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We recently identified a single potently neutralizing monoclonal antibody (mAb), mAb114, isolated from a human survivor of natu-
ral Zaire ebolavirus (EBOV) infection, which fully protects nonhuman primates (NHPs) against lethal EBOV challenge. To evaluate
the ability of vaccination to generate mAbs such as mAb114, we cloned antibodies from NHPs vaccinated with vectors encoding the
EBOV glycoprotein (GP). We identified 14 unique mAbs with potent binding to GP, 4 of which were neutralized and had the func-
tional characteristics of mAb114. These vaccine-induced macaque mAbs share many sequence similarities with mAb114 and use the
same mAb114 VH gene (ie, IGHV3-13) when classified using the macaque IMGT database. The antigen-specific VH-gene reper-
toire present after each immunization indicated that IGHV3-13 mAbs populate an EBOV-specific B-cell repertoire that appears to
become more prominent with subsequent boosting. These findings will support structure-based vaccine design aimed at enhanced

induction of antibodies such as mAb114.
Keywords.

Ad5 immunization; cynomolgus macaques; ebolavirus; NPC1; receptor binding domain.

Ebolavirus was the cause of the 2014 epidemic in West Africa,
and it is associated with a high mortality rate (25%-90%) [1, 2].
Vaccines have shown efficacy in protecting macaques against
challenge with Zaire ebolavirus (EBOV) [3-8]. In the absence of
vaccination, several reports have shown the potential for passive
administration of monoclonal antibody (mAb) cocktails in the
treatment of macaques with ongoing EBOV infection [9-12]. We
recently reported that administration of a single EBOV survivor
antibody, mAb114, protected macaques from lethal challenge
with EBOV when given as late as 5 days after inoculation [13].
The process through which EBOV enters target cells is a
unique and complex multistep process. After attachment to
the plasma membrane, the virus is taken up by macropino-
cytosis and transported into the target cell lysosomal com-
partment [14-18]. Lysosomes are characterized by low pH
and by the presence of acid-dependent cellular proteases,
including cathepsin L and B [19]. These proteases remove
approximately 310 amino acids from the EBOV glycopro-
tein (GP) [20-22], expose a previously hidden receptor bind-
ing domain (RBD), and allow GP to engage its receptor, the
Niemann-Pick disease, type C1 (NPC1) protein [22-24]. The
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mechanism of mAbl14-mediated neutralization has been
shown to be dependent on potent binding to the cleaved GP1
core (Supplementary Figure 1A) and strong competition with
NPCI for binding to cleaved GP [25].

In this report, we sought to determine the ability of vaccina-
tion to generate mAb114-like antibodies in a macaque vaccinated
with deoxyribonucleic acid (DNA) and adenovirus type 5 (Ad5)-
vectored vaccines encoding for the EBOV GP by amplification
of immunoglobulin (Ig) gene transcripts from single-cell sorted
EBOV GP-specific memory B cells and evaluated binding, neu-
tralization, and functional characteristics of the cloned antibodies.

METHODS

Ethics Statement
The study was approved by the Vaccine Research Center
Institutional Animal Care and Use Committee.

Vaccination and Sample Preparation

Monoclonal antibodies were cloned from a cynomolgus
macaque (macaca fascicularis) that was primed with DNA and
boosted 3 times with Ad5 EBOV GP. Prime consisted of 1 mg
of DNA, whereas for boosting, 10! (first and second boost)
and 10'? (third boost) adenoviral particles were injected. All
injections were performed intramuscularly. Blood was collected
approximately 1 month after each vaccination. Peripheral blood
mononuclear cells (PBMCs) were purified from Ficoll-Paque
PLUS (GE Healthcare) ethylenediaminetetraacetic acid-treated
blood and temporarily frozen until further experiments were
performed.
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Generation of Ebolavirus-Specific Probes and Conjugation for Flow
Cytometry

The pCAGGS-GCN4-Avi vector was created by syn-
thesizing DNA (Integrated DNA Technologies) encod-
ing for a GCN4 site followed by an Avitag peptide
(underlined) and His tags (MKQIEDKIEEILSKIYH
IENEIARIKKLIGEVASSSGLNDIFEAQKIEWHEAHHHH
HHG) and cloned into the pCAGGS expression vector using

EcoRI and Smal (New England Biolabs). A transmembrane-de-
leted EBOV GP,;,, (A657-676) and EBOV GP,, . (A309-
505, A657-676) were amplified by polymerase chain reaction
(PCR) using SATGGTACCTAAATGGGCGTTACAGGA and
CGACGCGTTCCAATACCTGCCGGT. The PCR products
were subsequently cloned into pCAGGS-GCN4-Avi using
Kpnl and Mlul (New England Biolabs). The EBOV Avitag
proteins were expressed in HEK293T cells and purified as pre-
viously described [24, 25]. Site-specific biotinylation of puri-
fied proteins was performed by using the BirA enzyme kit
(Avidity) following manufacturer’s instructions. Unbound or
excess biotin was later removed by using Zeba spin desalting
columns (Thermo Fisher Scientific). Finally, biotinylated full-
length GP and GP, , ., Were conjugated at a 1:1 molar ratio to
ExtrAvidin-phycoerythrin (PE) (Sigma-Aldrich) and streptavi-
din-APC (Life Technologies), respectively.

