
antibodies (mAbs) using both plant and mammalian expression
systems and completed head-to-head in vitro and in vivo evalua-
tions. Neutralizing activity, competitive binding groups, and epitope
specificity of SUDV mAbs were defined before assessing protective
efficacy of individual mAbs using a mouse model of SUDV infection.
Of the mAbs tested, GP base-binding mAbs were more potent
neutralizers and more protective than glycan cap- or mucin-like
domain-binding mAbs. No significant difference was observed
between plant and mammalian mAbs in any of our in vitro or
in vivo evaluations. Based on in vitro and rodent testing, a
combination of two SUDV-specific mAbs, one base binding (16F6)
and one glycan cap binding (X10H2), was down-selected for
assessment in a macaque model of SUDV infection. This cocktail,
RIID F6-H2, provided protection from SUDV infection in rhesus ma-
caques when administered at 50 mg/kg on days 4 and 6 postinfec-
tion. RIID F6-H2 is an effective postexposure SUDV therapy and
provides a potential treatment option for managing human SUDV
infection.
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he 2013-2016 Ebola virus (EBOV) epidemic in western

Africa and the ongoing outbreak in the Democratic Republic
of the Congo clearly illustrates the devastating impact ebolavi-
ruses can have on human health. The Ebolavirus genus, of the
Filoviridae family, consists of six antigenically distinct species:
Zaire ebolavirus (type member Ebola virus), Sudan ebolavirus
(Sudan virus [SUDV]), Bundibugyo ebolavirus (Bundibugyo vi-
rus), Tai Forest ebolavirus, Reston ebolavirus (1), and the recently
discovered Bombali ebolavirus (2). Although EBOV was the
causative agent of the 2013-2016 outbreak that developed into
the largest ebolavirus epidemic in recorded history (3), a related
but antigenically divergent virus, SUDV, also presents a signifi-
cant health threat. Since its discovery in 1976, SUDV has caused
eight confirmed outbreaks in equatorial Africa and infected 779
people, 412 of whom died (4).

Currently, no US Food and Drug Administration (FDA) ap-
proved countermeasures for ebolaviruses exist, although several
vaccines and therapeutics are in advanced stages of development
(5-10). Until recently, postexposure antibody immunotherapy
for the treatment of ebolavirus disease (EVD) was largely ignored
due to several failed attempts to protect nonhuman primates
(NHPs) from EBOV challenge (11, 12). Dye et al. (13) were the
first to report protection of macaques from EBOV infection using
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antibody-based immunotherapies. Subsequently, several indepen-
dent groups reported the postexposure efficacy of monoclonal
antibody (mAb)-based immunotherapies against EVD in ma-
caques when administered as mixtures of two or more mAbs (14-17).
These landmark studies demonstrated that combination mAb-
based immunotherapies are a viable treatment option for EVD
and spurred therapeutic antibody development for filoviruses.
ZMapp, a cocktail of three EBOV glycoprotein (GP)-specific

Significance

Ebolaviruses pose a significant threat to the global community,
particularly in areas of equatorial and West Africa. While Ebola
virus has caused the greatest number of human cases, Sudan
virus is responsible for numerous outbreaks with equally lethal
consequences. Antibody-based immunotherapies against ebo-
laviruses have gained prominence in recent years, resulting
in the development of several Ebola virus-specific antibody
cocktails, yet no Sudan virus-specific cocktails exist. In collab-
oration with industry partners, we generated a library of hu-
man chimeric monoclonal antibodies (mAbs) specific for the
glycoprotein of Sudan virus. Through a series of in vitro assays
and rodent efficacy studies, we down-selected a lead mAb
cocktail that demonstrated protective efficacy in a nonhuman
primate model of Sudan virus infection.
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mAbs, was the only therapy tested in a randomized controlled trial
during the West Africa outbreak where it showed strong evidence of
efficacy prior to the trial ending prematurely, due to lack of new
cases and the end of the outbreak (6, 18). ZMapp and two addi-
tional mAb products, mAbl114 (19) and REGN-EB3 (20), are
currently being evaluated in a randomized trial being conducted in
response to the current EBOV outbreak in the Democratic Re-
public of the Congo. Preliminary reports from this trial indicate that
mAb treatment significantly reduces mortality rates relative to un-
treated individuals (21). While these are promising developments,
the efficacy of these three products are limited to EBOV alone,
leaving the public health sector with no approved treatment options
for other ebolaviruses known to cause disease in humans, including
SUDV. In fact, few SUDV therapies have been developed thus far.
Thi et al. (22) reported the in vivo efficacy of lipid encapsulated
siRNA targeting SUDV VP35 in rhesus macaques when treatment
was initiated as late as day 4 postexposure. In addition, favipiravir
was reported to provide protection against SUDV exposure in a
guinea pig model of disease when delivered as late as day 5 post-
exposure (23). Finally, recent advancements in antibody discovery
technologies (24) and refined screening methods have recently
yielded several cross-reactive mAbs and the development of pan-
ebolavirus (25, 26) and pan-filovirus (27) cocktails with broad-
spectrum activity against multiple filovirus species.

A number of large-scale antibody manufacturing methods are
available, chief among them being mammalian cell-based expression
systems (28). With the introduction of transgenic plants capable of
glycosylating with mammalian N-glycans, and recent advancements
in plant expression technology, plant-based manufacturing has the
potential to become an alternative manufacturing system (29, 30).
EBOV-specific mAb material, utilized in studies referenced
above, was derived from various sources, including plants and
mammalian cells. Pros and cons of each production method are
still a topic of debate, but deliberations typically focus on aspects
of regulatory affairs, safety, scalability, or immunogenicity, and
rarely on antibody performance. Previously reported evaluations
of EBOV antibody therapies employed mAbs produced using
disparate platforms, including hybridoma, mammalian cell and
plant production, making direct comparisons challenging.

Here, we describe the development of a protective SUDV-specific
mAb cocktail while directly comparing plant- and mammalian-
produced mAbs.