Antigen-Specific Single Memory B-Cell Sorts

The PBMCs were thawed and stained with the following anti-
human-conjugated mAbs cross-reacting with macaque species:
CD3-BV421 (BD Biosciences), CD4/8/14-BV421 (BioLegend),
CD20-BV605, CD27-BV710 (both from BioLegend), IgG-
Alexa680 (Custom-conjugated in house at the Vaccine Research
Center), and IgM-FITC (BD Biosciences). Dead cells were stained
with 0.25 pL/mL 7-aminoactinomycin D (Life Technologies).
Zaire ebolavirus-specific memory B cells were identified by stain-
ing with 300 ng each of GP full-length-PE and GP, ,,.-APC
(prepared in house, please see above). Samples were acquired
on a FACS Aria II machine interfaced to the FacsDiva software
(BD Biosciences), and EBOV-specific memory B cells were sin-
gle-cell sorted into 96-well plates and frozen at —80°C until fur-
ther experiments were performed. Flow cytometry analyses were
performed by using the FlowJo software (Tree Star, Inc). The gat-
ing strategy and the definition of the B-cell subsets analyzed are
summarized in Supplementary Figure 1B.

Amplification of VDJ/VJ Genes by Single-Cell Polymearse Chain
Reaction, Cloning Into Immunoglobulin Expression Vectors, and
Monoclonal Antibody Production

One 96-well plate with EBOV-specific single memory B cells
was thawed, and ribonucleic acid was reverse-transcribed into
complementary DNA with random hexamers (GeneLink) by
using the Superscript IIT kit (Invitrogen) following manufac-
turer’s instructions. Nested PCR was then performed by using

primers and procedures previously reported by Sundling et [26]
al for the amplification of VDJ/V] genes from single-cell sorted
rhesus macaque (macaca mulatta) B cells. After single-pass
sequencing of the second-round PCR products, the VD] and V]
gene lineage for each sequence was determined by alignment
to known macaque or human V, D, and J genes using IMGT/
V-QUEST (http://www.imgt.org). Sequence-specific cloning
primers were then designed for all productive and unique
matched heavy and light chain sequences, and first-round PCR
products were reamplified using the Pfu DNA Polymerase kit
(Promega) following manufacturer’s instructions. Cloning
of the final PCR products into rhesus macaque Igyl, Igk, or
Ig\ expression vectors was then performed [27]. Antibodies,
including mAb114, were produced by transient transfection
of Expi293F cells (Invitrogen) with 293fectin (Invitrogen) as
described previously [25].

In Vitro Neutralization

Monoclonal antibodies were assessed for neutralization potency
using a single-round infection assay with EBOV GP (Mayinga
variant)-pseudotyped lentivirus particles expressing a lucifer-
ase reporter gene as previously described [4]. Final analyzed
mADb concentrations were from 10 to 1 x 10~ pg/mL except for
ma-D08 from 6.25 to 1 x 10~* ug/mL. VRCO1 was used as irrel-
evant negative mAb control, and mAb114 was used as positive
control [13]. Half-maximal inhibitory concentration (IC,) was
calculated by 4-PL fit using the GraphPad Prism.

Production of GP.
Cleaved GP (GP,,,, ) was produced using thermolysin as previ-
ously described [24].

THL

Enzyme-Linked Immunosorbent Assay

Immunoglobulin G binding to EBOV GP was measured by
enzyme-linked immunosorbent assay (ELISA) as previously
described [13] using 100 ng/well purified G, GP,\;c OF
GP,,;, [24]. Anti-EBOV GP IgG half-maximal effective con-
centration (EC, ) was calculated by 4-PL fit using the GraphPad

Prism software.

Immunoprecipitation and Western Blotting

For each mAb, protein G agarose (Sigma-Aldrich) (100 pL
packed resin) was incubated with 5 pg of IgG in 2 bead volume
of phosphate-buffered saline (PBS) + 0.02% Tween 20 (Sigma-
Aldrich) for 30 minutes at room temperature with end-over-
end agitation. Unbound IgG was removed by washing the resin
3 times in 2 resin volumes of PBS + 0.02% Tween 20 + 0.1%
bovine serum albumin ([BSA] Sigma-Aldrich). Resin was
resuspended in 3 volumes of PBS + 0.02% Tween 20 + 0.2%
BSA and 75 pL distributed into separate tubes for binding with
GP ymuc OF GPryy
tein, one-tenth volume was removed for the input blot, and the

respectively. After the addition of the pro-
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remainder was incubated for 1 hour at room temperature with
end-over-end agitation. The resin was finally washed 3 times
with 6 volumes of PBS + 0.02% Tween 20, and immune-com-
plexes were detached by elution with 75 uL IgG elution buffer
(Pierce). The supernatant and input were analyzed by Bio-Safe
Coomassie G-250 Stain (Bio-Rad) and by Western blot for GP1
using an antirabbit polyclonal sera previously described [24]
followed by a donkey antirabbit-horseradish peroxidase (HRP)
(GE Healthcare) and by using Bio-Safe Coomassie G-250 Stain,
respectively.

Enzyme-Linked Inmunosorbent Assay-Based Antibody Competition

With mAb114

The degree of antibody competition with mAb114 was deter-
mined by ELISA. mAb114 was biotinylated using the EZ-Link
NHS-PEO solid-phase biotinylation kit (Pierce). Labeled
mAb114 was tested by ELISA for binding to GP,,, ¢
mine the optimal concentration to achieve 70%-80% maximal

to deter-

binding. The biotin-labeled mAb114 was then used as a probe to
assess whether its binding (measured using streptavidin-HRP)

was inhibited by preincubation of GP -coated wells with

AMUC
the unlabeled macaque mAbs. Percentage of inhibition was cal-
culated by subtracting the optical density values of biotinylated
mAbl114 in the presence of nonbiotinylated mAb114 at a con-
centration of 8 pg/mL and of biotinylated mAb114 in the pres-

ence of each of the macaque mAbs also at 8 pg/mL.

Biolayer Interferometry Antibody Cross-Competition Assay

Antibody cross-competition was determined by biolayer inter-
ferometry using a FortéBio Octet HTX instrument. A total of
15 pug/mL GP,, . protein was loaded onto biosensors using
amine coupling (AR2G; FortéBio) for 600 seconds. mAb114,
13C6 (IBT), KZ52 (IBT), NPC1-dC, and isotype negative
control were diluted to 35 pg/mL in PBST-BSA (1x PBS + 1%
BSA + 0.01% Tween). Binding of competitor and analyte
mAbs were each assessed for 300 seconds. The assay was per-
formed in duplicate with agitation at 1000 rpm at 30°C. The
percentage inhibition (PI) was calculated by the equation:
PI = 100 — [(probing mAb binding in the presence competi-
tor mAb)/(probing mAb binding in the absence of competitor
mADb)] x 100.

Fab Fragment Preparation and Electron Microscopy

Fab fragments were produced using the Fab Preparation Kit
amuc MAD
complexes were prepared incubating ~9 nM of GP produced in
293GnTi~/~ with 40 nM Fab in a buffer containing 20 mM HEPES
and 150 mM NaCl at pH 7.4 and incubating for 30 minutes at
room temperature before flash freezing with liquid nitrogen.

(Pierce) following manufacturer’s instructions. GP

For electron microscopy, samples were adsorbed at a concen-
tration of 0.03 mg/mL to glow-discharged carbon-coated cop-
per grids and stained with 0.75% uranyl formate. Images were

recorded on an FEI T20 microscope equipped with a 2k x 2k
Eagle CCD camera using SerialEM [28]. Particle picking and
2-dimensional classification were performed with EMAN2
[29]. Representative class averages were then selected.

Binding Kinetics at Neutral and Low pH and Competition With Niemann-
Pick Disease, Type C1-Domain C

Binding kinetics of Fab derived from mAbs to GP,, ;. or GP
and competition of mAbs and the C-domain from the Ebola recep-
tor protein Niemann-Pick C1 (NPC1-dC) for binding to GP.;;
[30] were determined based on biolayer interferometry using a
fortéBio Octet HTX instrument as previously described [13, 25].
The NPC1-dC was produced as previously described [25].

Statistical Analyses
Paired Student ¢ test was used to determine the statistical sig-
nificance on the differences in binding potency to GP,,, and

GP\uc observed for the mAbs.