Results

Chimerization and Production of SUDV-Specific mAbs. To develop
SUDV-specific mAbs with the potential for human use, we lev-
eraged two existing libraries of antibodies specific for SUDV GP.
The first library consisted of monoclonal antibodies derived from
BALB/c mice immunized with Venezuelan equine encephalitis
virus replicon particle (VRP) vaccine expressing SUDV-Boniface
(SUDV-Bon) GP, as described previously (31). The second library
was comprised of novel single chain variable fragment (scFv) an-
tibodies isolated from macaques immunized with VRP vaccine
expressing SUDV-Bon GP (32). We generated human IgG; chi-
meric mAbs by cloning variable heavy (Vy) and variable light (Vy)
chains from murine and macaque antibodies into human IgG,
constant heavy and constant light chain expression vectors (S/
Appendix, Fig. S1). Nucleotide sequences encoding each chimeric
mAb were codon optimized for expression in either Nicotiana
benthamiana plants or mammalian NSO cells. Human IgG, chi-
meric heavy and light chains were coexpressed either transiently in
plants or stably in mammalian cells, and IgGs were purified using
protein A affinity resin. The binding specificity of each humanized
mADb was evaluated using ELISA plates coated with recombinant
vesicular stomatitis virus (rVSV) expressing SUDV-Bon GP
(rVSV-SUDV GP) (Fig. 14). Overall, binding profiles of plant-
and mammalian-derived mAbs were equivalent with the exception
of 17F6 where plant 17F6 bound more" efficiently at lower
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concentration with a slightly higher total area under the curve
(AUC), though not statistically significant. We also evaluated
cross-reactivity of each mAb against recombinant EBOV GP or
Bundibugyo virus (BDBV) GP in a biolayer interferometry (BLI)
assay using the Octet platform and none of the mAbs were re-
active against either ebolavirus GP (SI Appendix, Fig. S2).

In Vitro Characterization of SUDV-Specific mAbs. Next, we deter-
mined affinities of each mAb to recombinant SUDV GP using
the Octet platform. Biosensors loaded with chimeric mAbs were
dipped into assay buffer containing serially diluted recombinant
SUDV GP. SUDV GP association and dissociation was deter-
mined and Kp was calculated using the ForteBio data analysis
software. X10B1 demonstrated low nanomolar affinity for SUDV-
Bon GP, the lowest Kp of all of the antibodies tested, and had a
particularly slow off rate (Fig. 1B). mAbs 17F6 and 16F6 had the
next lowest Kp, with the most rapid on rates, but also the most
rapid off rates. The remaining antibodies, X10H2, X10B6, and
X10F3, demonstrated high nanomolar affinities with the slowest
on rates. Affinity of each mAb for SUDV-Gulu GP was also
evaluated and each mAb had equivalent or lower K, for SUDV-
Gulu GP relative to SUDV-Bon GP (SI Appendix, Table S1).

Competition groups for the panel of SUDV-specific mAbs were
defined using the Octet platform and competitive ELISA. For BLI
assays, biosensors loaded with recombinant SUDV GP were first
dipped into assay buffer containing indicated binning mAb or assay
buffer alone and binning mAb association was allowed to reach
saturation. Biosensors were then dipped into assay buffer con-
taining a mixture of the binning mAb and indicated second mAb.
Data were normalized to the starting time point of the second
association step. Association of the second mAb, in the presence of
saturation binning mAb, was compared to binding activity of the
second mAb alone (Fig. 24). AUC for each binning mAb plus
second mAb condition was compared to the AUC for each second
mAD alone and reported as the percent of the second mAb alone
(Fig. 2B). Two competition groups were identified by BLI analysis,
mAbs competing with 16F6 and mAbs competing with X10H2.
mAbs 16F6 and X10B1 significantly inhibited binding of one an-
other, though somewhat directionally with residual 16F6 binding
in the presence of X10B1 (Fig. 2). X10H2, X10B6, and X10F3
competed with each other, also somewhat directionally and in
correlation with antibody affinity (Fig. 2). mAb 17F6 was found to
compete only directionally with X10B6 and X10F3 (Fig. 2).
These results were confirmed by competitive ELISA, in which
chimeric mAbs were incubated with SUDV GP-coated plates
prior to the addition of the murine version of each mAb. Binding
of murine mAb alone was compared to observed binding levels in
the presence of the chimeric mAbs (SI Appendix, Fig. S3).