RESULTS

Vaccination Elicits Neutralizing Antibodies That Target the GP1 Core
Similarly to mAb114
Protective vaccination, with DNA and adenoviral vectors encod-
ing EBOV GP, has been demonstrated in cynomolgus macaques
[3,4, 31, 32]. Therefore, we stained and single-cell sorted EBOV-
specific memory B cells from a cynomolgus macaque that was
primed with DNA and boosted 3 times with Ad5 EBOV GP, by
using GP-specific probes (Supplementary Figure 1B). We suc-
cessfully PCR-amplified 56 productive matched heavy and light
chains sequences and 30 unique sequence pairs from single B
cells. Initial screening of supernatants from cells expressing the
cloned mAb constructs revealed 14 mAbs with a potent EBOV
GP-specific binding (EC,, <10 pg/mL; data not shown).
Because mAb114 is a potently neutralizing antibody [13],
we first tested the purified 14 GP-specific mAbs for neutraliz-
ing activity using an in vitro pseudovirus assay. Seven of the 14
antibodies showed neutralization with similar IC,, compared
with mAb114 (Figure 1A and Supplementary Figure 1C). The
EBOV GP contains a large mucin-like domain (MLD) that is
dispensable during infection. The binding affinity of mAb114
is slightly lower in the presence of the MLD (Figure 1B and
Supplementary Figure 2). We noted that 7 of the neutralizing
antibodies showed a similar decreased binding affinity when
the MLD is present (Figure 1B and Supplementary Figure 2).
Endosomal protease cleavage of the EBOV GP removes the
MLD and the “glycan cap” region, leaving a minimal GP1 core.
A defining feature of mAb114 is binding to the GP1 core [25].
Therefore, we tested the capacity of the 7 neutralizing mAbs to

bind after GP cleavage with thermolysin (GP. cleavage that

);a
THL

faithfully mimics GP cleavage by cathepsins [21]. Four mAbs
(ma-B06, ma-D08, ma-E10, and ma-F10) showed reactivity

to GP.,;, both by immunoprecipitation and by direct ELISA
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Figure 1. Neutralization and binding characteristics of vaccination-induced macaque monoclonal antibodies (mAbs). (A) Bar chart representing the values of half-maximal
inhibitory concentration ([ICy,] ug/mL) calculated after in vitro neutralization assay using Zaire ebolavirus (EBOV) glycoprotein (GP)-pseudotyped-virus performed with the
14 mAbs that were cloned. In gray are negative controls VRCO1 and mAb114 used as a reference. Seven of 14 mAbs showed ability to neutralize in vitro. The IC;, values
were calculated from a total of 3 experiments run in triplicate. (B) Dot plots show the -log half-maximal effective concentration ([EC, ] pg/mL) representing binding of the 7
neutralizers identified in A to GP (filled circles) and GP,,, - (empty circles). All of the mAbs tested bound GP,, - with greater potency compared with GP (P=.0097). The EC,,
values were calculated from a total of 2 experiments run in duplicate. (C) Inmunoprecipitation of the 7 neutralizers performed with GP,,, . Four of seven mAbs were able to
precipitate GPy,, . As control, input GPy,,, is shown on a Coomassie-stained gel. (D) Western blot on the 4 mAbs identified in C performed with GP,,, - and GP;,, . For mAb114,

none of the mAbs tested were able to bind GP

. by Western blot. As a positive control for GP,, . binding of polyclonal serum is shown.

(Figure 1C and Supplementary Figure 3A). In addition to con-
formational contacts within the GP1 core, mAb114 makes con-
tacts with the glycan cap [25]. We tested binding of mAb114 and
the GP1 core-directed mAbs to GP,,,,-and GP,,
turing and reducing conditions by Western blot. We observed
that mAb114 reacted to GP,, ;. but not to GP,, (Figure 1D),
suggesting that the epitope within the glycan cap is confor-
mation-independent. Each of the macaque GP1 core-binding
antibodies reacted in a similar manner to mAb114. These data
indicate that the vaccine-induced mAbs contact the glycan cap

under dena-

and GP1 core in a manner similar to mAb114.

Vaccine-Induced GP1 Core-Directed Antibodies Compete With mAb114

To determine whether the 4 vaccine-induced GP1 core-directed
mADbs target a similar region on GP as targeted by mAb114, we
assessed direct competition for binding to GP,, . by ELISA
(Supplementary Figure 3B). All 4 mAbs blocked mAb114
binding to a high degree (range, 80%-100%) (Figure 2A). We
next used biolayer interferometry to analyze cross-competition
among mAb114, the 4 GP1 core-directed mAbs, and 2 addi-
tional mADb controls, 13C6 and KZ52. 13C6 binds to the glycan
cap and competes with mAb114 for binding to GP, likely due
to steric hindrance [10, 25]. KZ52 binds to the base of GP and

does not compete with mAb114 [25, 33]. Biolayer interferome-
try confirmed that the GP1 core-directed mAbs compete with
mADb114 for binding to GP and revealed cross-competition with
each other (Figure 2B). In addition, mAb114 and the macaque
mAbs each showed competition with 13C6 but not with KZ52
(Figure 2B). Altogether, these results suggest that these vac-
cine-induced antibodies target a region on the GP1 core that
partially or completely overlaps with the mAb114 epitopes.

Macaque GP1 Core-Targeted Monoclonal Antibodies Bind Glycoprotein
at Low pH and Compete With NPC1 for Receptor Binding
We previously showed that mAb114 has stable high-affinity
binding at low pH [25]. This allows mAb114 to remain bound
to cleaved GP in low pH compartments where receptor engage-
ment occurs [24, 25]. Therefore, we measured the affinity of
binding to GP,,; ;- and GP, using biolayer interferome-
try at physiologic and low pH (Figure 3A and Supplementary
Figure 3C). Although the affinity of mAb114 decreased slightly
after cleavage, the macaque GP1 core mAb affinities slightly
increased and ranged from 13.8 (ma-D08) to 0.4 nM (ma-E10)
(Figure 3A and Supplementary Figure 3C).

The defining characteristic of mAb114 is competition with
the Ebola receptor protein, NPC1, for binding to GP..;, [25,34].
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Figure 2. Direct competition with mAb114 and cross competition between the macaque GP1 core-directed monoclonal antibodies (mAbs). (A) Bar chart representing the
percentage of binding inhibition of biotinylated mAb114 to GP, . in the presence of each of the 4 putative mAb114-like antibodies. All mAbs showed a high degree of com-
petition with mAb114 for binding to GP,, . (calculated at the concentration of 8 pg/mL). The gray bar shows the maximal degree of self-competition of mAb114. Values were
calculated from a total of 2 experiments run in duplicate. (B) Biolayer interferometry showing percentage of interference across mAbs for binding to GP,, .. All the putative
mAb114-like antibodies competed with mAb114 and to each other for binding to GP,, . In addition, for mAb114, all the macaque mAbs partially competed with 13C6. This
experiment was performed twice. Values are shown from 1 representative experiment. Abbreviation: NB, not binding.

electron microscopy and single-particle analysis to compare
the mode of binding of each Fab to GP,, . to that of the
Fab114. We noted that at least 2 Fabs bound to each GP tri-
mer (Figure 3C). It is interesting to note that although each of
the vaccine-induced RBD-blocking Fabs bound to the trimer

Therefore, we asked whether ma-B06, ma-D08, ma-EIl0,
and ma-F10 competed with NPCI for binding to GPy;.
We observed that all of the mAbs competed with NPC1 for
binding to GP,,, (Figure 3B) and similarly to mAb114, they
might neutralize infection by blocking GP interaction with its

receptor.
A structural feature of mAb114 interaction with GP is bind-
ing with a near-vertical angle of approach within the chalice

within the chalice, they each had a more open angle when com-
pared with mAb114 (Figure 3C). Taken together, these data
indicate that immunization is capable of inducing mAb114-

of GP [25, 34] and 3 Fabs per trimer. We used negative-stain like antibodies.
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Figure 3. Kinetics of the macaque GP1 core antibodies at neutral and low pH, Niemann-Pick disease, type C1-domain C (NPC1-dC) competition for binding to GP,,, and
electron microscopy. (A) Bar chart on the binding kinetics of the GP1 core antibodies compared with mAb114. ~log () values were calculated by biolayer interferometry per-
formed with Fab binding to GP,, . at neutral and low pH (black and dark gray bars, respectively) as well as to GP;,, atlow pH only (light gray bars). All monoclonal antibodies
(mAbs) showed similar kinetics compared with mAb114 with ma-D08 showing slightly lower values. Fab fragments derived from papain digestion of mAbs were used for
measuring kinetics. This experiment was performed twice. Values are shown from 1 representative experiment. (B) Bar chart on competition of the GP1 core antibodies with
NPC1-dC compared with mAb114 performed by biolayer interferometry using whole IgG binding to GP,,, . All mAbs showed similar competition with NPC1-dC for binding to
GP;,,.- Human immunodeficiency virus GP120 (indicated as “Control”) and 2 additional mAbs (KZ52 and mAb100) that are known to bind the base of GP;,,, far from the receptor
binding domain (RBD) were used as negative controls. NPC1-dC was used to assess the maximal degree of self-competition. This experiment was also performed twice, and
values are shown from 1 representative experiment. (C) Electron microscopy reveals that all of the RBD blockers approach glycoprotein (GP) vertically but with a slightly more
open angle compared with mAb114 (Fab indicated with green stars). The scale bars are 10 nm.
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Vaccine-Induced Receptor Binding Domain-Blocking Antibodies
Originate From a Similar VH Gene Lineage as mAb114

Because the Ig variable region gene families influence the gross
binding characteristics of antibodies [35], we asked whether the
vaccine-induced RBD-blocking antibodies would originate from
B cells carrying similar gene families. In contrast with the other
neutralizing antibodies that we cloned, all of the RBD-blocking
antibodies originate from the macaque IGHV3-13 and the
IGLV1S2 families. It is interesting to note that the IGHV3-13 is
the same gene family from which mAb114 originated in human
(Figure 4A). Because our previous reports suggested that the
heavy chain alone is sufficient for binding of mAb114 to GP [13,
25], we focused our analyses on the mAb heavy chains. We noted

that the complementarity determining regions (CDRs) 1 and 2 on
the antibody heavy chains in the macaque RBD blockers shows
a high degree of homology between each other (Figure 4B), fur-
ther suggesting that these antibodies bind a very similar region
on GP. On the other hand, the mAb114 heavy chain CDR 1 and
2 differ significantly from the 4 macaque antibodies (Figure 4B).
This may be due to differences between human and macaque Ig
alleles as well as to differences in somatic hypermutations (SHM)
[36]. These differences might contribute to the slightly differing
angles of approach that we observed between the macaque mAbs
and the human mAb114 (Figure 3C).