We then attempted to determine binding footprints for each
SUDV-specific mAb. The binding epitope for 16F6 was previ-
ously determined by X-ray crystallography to be located at the
base of the GP trimer, overlapping GP1 and GP2 (24). Based on
our competition data, we assigned both 16F6 and X10B1 as GP
base binders. We employed SPOT membranes coated with 13-
amino acid-long (13 mer) linear peptides of SUDV GP from
Boniface and Gulu isolates to identify mAbs with linear epi-
tope specificity. 17F6 was the only mAbD that recognized a linear
epitope, a mucin-like domain (MLD) amino acid sequence
353LH(V/IT)PEGETT361 (SI Appendix, Fig. S4). To map the
binding site of X10H2 and competing antibodies, we selected
viral escape variants from antibody neutralization by serially
passaging rVSV-SUDV GP in the presence of X10H2 until re-
sistance to neutralization was observed. Following passage four,
the viral population was plaque purified and sequenced to identify
the mutations in SUDV GP that engender viral neutralization
escape. We identified a single mutation in eight of eight clones
sequenced, substitution of glutamine (Q) with lysine (K) at a res-
idue located in the glycan cap of GP (Fig. 34). Consistent with
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Fig. 1. Antigen specificity and affinity of humanized SUDV-specific mAbs. (A) Mammalian-derived (blue) and plant-derived (green) mAbs were serially di-
luted and added to plates coated with rVSV-SUDV-Bon GP. Following incubation with anti-human IgG-HRP, ABTS substrate was added, and absorbance was
measured. Embedded table reports the total AUC calculated for each mAb. Data points represent the mean + SEM of two replicate assays, each having two
technical replicates. (B) Antibody affinities for recombinant SUDV-Bon GP were determined using bilayer interferometry on the Octet platform. AHC bio-
sensors coated with plant or mammalian mAbs were sequentially dipped into assay buffer containing recombinant SUDV-Bon GP to measure GP on rate (ko),
then into assay buffer alone to measure GP off rate (ko). Affinity (Kp) was calculated using ForteBio data analysis software. Data represent the mean of two
replicate assays, each having two technical replicates.
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Fig. 2. Competitive binding of humanized SUDV-specific mAbs. (4) Competitive binding of individual mAbs was determined using bilayer interferometry on
the Octet platform. HIS1K biosensors coated with recombinant SUDV GP were sequentially dipped into assay buffer alone or assay buffer containing the
binning mAb, then into assay buffer containing the binning mAb and a second mAb. Association of the second mAb in the presence of saturating amounts of
the binning mAb was compared to association of the second mAb alone. Data presented are from a single assay that is representative of three replicate
assays, each having two technical replicates. (B) AUC was determined for all second mAb binding curves. AUC for second mAb in the presence of the binning
mAb was normalized to the AUC for the second mAb alone. Data are reported as the percent of second mAb alone AUC.
other glycan cap binding antibodies, X10H2 was unable to  16F6 epitope, located near the base of the GP trimer, are colored
neutralize cleaved SUDV GP, further corroborating glycan cap  purple and are presumed to overlap or be in close proximity to
binding specificity of X10H2 and competing mAbs X10F3 and  residues of the X10B1 epitope. The residue critical for X10H2
X10B6 (Fig. 34). The SUDV GP structure with defined struc-  neutralization, is colored red with a 10A zone around the residue
tural elements is depicted in Fig. 3B. Amino acid residues of the  colored yellow to approximate the outline of the putative epitope.
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Fig. 3. In vitro characterization of SUDV-specific mAbs. (A) rVSV-SUDV GP escape mutants to X10H2 were selected by growing the virus in the presence of
1Coo concentrations of X10H2. Escape variants were then sequenced to identify GP mutations. Neutralizing activity of X10H2, X10B6, and X10F3 against wild-
type rVSV-SUDV GP (GPyyt) and escape mutant rVSV-SUDV GP (GP,,,) was evaluated. Neutralizing activity of X10H2 against cleaved rVSV-SUDV GP (GP() was
also evaluated. Data points represent the mean + SEM of two replicate assays, each having two technical replicates. (B) SUDV GP structure with labeled
subunits, functional elements, and known antibody epitopes. (C) Neutralizing activity of plant (p, dotted line) and mammalian (m, solid line) mAbs were
evaluated by microneutralization assay. Serially diluted mAbs were mixed with SUDV prior to adding to Vero cells at an MOI of 0.5. Cells were fixed 48 h after
infection and immunostained with SUDV-specific antibody and fluorescently labeled secondary antibody. Cells were imaged and the percent of infected cells
was determined using an Operetta and Harmonia Software. Data are presented as percent inhibition relative to untreated, infected control cells and rep-
resent the mean + SEM of two replicate assays, each having two technical replicates.

The binding residues for X10H2 and the two competing mAbs,
X10F3 and X10B6, are likely to be located within the 10A zone.

Neutralizing activity of each mAb against authentic SUDV-
Bon was evaluated using a microneutralization assay (26). An-
tibodies 16F6 and X10B1 were the most potent neutralizers of
SUDV-Bon with subnanomolar (nM) half-maximal inhibitory
concentrations (ICsy) (Fig. 3C). Competing antibodies X10H2,
X10F3, and X10B6 were all weak neutralizers with comparable
ICs values between 32 and 67 nM (Fig. 3C). Antibody 17F6
failed to neutralize SUDV-Bon at the highest concentration
(~70 nM) tested (Fig. 3C). No significant difference in neutralizing
activity was observed between plant-derived and mammalian-
derived mAbs.

Protective Efficacy of SUDV-Specific mAbs in Mice. To evaluate the
protective efficacy of SUDV-specific mAbs, we used the IFN-
alpha/beta receptor knockout (IFNAR™~) mouse model of SUDV
infection (33). We first compared the efficacy of plant- and
mammalian-derived mAbs using 5- to 8-wk-old IFNAR ™~ mice,
for which the primary metric of protection is reduced weight loss
following SUDV-Bon challenge. Here, groups (n = 10) of age-
matched IFNAR ™ mice were freated intraperitoneally (IP.) with
200 pg of plant- or mammalian-derived mAbs on days 1 and 4
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postexposure to 1,000 plaque forming units (pfu) of SUDV-Bon
via L.P. inoculation, and weight loss was monitored. Base binding
mAbs 16F6 and X10B1 reduced weight loss relative to vehicle
control animals with 16F6 performing slightly better than X10B1
(Fig. 44). Mucin domain binding mAb 17F6 afforded no pro-
tective benefit against SUDV-Bon challenge and was dropped
from further consideration (Fig. 4B). Of the glycan cap binding
mAbs, X10H2 appeared to be the most protective, followed by
X10F3, then X10B6 (Fig. 4B). In all cases, no significant differ-
ence in weight loss was observed between mice treated with plant-
or mammalian-derived mAbs.

We next focused on down-selecting lead mAb candidates from
the base binding and glycan cap binding groups. For these
studies, we used 4-wk-old IFNAR ™~ mice, which is a lethal model
of disease. As before, groups (n = 10 to 20) of IFNAR ™™ mice
were treated with 200 pg of mAbs on days 1 and 4 postexposure to
1,000 pfu of SUDV-Bon, and weight loss and survival were mon-
itored. In this model, base binders 16F6 and X10B1 significantly
(P = 0.0007 and 0.0147, respectively) reduced weight loss relative
to vehicle control-treated mice (Fig. 4C) and provided 90 to 100%
protection (P < 0.001) (Fig. 4D). Glycan cap binding mAbs
X10H2, X10F3, and X10B6 also provided 90 to 100% protection
(P < 0.01) (Fig. 4D) and X10H2 and X10F3 limited weight loss
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Fig. 4. Invivo efficacy of SUDV-specific mAbs in rodent model of SUDV disease. (A and B) Protective efficacy of mammalian- and plant-derived SUDV-specific

mAbs were compared directly in a weight loss mouse model of SUDV disease. Groups (n = 10) of IFNAR™~ mice (5 to 8 wk old) were infected with 1,000 pfu of
SUDV and treated I.P. with 200 ug of (A) base binding mAbs or (B) mucin/cap binding mAbs on days 1 and 4 postexposure. Vehicle control mice were treated
1.P. with an equal volume of PBS on days 1 and 4 postexposure. Percent weight change was calculated using the daily average mouse weight (group weight/N)
relative to starting average mouse weight. (C and D) SUDV-specific mAbs from each competition group were down-selected using a lethal mouse model of
SUDV disease. Groups (n = 10 per study) of IFNAR ™~ mice (4 wk old) were infected with 1,000 pfu of SUDV and treated I.P. with indicated mAb on days 1 and 4
postexposure. (C) Percent weight change was calculated using the daily average mouse weight (group weight/N) relative to starting average mouse weight
and data points represent the mean + SEM of two replicate studies (except X10B6). (D) Overall percent survival calculated using survival data from both

studies combined (n = 20 mice per group except X10B6 where n = 10) (**P < 0.01, ***P < 0.001).

significantly (P = 0.05 and 0.008, respectively) (Fig. 4C). mAbs
16F6 and X10H2 were selected for further development, given
there slightly better and more consistent reduction of overall
weight loss relative to other mAbs within the same competition

group.

Protective Efficacy of SUDV-Specific Cocktail in Rhesus Macaques.
The protective efficacy of the SUDV-specific antibody cocktail
comprised of 16F6 and X10H2, hereafter RIID F6-H2, was
evaluated in nonhuman primates using the rhesus macaque model
of EVD (34, 35). Eight adult rhesus macaques were randomized
into either RIID F6-H2 treatment (n = 4) or control treatment
(n = 4) groups and blinded to study personnel for the duration of
the study. Macaques were exposed to a target dose of 1,000 pfu
of SUDV-Bon via intramuscular injection on day 0 of the study.
On days 4 and 6 postexposure, four experimental macaques were
treated 1. V. with plant-derived RIID F6-H2 at 25 mg/kg per mAb
(50 mg/kg total per dose). Plant-produced mAbs were used in this
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study due to availability of product at the required quantity and
the previously established equivalent protective efficacy (Fig. 4).
In the interest of animal welfare, control-treated macaques were
divided into two treatment regimens to align with regimens of two
studies being run simultaneously. Control (Ctrl) macaques 1 and 2
were treated 1.V. with an equivalent volume to weight ratio of
diluent on days 4 and 6, whereas control macaques 3 and 4 were
treated with an equivalent volume to weight ratio of diluent on day
5 only. Macaques were observed daily to assess overall health,
behavior, and appetite. In addition, physical examinations and
blood collections were completed approximately every 3 to 4 d to
assess clinical disease progression. All RIID F6-H2-treated ma-
caques survived SUDV-Bon exposure with little to no clinical signs
of disease (Fig. 5 A and B and SI Appendix, Table S2). By contrast,
50% of control macaques succumbed to SUDV-Bon infection and
all displayed clinical signs of EVD (Fig. 5 4 and B and SI Ap-
pendix, Table S2). All control macaques were PCR positive for
SUDV by day 4 postexposure (Fig. 5C); by day 6, all control

PNAS | February 18,2020 | vol. 117 | no.7 | 3773

www.manaraa.com

MICROBIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914985117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914985117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914985117/-/DCSupplemental

Downloaded at Palestinian Territory, occupied on December 12, 2021

A Survival Following SUDV .M. Exposure B Clinical Score
100 40 e cu
30{ = ctr2
90 & Ctl3
801 207 ¥ Ctrl4
©
% 70+ CTRL-2 @ Exp1
S 601 E 15{ = Exp2
[ 50 8 + Exp3
- e Py
5 CTRL4 ] ¥ Exp4
© 401 104
[}]
o 304
201 54
101 - Vehicle
* * RIID-F6H2
o.
2 4 6 8 10 12 14 16 18 20 22 24 26 28 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Days post-exposure Days post-exposure
Viremia
C E SUDV GP Specific IgG Titer
105 sk
] 6
S o **:*
~ A *kkk
— A5.
£ g
2 =
o 107 . 5 4
=
-
T T T T 'g
D S 3
>
3
22
s
(=
<,

2 4 6 8
Days post-exposure

10 12 14 16 18 20 22 24 26 28

10 12 14 16 18 20 22 24 26 28
Days post-exposure

2 4 6 8

Fig. 5. In vivo efficacy of SUDV-specific mAbs in macaque model of SUDV disease. Rhesus macaques were exposed intramuscularly to 1,750 pfu of SUDV.

Groups (n = 4) were treated I.V. with either 50 mg/kg of SUDV-specific mAb mixture 16F6/X10H2 and/or equal volume-to-weight ratio of vehicle (0.9% NacCl)
on days 4 and 6 postexposure (Ctrl 3 and Ctrl 4 treated on day 5 only). | indicates mAb treatment days. (A and B) Macaques were monitored daily for
(A) survival and (B) clinical signs of disease. (C-E) Blood was collected on indicated days postexposure to evaluate viremia by (C) RT-PCR (****P < 0.0001) or
(D) plaque assay (*P < 0.05) and (E) SUDV GP-specific IgG titers by end titer ELISA (****P < 0.0001). Individual data points represent the mean from two replicate

assays, each having at least two technical replicates. Lines represent group means.

macaques had detectable viremia by plaque assay (Fig. 5D).
Viral titers in the control macaques peaked by day 8 post-
exposure between 4 and 5 log;o/mL in 75% of the animals. Peak
viral titer for Ctrl 3 was approximately one log;o lower at just over
3.0 logyo/mL, which may explain less severe disease symptoms
observed in this macaque. All experimental macaques were PCR
positive for SUDV-Bon prior to receiving the first antibody
treatment on day 4 postexposure (Fig. 5C), and viremia was
detected by plaque assay in two of four experimental macaques
on day 4 (Fig. 5D). Following RIID F6-H2 treatment on day 4,
viral titers decreased rapidly in all four experimental macaques
and remained below the limit of plaque assay detection through
the end of the study. All four experimental macaques were
PCR negative by day 8 postexposure, 2 d after the last antibody
treatment. As anticipated, SUDV GP-specific IgG titers in-
creased rapidly following antibody delivery and remained ele-
vated through day 28 (Fig. 5E). A de novo SUDV GP-specific
IgG response was detectable in control macaques as early as day
8 postexposure; by day 21 postexposure, surviving control ma-
caques had similar titers relative to treated macaques (Fig. 5E).