We next focused on the overall heavy chain level of B-cell
maturation and noted that the amount of SHM was similar to

A Neut. Neut. GP  GPy . GPpy Putative 3 VH-REGION CDRH3
nAD (%) (IC50) (EC50) (EC50) (EC50) binding region VH-GENE identity % length (aa) AR JUNCTION
mAbl1l4 100% 0.10 0.06 0.02 0.10 GP1 Core IGHV3-13*01 F 87.4 13 CVRSDRGVAGLFDSW
ma-B06 100% 0.13 0.04 0.02 0.03 GP1 Core IGHV3-13*01 F 86.1 7 CTTAGHVYW
ma-DO8 87.00% 0.61  0.40 0.10 0.21 GPl Core  IGHV3-13*01 F 92.2 9 CTTRRGGFDVW
ma-E10  100% 0.14  0.06 0.02  0.05 GP1 Core  IGHV3-13*01 F 86.1 12 CTTAILEGGRVDVW
ma-F10 100%  0.17 0.24 0.06 5.94 GP1 Core  IGHV3-13*01 F 89.8 14 CASPLYCGDSFCADVW
ma-D05 81.80% 0.19 0.45 0.15 >10 Glycan cap IGHV4-4*07 F 77.5 15 CTRDSYNWNYMFGLDSW
ma-E06 100% 0.05 0.61 .16 >10 Glycan cap IGHV4-4*07 F 73.6 15 CVRDQYNWNYVSAFEPW
ma-A02 100% 0.45 0.32 0.06 >10 Glycan cap IGHV4-28*01 F 76.8 19 CARSAYIVVVLTDGDRWEDVW
mAbl14 VH EVQLVESGGGLIQPGGSLRLSCAAJGFALRMY DYHWVRQT I DKRLEWVSAVGPSGD-— - Tf YADSVKGRFAVSRENAKNS 77
ma-B06 VH EVQLVESGGALVQRGGSLRLSCVAYGFSFGNSWHITWVRLAPGKGLEWLARIKSQADGGTPPYAASVKGRFTISRDDSKNA 80
ma-D08 VH EVQLVESGAGLVQPGGSLRLSCDAYGFTFRDAWYNWVRQAPGKGLEWVARIKSKTDGETAPYAASVTGRFSISRDDSKNT 80
ma-E10 VH DMQLVESGGGLVQPGGSLRLSCEGYGF TFSKSWYNWVRQAPGKGLEWVGHIKSQVDGGAAPHAASVKGRFTISRDDSKNT 80
ma-F10 VH VVOMVGSGGDLVQPGGSLRLSCVGYGETF SKSWYSWVROAPGKGLEWI ARIKSVTDGGAPPYAASVKGRFTISRDDSKNT 80
CDRHI CDRH2
mAbl14 VH LSLOMNSLTAGDTAIYY(JVRS-DRGVAGLEDSFGQGILVTVSS 119
ma-B06 VH LYLQLNRLKTEDTAIYYJQIT---AGHVY----fGOGVLVTVSS 116
ma-D08 VH LYLOMNNLKAEDTAAYFQIT---RRGGF - -DVIGPGGLVTVSS 118
ma-E10 VH LYLOMNNLKTEDTAFYFQTTAT LEGGRV - -DVIGPGVLVTVSS 121
ma-F10 VH LFLQMNSLKTEDTALYYCRSPLYCGDSFCADVNGRGILVTVSS 123
CDRH3
C < VH-REGION - D-JH >
UCA mAbll4 VH SGFTFSSYDM-----------o- » AIGTAGD---TY CARG-IAVAGTDYFDYW (138,11,1D)
mAbl14 VH SGFALRMYDM ------------=- » AVGPSGD---TY CVRSDRGVAG--LFDSW Total: 15 mutations
IGHV3-13-01 SGFTESNSWM ----------e---= RIKRKADGETAD 108, 2D
ma-B06 VH SGESFGNSWM - - RTKSQADGGTPD  —eoocemeeeeee » UCA ma-BO6  CTTGTPGTTDNRFDVW (108,2D)
ma-D08 VH SGFTFRDAWM -  RIKSKTDGETAD ma-B06 VH CTT--AGHVY--——— W Total: 12 mutations
ma_ig zg zgggii—;xﬁ iii%g%?g _ UCA ma-D08  CTTGYCSGGVCYADYFDYW (88,2D)
ma e o A hna-D08 VH CTT--RRGG—————— FDVW Total: 10 mutations
CDRH1 CDRH2 “
“a UCA ma-E10  CTTGYCSGGVCYADNREDVW (118, 1D)
ma-E10 VH CTTAILEGG--—-—- RVDVW Total: 12 mutations
"¢ UCA ma-F10  CTT--YWGDYYDDNSLDVW (148,11, 1D)
ma-F10 VH Total: 16 mutations

Figure 4.