3774 | www.pnas.org/cgi/doi/10.1073/pnas.1914985117

All control macaques had elevated serum levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
alkaline phosphatase (ALP) (Fig. 6 A-C), and thrombocyto-
penia (Fig. 6D) during the acute phase of disease. Elevated
levels of blood urea nitrogen (BUN), gamma-glutamyl trans-
ferase (GGT), and creatinine (CRE), and reduced levels of
amylase (AMY) were also observed in serum of control animals
that succumbed (SI Appendix, Fig. S5). With the exception of
elevated AMY in experimental animal 4 (Exp4), RIID F6-H2-
treated macaques were free of abnormal serum chemistries
or hematology associated with EVD (Fig. 6 and SI Appendix,
Fig. S5).

Discussion

Our efforts to develop an antibody-based therapy for SUDV have
yielded a cocktail of two mAbs capable of protecting macaques
from SUDV exposure when delivered after animals are PCR
positive, a critical clinical diagnosis and trigger-to-treat milestone.
Antibody down-selection criteria focused on identifying neutral-
izing antibodies that targeted noncompeting epitopes of SUDV
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GP. Cross-reactivity against other ebolaviruses was also consid-
ered, but none of the mAbs recognized GPs of EBOV or BDBV.
Out of a small panel of six antibodies, three competition groups
were identified and only two groups (encompassing five mAbs in
total) had measurable neutralizing activity against SUDV. The
mAbs 16F6 and X10B1, the most potent neutralizing and pro-
tective mAbs, bind at the base of the GP trimer, similar to KZ52
and ZMapp components 2G4 and 4G7 (30, 31). The 16F6 epitope
consists of residues located within both GP; and GP, (24) and
16F6/X10B1 potency may be attributed to its ability to either
“lock” GP in a prefusion conformation and impede necessary
structural rearrangements required for membrane fusion or block
cathepsin cleavage of GP, as is reported for KZ52 and 2G4 (32).
The other neutralizing and protective mAbs, X10H2, X10F3, and
X10B6, bind an epitope located within the glycan cap, an epitope
similar to that targeted by ZMapp component 13C6 (30, 31).
While it was not our intention to develop a ZMapp-like cocktail,
our down-selection strategy was similar to that used to develop
ZMapp, which may have skewed our selection unintentionally
toward ZMapp-like mAbs. In addition, both cocktails originated
from a relatively small panel of mAbs derived from animals vac-
cinated with either EBOV GP or SUDV GP (31, 36, 37). Simi-
larities in epitope specificity between ZMapp and RIID F6-H2
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suggest that structural features of GP vulnerability to antibody
therapies may be conserved across ebolavirus species, as proposed
previously (31).

Based on published studies describing EBOV-specific mAb
treatment of infected macaques (12-16), we elected to treat
SUDV-infected macaques twice with 50 mg/kg of the antibody
cocktail for our first proof-of-concept study. Given the rapid
decrease in viremia following treatment and few clinical signs of
disease observed in treated macaques, we are hopeful that less
aggressive dosing strategies may also be protective. Recently
published data do in fact support the idea that less frequent and
lower mAb dosing can be protective in NHPs, though efficacy is
expected to largely depend on antibody cocktail potency (25). A
full understanding of the pharmacokinetic/pharmacodynamic
(PK/PD) properties for RIID F6-H2 will help to further optimize
dosing regimens and to determine manufacturing objectives as
this cocktail transitions to advanced development. Future pre-
clinical studies will focus on defining the minimal protective dose
and the therapeutic window for treating SUDV infection in
macaque models.

In parallel to developing a SUDV-specific antibody cocktail,
we also completed a head-to-head comparison of antibodies
produced in plants and mammalian expression systems. Our
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comparison was limited to antibody performance, specifically
antigen binding, virus neutralization, and in vivo protection. Our
in vitro assessment did not illustrate any significant differences
between the plant- and mammal-derived mAbs studied here. For
individual mAbs, plant and mammalian products had similar an-
tigen binding affinities and virus neutralization activity. It is im-
portant to note that our in vitro assays are a measure of and
dependent on F,, activity; none of our in vitro assays evaluated F.
function directly. Our in vivo assessment also did not identify any
significant differences between plant- and mammal-derived mAbs.
Both performed equally well in mice exposed to SUDV. Sig-
nificant differences in F. function, if they exist, could potentially
have been observed by in vivo testing, although the mouse model
may not be suitable to elucidate small but significant differences in
the F, effector functions of plant and mammalian mAbs.