CASPLYCGDSF——-—-CADVW
CDRH3

Immunoglobulin VH-gene sequence analyses and somatic hypermutations (SHM) on the 7 macaque neutralizing antibodies compared with mAb114. (A) Alignment

of immunoglobulin VH-gene sequences for the 7 macaque neutralizers point out that all of the receptor binding domain (RBD) blockers originated from the IGHV3-13*01
family, the same of mAb114 itself as well as a similar degree of SHM between the macaque RBD blockers and mAb114. All of the macaque RBD blockers had an overall lower
degree of SHM compared with the other neutralizers, which were mapped to bind the glycan cap, suggesting that the RBD blockers might be more recent than other antibod-
ies such as glycan cap binders. Among all of the RBD blockers, ma-D08 appeared to be the closest to germline in terms of VH-gene region homology. (B) Protein sequence
alignment between mAb114 and the the vaccine-induced macaque RBD blockers further highlights the relatedness of these monoclonal antibodies (mAbs) as well as (C)
the similar type of affinity maturation that they have undergone during selection, which was observed by comparing the mAb protein sequence to their predicted unmutated
common ancestors (UCAs). The red boxes indicate the complementarity determining regions (CDR), whereas underlined in red are the amino acid mutations compared with
the UCS. Abbreviations: D, deletions; |, insertions; S, substitutions.
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that of mAb114 (86.1%-92.2% vs 87.4% VH-region identity) as
aresult of the alignment to the macaque versus human reference
databases (Figure 4A). Furthermore, when the CDR sequences
for each mAb were compared with their respective inferred
unmutated common ancestors, similar numbers and putative
types of SHM were also observed (Figure 4B). We noted that the
extent of SHM in the RBD blockers was lower than that seen in
the 3 other neutralizing mAbs (86.1%-92.2% vs 73.6%-77.5%
VH region identity) (Figure 4A and Supplementary Figures 2
and 3A). This suggests that these antibodies might have devel-
oped before the RBD blockers because SHM accumulate after
each cell division [35].

Macaque IGHV3-13 Monoclonal Antibodies Populate the Antigen-Specific
B-Cell Repertoire Progressively During the Course of Vaccination

mAb114 was isolated from a human survivor who may have
experienced multiple antigen exposures, and the mAbs pre-
sented here were isolated from a macaque that received multiple
vaccine-derived antigen exposures. Therefore, we hypothesized
that sustained antigen exposure might enhance the generation
of mAb114-like antibodies. To test this hypothesis, we analyzed
the macaque VH-gene repertoire present after each immuni-
zation on PBMC collected 1 month after each vaccination. As
expected, we found that EBOV* memory B cells increase with
time (Figure 5). In addition, we were able to identify precursors

for each of the 3 VH3-13 mAbs from the second boost and
noted that after each antigen encounter, the Ig variable region
continues to be refined by SHM (Supplementary Figure 4). In
line with this, the shape of the total IgG* B-cell population ver-
sus total IgM* B cells changes with time becoming more strin-
gent during secondary immune responses, indicating memory
B cell recall rather than engagement of newly formed naive B
cells (Figure 5). Finally, single-cell sorts and PCR on EBOV* B
cells revealed that the frequency of macaque IGHV3-13 B cells
although absent after prime, progressively increased during the
course of vaccination (Figure 5). Although all of VH3-13 B cells
generated in this study may not be mAb114-like, these data sug-
gest that sustained antigen exposure increases the proportion
of VH3-13 B cells, and, to be effective at inducing mAb114-like
mAbs, vaccination strategies may need repeated exposures to
antigen.

CONCLUSIONS

Preventive immunization of macaques with recombinant ade-
novirus vaccines encoding for the EBOV GP has been shown
to be protective against lethal challenge with EBOV by CD8*
T cell-mediated virus clearance [4, 8]. The findings in this
report indicate that immunization with GP encoding vectors
induced antibodies with similar binding and functional proper-
ties as the protective antibody mAb114. Furthermore, repeated

Time 0 +1 month
DNA Prime Ad5 Boost #1

+3 years +4 years
Ad5 Boost #2 Ad5 Boost #3

Lymphogytes  Single cells  Live cells — Bcells Lymphogytes  Single cells — Live cells — B-cells

Lymphocytes ~ Single cells Live cells ~ Bcells Lymphooytes  Single cells— Live cells — Bcells