Poor cross-reactivity of ZMapp, mAb114, REGN-EB3, and
RIID F6-H2 is due to limited GP sequence homology across
ebolaviruses (31-33). Many of the conserved epitopes are pro-
tected from neutralizing antibodies owing to the large, bulky mucin-
like domain and the glycan cap (32). Recent antibody development
efforts have focused on expanding the breadth of antibody re-
activity using multiple strategies. Bispecific antibody engineering,
combining EBOV and SUDV GP-specific mAbs, or the “Trojan
horse” approach of targeting conserved intramolecular epitopes
has yielded broadly active therapeutic candidates with in vivo
efficacy in rodents against both viruses (26, 34). Heterologous
prime-boost vaccination strategies to elicit broadly reactive mAbs
targeting conserved epitopes have also been successful (33, 35,
36). Others have identified naturally developed, broadly reactive
antibodies from human survivors of EBOV or Bundibugyo
virus infections (32, 37). Given their breadth of activity, new
pan-ebolavirus antibody therapies incorporating these mAbs
may provide a single treatment option for managing ebolavirus
outbreaks caused by any known ebolavirus species or potentially
novel ebolaviruses yet to emerge. However, the utility of many of
these pan-ebolavirus antibody therapies has yet to be fully realized
as many are still in early stages of development. The Trojan horse
strategy remains untested in animal models higher than mice. The
pan-ebolavirus mAb mixture MBP134 has demonstrated broad
spectrum efficacy in macaques against EBOV, SUDV, and BDBV
infection (25) while a pan-filovirus mixture consisting of broadly
reactive ebolavirus-specific mAbs FVM04 and CA45 and Marburg
virus (MARV)-specific mAb MR191 has demonstrated protective
efficacy against EBOV, SUDV, and MARYV in macaque models
(27). As more antibody cocktails transition to the clinic, viruses
will encounter selective pressures to mutate away from these
treatments in order to survive, potentially leading to the emer-
gence of mAb therapy-resistant variants. The availability of nu-
merous antibody therapeutics with divergent GP epitope specificities
and mechanisms of action may be critical for addressing this
possibility. Synergy between antibodies and small molecule or
siRNA therapies may also mitigate resistance. As such, concurrent
development of multiple ebolavirus mAb cocktails or combination
therapies could offer an insurance policy of sorts should therapies
be rendered ineffective, just as multiple antibiotics afford pro-
tection against antimicrobial resistance.

Materials and Methods

Cells and Viruses. Vero E6 cells (ATCC) were maintained in Eagle’s minimal
essential medium (EMEM) supplemented with 5% heat-inactivated fetal
bovine serum (AFBS) and gentamicin (50 pg/mL) at 37 °C, 5% CO,, and 80%
humidity. Sudan virus/Homo sapiens-gp-tc/SDN/1976/Boniface-The US Army
Medical Research Institute of Infectious Disease (USAMRIID)111808 (SUDV/
Bon-USAMRIID111808; “SUDV-Boniface 1976") (38) was used for all in vitro
and in vivo studies requiring live virus.

Enzyme-Linked Immunosorbent Assay. SUDV GP reactivity or SUDV GP-specific

1gG titers were determined by enzyme-linked immunosorbent assay (ELISA)
using rVSV-SUDV-Bon GP or recombinant SUDV-Bon GP (National Cancer
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Institute, Protein Expression Lab), respectively, as previously described (13).
Briefly, polyvinyl chloride ELISA plates (Dynatech Laboratories) were coated
with rVSV-SUDV-Bon GP or recombinant GP, diluted in phosphate-buffered
saline (PBS), overnight at 4 °C before blocking with 5% milk protein in PBS/
0.02% Tween-20 at room temperature. Monoclonal antibodies or serum
samples were serially diluted in blocking buffer and added to antigen-
coated plates for 2 h at room temperature. Plates were washed with wash
buffer (PBS/0.02% Tween-20) before adding horseradish peroxidase (HRP)-
conjugated goat anti-human IgG (Rockland) for 1 h at room temperature.
Following a final wash, 2,2’-Azinobis [3-ethylbenzothiazoline-6-sulfonic
acid]-diammonium salt (ABTS) substrate (Kirkegaard and Perry Laborato-
ries, Inc.) was added and absorbance values were read at 405 nm using a
Spectramax plate reader after 30 min (Molecular Devices, LLC). For serum
sample antibody end titers, cutoff values for each dilution were defined
using prechallenge serum samples from each individual macaque. Cutoff
values for each dilution were calculated using absorbance values of pre-
challenge serum for that dilution and the following formula: average pre-
vaccination serum absorbance + 3x SD. End-point titers for each serum
sample are expressed as the last dilution to exceed the cutoff value for
a given dilution.

Antibody Affinity Determination. Binding affinity of each mAb to recombinant
GPs was determined by BLI using the Octet Red96 system (ForteBio, Molecular
Devices). Antibodies were loaded onto anti-human F. (AHC) biosensors
(ForteBio, Molecular Devices) at 3 pg/mL diluted in kinetic buffer (Tris
buffered saline/50 pg/mL BSA/0.0001% Tween-20). Association of recombi-
nant SUDV-Bon GP, SUDV-Gulu GP, EBOV-Kik GP, or BDBV GP proceeded
across threefold serial dilutions in kinetic buffer, 10, 3.3, and 1.1 pg/mL for
16F6, 17F6, and X10B1 and 300, 100, and 33.3 pg/mL for X10B6, X10F3, and
X10H2. Per manufacturer’s instructions, baseline and dissociation steps were
allowed to proceed in the same kinetic buffer. Binding kinetics were de-
termined using a 1:1 binding model, though this binding interaction is likely
to be more complex, given the bivalency of mAbs and trivalent configura-
tion of the recombinant GPs.

Binning Assays by BLI. Binning antibodies into competition groups was
completed by BLI using the Octet Red96 system (ForteBio, Molecular Devices).
Histidine-labeled recombinant SUDV-Bon GP was loaded onto Anti-Penta-HIS
(HIS1K) biosensors (ForteBio, Molecular Devices) at 25 ug/mL diluted in ki-
netic buffer (Tris buffered saline/50 pg/mL BSA/0.0001% Tween-20). Associ-
ation of the binning mAb at 50 pg/mL in kinetic buffer was allowed to
proceed to near saturation followed by association of the second mAb at
50 pg/mL in kinetic buffer containing 25 pg/mL of the binning mAb, to
maintain saturation of the binning mAb epitope. Association of the second
mAb at 50 pg/mL in the absence of the binning mAb was also assessed
within the same assay. AUC was determined for association of the second
mADb in the presence and absence of the binning mAb. The AUC for the
second mAb plus binning mAb was normalized to the AUC for the second
mAb alone and expressed as a percent of second mAb alone. Antibodies
were considered competitive if binding was <30%, partially competitive if
binding was 30 to 70%, and noncompetitive if binding was >70% in both
directions.