.~

91.7% 99.7%

41.8% 92.3%

0:150% ] 0.175%

34.5% 36.9%

~. =~
99.8% 98.9% 34.1%
! - -

I =

86.9% 99.4% 99.1% 23.0% 87.2% 99.5% 98.6% 20.1%
10" ’

1023 0.751%

IgG GPypy,
Average VH- IGVH3-13*01 I Average VH- IGVH3-13*01 I Average VH- IGVH3-13*01 I Average VH- IGVH3-13*01 I
REGION identity % frequency (%) REGION identity % frequency (%) REGION identity % frequency (%) REGION identity % frequency (%)
(n=32) (n=32) (n=45) (n=29)
B Unmutated / Other VH-gene M Mutated 8 IGVH3-13*01 I
Figure 5. Flow cytometry, immunoglobulin VH-gene sequence analyses, and somatic hypermutations (SHM) after each vaccination procedure. Flow cytometry analyses on

the presence of Zaire ebolavirus (EBOV)* memory B cell were performed on samples collected 1 month after each vaccination procedure. Increase of the frequency of EBOV*
memory B cells as well as increase in binding affinity (appearance of cells double positive for both glycoprotein [GP] and GP,, .} is evident during the course of vaccination.
In line with this, sequence analyses on EBOV* single-cell sorted cells showed a gradual increase of SHM (red portions of pie charts). IGHV3-13*01 B cells (green portions of
pie charts) are absent after prime and progressively increase after each boost. The VH-gene region homology and the frequency of IGHV3-13*01 B cells was calculated based
on productive unique heavy chain sequences obtained from each sort (starting from 96 cells). Abbreviations: Adb, adenovirus type 5; DNA, deoxyribonucleic acid.
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immunization with Ad5 increased the proportions of mAbs in
the VH3-13 gene family. This suggests the possibility that the
potency of immunization against EBOV might be enhanced
with a multiboost strategy by possibly adding the protective
function of a class of antibodies acting like mAb114 (that is
by blocking the interaction between NPC1 and cleaved GP
through stable binding to the RBD region at low pH) to that of
CD8* T cells.

It is interesting to note that mAb114-like antibody responses
in both human and macaque originate from B cells harboring
antibodies encoded by very closely related gene families. The
relation between antibody specificity and Ig variable region
gene families is well known in the field of human immunode-
ficiency virus (HIV) infection, and it is currently driving HIV
vaccine research toward the design of specific B-cell lineage
immunogens [37, 38]. The same direction is being explored for
universal influenza vaccine design based on defined convergent
(shared between different individuals) Ig gene signatures that
have recently been described for vaccine-induced antibodies
binding to the conserved region of the influenza hemaggluti-
nin stem [39]. Thus, the definition of the B-cell ontogeny pro-
vided here for mAb114-like antibodies in EBOV will support
structure-based vaccine design for enhanced triggering of ger-
mline-reverted mAb114-like antibody precursors. Selective or
increased engagement of naive B cells precursors to mAb114-
like antibodies might generate higher frequencies of memory
B cells and allow quicker differentiation into mAb114-like anti-
body-secreting cells. Memory B cell-mediated serologic mem-
ory may persist over a long period of time, such as in the case
of measles-specific memory B cells [40]. Further studies will
need to be conducted to design and test modified vaccines as
well as different vaccination strategies that enrich selection of
B cells encoding for antibodies directed to blocking access to
the RBD. In addition, modified vaccines and/or different vac-
cination strategies should also be evaluated for the generation
of antibodies with multiple specificities, on their possible syn-
ergistic effects and on their degree of cross-reactivity to other
ebolavirus species.

In addition, investigations into the degree of affinity matu-
ration needed for the optimal neutralization and retention of
binding in the low pH environments are needed. Although all
4 mADb114-like macaque mAbs that we isolated retain good
binding and neutralization at low pH, we noted that ma-D08,
which showed the lowest degree of binding and neutraliza-
tion, also showed the lowest degree of SHM compared with the
macaque VH3-13 germline (Figure 4A). This may indicate that
SHM may indeed play a role for neutralization and binding.
Continued maturation may be required to allow high-affinity
recognition of the major epitope in the GP1 core for mAb114
binding, which is partially covered by the glycan cap and MLD,
respectively [33, 41] (Supplementary Figure 1A), and may not
be easily accessible to B cells.

In summary, we have shown that (1) mAbs generated through
vaccination with EBOV GP encoding vectors in macaque
present with binding and functional characteristics similar to
mAb114, which was instead isolated from a human survivor;
(2) these mAbs share many sequence similarities with mAb114
and may originate from same, or closely related, VH genes as
mADb114; and (3) multiple exposures to antigen may be required
for these antibodies to arise and fully mature. Overall, these find-
ings will support structure-based vaccine design and/or multi-
boost vaccine strategies for enhanced triggering of mAb114-like
antibodies.
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Supplementary materials are available at The Journal of Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader, the
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