Competitive ELISA. Polyvinyl chloride ELISA plates (Dynatech Laboratories)
were coated with SUDV-Bon GP, diluted in PBS, overnight at 4 °C before
blocking with 5% milk protein in PBS/0.02% Tween-20 at room temperature.
Chimeric human IgGs of each mAbs were diluted to 0.1 mg/mL in PBS and
added to antigen-coated plates for 20 min at room temperature. Murine
1gGs of indicated mAbs were diluted to 0.1 mg/mL in PBS and added to wells
containing chimeric human IgGs or PBS alone for 20 min at room temper-
ature. Plates were washed with wash buffer (PBS/0.02% Tween-20) before
adding horseradish peroxidase-conjugated goat anti-mouse IgG (Rockland)
for 1 h at room temperature. Following a final wash, ABTS substrate
(Kirkegaard and Perry Laboratories, Inc.) was added and absorbance values
were read at 405 nm using a Spectramax plate reader after 30 min (Mo-
lecular Devices, LLC).

SPOT Membrane Assay. SPOT membrane assays were completed using
Genosys SPOT (Sigma-Aldrich) membranes in accordance with the manu-
facturer’s instructions. Briefly, SPOT membranes, coated with 13-mer over-
lapping linear peptides (95% purity) from SUDV-Bon and SUDV-Gulu were
incubated sequentially with SUDV-specific mAbs and p-galactosidase conju-
gated anti-murine 1gG secondary antibody. Signal development solution was
added to the membrane before washing with PBS and imaging with a
ChemiDoc XRS+ imaging system (Bio-Rad Laboratories, Inc.).
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Plaque Assay. Serial log dilutions of serum or virus were prepared in EMEM
supplemented with 5% AFBS, 2 mM L-glutamine, and 1% gentamicin. A total
of 200 pL of each dilution was inoculated onto six-well plates containing
confluent monolayers of Vero E6 cells. After adsorption for 1 h at 37 °C, 5%
CO,, and 80% humidity, monolayers were overlaid with a mixture of one
part 1% agarose (Seakem) and one part 2x Eagle’s basal medium (EBME),
30 mM Hepes buffer, and 5% AFBS. After incubation at 37 °C, 5% CO,, and
80% humidity for 8 d, a second overlay, supplemented with 5% neutral red,
was added. Plaques were counted the following day and titers were expressed
as plaque forming units per milliliter.

Microneutralization Assay. Neutralizing activity of antibodies was assessed by
microneutralization assay as previously described (39). Antibodies were di-
luted to indicated concentrations in culture media and incubated with
SUDV-Bon for 1 h. Vero E6 cells were exposed to antibody/virus inoculum at
a multiplicity of infection (MOI) of 0.5 pfu/cell for 1 h. Antibody/virus in-
oculum was then removed and fresh culture medium was added. At 48 h
postinfection, cells were fixed with formalin and blocked with 1% BSA.
SUDV-infected cells and uninfected controls were incubated with SUDV GP-
specific mAb 3C10 (USAMRIID). Cells were washed with PBS prior to in-
cubation with goat anti-mouse 1gG conjugated to Alexa 488. Cells were
counterstained with Hoechst stain (Invitrogen), washed with PBS, and stored
at 4 °C. Infected cells were quantitated by fluorescence microscopy and
automated image analysis. Images were acquired at 20 fields/well with a 20x
objective lens on an Operetta high-content device (Perkin-Elmer). Operetta
images were analyzed with a customized scheme built from image analysis
functions available in Harmony software.

rVSV Neutralization Assay. rVSV expressing both enhanced green fluorescent
protein (EGFP) and recombinant surface GP (rVSV-SUDV) in place of VSV G are
previously described (40). rVSV neutralization assays were completed as
previously described (41). Vero cells were seeded at 6.0 x 10* cells/well and
cultured overnight in EMEM supplemented with 10% FBS and 100 IU/mL
penicillin and 100 mg/mL streptomycin at 37 °C and 5% CO,. The next day,
virus was incubated with serial threefold antibody dilutions beginning at
350 nM (~50 pg/mL) in serum-free DMEM for 1 h at room temperature be-
fore infecting Vero cell monolayers in 96-well plates. The virus was in-
cubated with the cells in 50% vol/ivol DMEM supplemented with 2% FBS,
100 IU/mL penicillin, and 100 pg/mL streptomycin at 37 °C and 5% CO, for 14
to 16 h before the cells were fixed and the nuclei stained with Hoescht. rvVSVv
infectivity was measured by counting EGFP-positive cells in comparison to
the total number of cells indicated by nuclear staining using a Cellinsight CX5
automated microscope and accompanying software (Thermo Fisher Scientific).

Selection of Viral Neutralization Escape Mutants. Escape mutant selections
were performed as previously described (42). Breifly, rvVSV-SUDV-Bon GP
particles were serially passaged in the presence of the selection mAb X10H2.
Serial threefold dilutions of virus were preincubated with a concentration of
mADb corresponding to the 1Cgg value (~100 nM) derived from neutralization
assays, and then added to confluent monolayers of Vero cells in 12-well
plates, in duplicate. Infection was allowed to proceed to completion (>90%
cell death by eye), and supernatants were harvested from the infected wells
that received the highest dilution (i.e., the least amount) of viral inoculum.
Following five subsequent passages under mAb selection with virus-containing
supernatants as above, supernatants from passage 4 were tested for viral
neutralization escape. If resistance was evident, individual viral clones were
plaque purified on Vero cells, and their GP gene sequences were determined
as described previously (40).

gRT-PCR Assay. Viral RNA copy number in blood samples collected from
macaques was determined by gqRT-PCR as previously described (14). Whole
blood was mixed 1:3 with TRIzol LS (Thermo Fisher) and RNA was extracted
using the QlAamp Viral RNA Mini Kit in accordance with manufacturer
guidelines. gRT-PCR reactions were completed using SUDV-specific primer/
probe pairs on an Applied Biosystems 7500 Fast Dx System. Synthetic RNA,
representative of the primer target region of the SUDV genome, was used to
generate an eight-point standard curve. Viral genome copy numbers for
each sample were calculated by applying cycle-threshold values of an indi-
vidual sample to the standard curve. The Qiagen QuantiFast Internal Control
RT-PCR assay was used to monitor PCR inhibition and extraction integrity.
Data are expressed as genome equivalents (ge) per milliliter of blood with a
lower limit of quantitation of 8 x 10% ge/mL.

Mouse Studies. Four- to 8-wk-old male and female type | IFNAR™~ (Jackson
Labs) were exposed to a target dose of 1,000 pfu (actual dose: 234 to 910
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pfu) of SUDV-Bon via I.P. injections. Mice were treated I.P. on days 1 and 4
postexposure with PBS vehicle or 200 pg of plant- or mammalian-derived
mAbs diluted in 0.2 mL of PBS. Animals were observed daily for clinical signs
of disease and lethality. Total weight of all animals in a given group was
determined daily and the average weight was determined by dividing the
total weight by the number of remaining mice in the group. The percent
weight change was calculated daily by dividing the daily average weight by
average weight on day 0. Daily observations were increased to a minimum
of twice daily while mice were exhibiting signs of disease. Moribund mice
were humanely euthanized on the basis of institutional animal care and use
committee (IACUC)-approved criteria.

Rhesus Macaque Study. Male and female rhesus macaques (4 to 7.8 kg) were
randomly assigned to treatment groups, with even distribution of male and
female macaques, and study personnel remained blinded to all treatment
groups. Macaques were inoculated intramuscularly (1.M.) with a target dose
of 1,000 pfu (actual dose: 1,750 pfu) of SUDV-Bon. Experimental macaques
(n = 4) were treated |.V. with a mixture of plant-produced 16F6 and X10H2,
diluted in 0.9% NaCl solution, at 50 mg/kg total (25 mg/kg per antibody)
on days 4 and 6 postexposure. Control macaques 1 and 2 received an equal
volume to weight ratio of vehicle (0.9% NaCl solution) I.V. on days 4 and 6
postexposure. In the interest of animal welfare and to conserve animal life,
two additional control macaques from a concurrently running study were
used. Control macaques 3 and 4 received an equal volume-to-weight ratio of
vehicle I.V. on day 5 postexposure. Blood samples were collected from ex-
perimental macaques and control macaques 1 and 2 on days 0, 4, 6, 8, 11, 14,
21, and 28 postexposure and from control macaques 3 and 4 on days 0, 3, 5,
8, 11, 14, 21, and 28 postexposure. Blood samples were used to evaluate
viremia, blood chemistries, and hematology. Physical examinations were also
completed on blood collection days to assess the overall physical condition
of the macaque and disease progression. Cage side observations were
completed at least once daily through day 28 to assess the general disposi-
tion of each animal and disease progression. Clinical scores for each ma-
caque were derived from cage side observations of awake animals and
physical observations completed on anesthetized animals. Animals were
assessed and given a cumulative score based on severity of several behav-
ioral and physical parameters, including responsiveness to stimuli, petechial
rash, temperature change, weight change, gastrointestinal abnormalities,
renal output, bleeding, anorexia, labored or agonal breathing, dehydration,
and edema. Higher clinical scores indicate more severe signs of disease.
Macaques determined to be moribund based on either responsiveness score
and/or secondary euthanasia criteria were promptly euthanized in an at-
tempt to minimize pain and distress. Responsiveness score was based on a
scale of 0 to 4 with normal animals scoring 0. Animals with slightly di-
minished general activity but responded normally to external stimuli were
scored 1. Animals appearing withdrawn, mildly unresponsive to external
stimuli, and/or having hunch posture or laying down scored 2. Animals
moderately or significantly unresponsive to external stimuli and/or prostrate
but able to rise in response to external stimuli scored 3. Animals severely or
completely unresponsive to external stimuli, persistently prostrate, and/or
displaying signs of respiratory distress scored 4. Animals with a responsiveness
score of 4 were deemed moribund and euthanized immediately. Animals with
a responsiveness score of 3 were further evaluated using secondary euthanasia
criteria. If an animal with a responsiveness score of 3 also had a body
temperature below 34 °C or any two of the following serum chemistry
thresholds were met, the animal was deemed moribund and euthanized:
BUN >68 mg/dL; Ca <6.8 mg/dL; CRE >2.8 mg/dL; GGT >391.

Hematology and Blood Chemistry Analysis. Phlebotomy was performed while
the animals were anesthetized, and blood was collected from the femoral
vein using a venous blood collection system (Becton Dickinson). Hemato-
logical values for blood samples collected in tubes containing EDTA were
determined using a Coulter Ac-T Diff analyzer (Beckman Coulter). Serum
chemistry was analyzed using Piccolo General Chemistry 13 reagent discs and
a Piccolo Xpress point-of-care blood analyzer (Abaxis).

Animal Welfare Statement. Murine and macaque challenge studies were
conducted under IACUC-approved protocols in compliance with the Animal
Welfare Act, Public Health Service Policy, and other applicable federal statutes
and regulations relating to animals and experiments involving animals. The
facility where these studies was conducted (USAMRIID) is accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care, In-
ternational and adheres to principles stated in the Guide for the Care and Use
of Laboratory Animals, National Research Council, 2011.
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Statistical Analysis. Antibody binding curves were evaluated using a four-
parameter nonlinear regression analysis under assumption of normality.
Dose-response neutralization curves were evaluated using nonlinear regression
analysis (normalized response-variable slope) to determine I1Cso concentrations
under assumption of normality. Analysis of mouse weight change was com-
pleted by two-way ANOVA for each time point relative to control-treated
animals. Significances reported were lowest P values for any time point for
given antibody treatment group. Mouse survival curves were evaluated us-
ing Fisher’s exact test. Analysis of viremia and antibody titer data from the
NHP efficacy study was completed by two-way ANOVA for each time point
having paired data in both treatment groups. Alpha was 0.05 for all statis-
tical tests. All analyses were carried out using GraphPad Prism.

Data Availability. All data will be available upon request to the corresponding
author.
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