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ABSTRACT Ebolaviruses Zaire (EBOV), Bundibugyo (BDBV), and Sudan (SUDV) cause
human disease with high case fatality rates. Experimental monovalent vaccines,
which all utilize the sole envelope glycoprotein (GP), do not protect against heterol-
ogous ebolaviruses. Human parainfluenza virus type 3-vectored vaccines offer bene-
fits, including needle-free administration and induction of mucosal responses in the
respiratory tract. Multiple approaches were taken to induce broad protection against
the three ebolaviruses. While GP consensus-based antigens failed to elicit neutraliz-
ing antibodies, polyvalent vaccine immunization induced neutralizing responses to
all three ebolaviruses and protected animals from death and disease caused by
EBOV, SUDV, and BDBV. As immunization with a cocktail of antigenically related anti-
gens can skew the responses and change the epitope hierarchy, we performed com-
parative analysis of antibody repertoire and Fc-mediated protective mechanisms in
animals immunized with monovalent versus polyvalent vaccines. Compared to sera
from guinea pigs receiving the monovalent vaccines, sera from guinea pigs receiving
the trivalent vaccine bound and neutralized EBOV and SUDV at equivalent levels and
BDBV at only a slightly reduced level. Peptide microarrays revealed a preponderance
of binding to amino acids 389 to 403, 397 to 415, and 477 to 493, representing
three linear epitopes in the mucin-like domain known to induce a protective anti-
body response. Competition binding assays with monoclonal antibodies isolated
from human ebolavirus infection survivors demonstrated that the immune sera
block the binding of antibodies specific for the GP glycan cap, the GP1-GP2 inter-
face, the mucin-like domain, and the membrane-proximal external region. Thus, ad-
ministration of a cocktail of three ebolavirus vaccines induces a desirable broad anti-
body response, without skewing of the response toward preferential recognition of
a single virus.

IMPORTANCE The symptoms of the disease caused by the ebolaviruses Ebola,
Bundibugyo, and Sudan are similar, and their areas of endemicity overlap. However,
because of the limited antigenic relatedness of the ebolavirus glycoprotein (GP)
used in all candidate vaccines against these viruses, they protect only against ho-
mologous and not against heterologous ebolaviruses. Therefore, a broadly specific
pan-ebolavirus vaccine is required, and this might be achieved by administration of
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a cocktail of vaccines. The effects of cocktail administration of ebolavirus vaccines on
the antibody repertoire remain unknown. Here, an in-depth analysis of the antibody
responses to administration of a cocktail of human parainfluenza virus type
3-vectored vaccines against individual ebolaviruses was performed, which included
analysis of binding to GP, neutralization of individual ebolaviruses, epitope specific-
ity, Fc-mediated functions, and protection against the three ebolaviruses. The results
demonstrated potent and balanced responses against individual ebolaviruses and no
significant reduction of the responses compared to that induced by individual vac-
cines.

KEYWORDS antibody repertoire, Ebola virus, immune response, immunization,
neutralizing antibodies

Ebola virus (EBOV), of the genus Ebolavirus, family Filoviridae, causes a severe disease
in humans with case fatality rates approaching 90% and in nonhuman primates

with fatality rates approaching 100% (1–3). Besides EBOV, there are four additional
ebolaviruses: Bundibugyo virus (BDBV), Sudan virus (SUDV), Tai Forest virus (TAFV), and
Reston virus (RESTV). Out of the five, three (EBOV, SUDV, and BDBV) have caused large
human outbreaks. The viruses are highly contagious, and transmission primarily occurs
via direct contact with infected persons or animals, their bodily fluids, or cadavers.
Transmission by droplets of respiratory secretions has been observed in nonhuman
primates (NHPs) in laboratory settings, and guinea pigs and NHPs directly exposed to
aerosolized EBOV have developed lethal infections; however, the role of this route of
transmission in natural outbreaks in humans is unclear (4–7).

Currently, there are no approved vaccines for any of the ebolaviruses. Several
vaccine strategies have been tested over the years and have had various degrees of
success in animal models, but they have primarily been directed only at EBOV. The most
promising vaccine candidates are based on viral vectors, including various adenovi-
ruses, vesicular stomatitis virus (VSV), and human parainfluenza virus type 3 (HPIV3),
which have proven effective at protecting NHPs from a lethal EBOV challenge (8–15)
and have gone on to clinical trials. The recent widespread outbreak of EBOV in West
Africa has directed a lot of attention and effort toward developing a practical, effective
vaccine against the virus. However, SUDV and BDBV pose a substantial threat for future
outbreaks and necessitate similar vaccine efforts. Moreover, the three ebolaviruses
produce similar clinical symptoms, and their areas of endemicity overlap (16). There-
fore, a single effective vaccine that protects against the three ebolavirus species
is needed to protect vulnerable populations and health care workers. This need is
especially present at the earliest time points of an outbreak, when a rapid response is
required but a reliable identification of the viral species may not be available.

Multivalent vaccine approaches have been successful against several viral infections,
such as the quadrivalent MMRV vaccine against the measles, mumps, rubella, and
varicella viruses (17) and the nine-valent vaccine against multiple types of human
papillomaviruses (18). However, with certain viruses, most notably, polio virus and
dengue virus, multivalent approaches result in an imbalanced response to vaccine
components, where the response to one or more components is reduced by the
heterologous response to another immunodominant component of the mixture (19–
22). Multivalent approaches have been tested with filoviruses. A bivalent, virus-like
particle vaccine against EBOV and a Marburg virus (MARV), which belongs to a separate
filovirus genus, protected guinea pigs from lethal challenges with either virus, without
a perceived imbalanced response to either component (23). In contrast, a trivalent
VSV-vectored vaccine with EBOV, SUDV, and MARV components protected macaques
from death caused by each of the three viruses, but animals exposed to SUDV showed
signs of disease before recovering (12). This finding likely was due to a more dominant
response to the EBOV and MARV components and was remedied by vaccination with
VSV-SUDV first, followed by a bivalent dose of the EBOV and MARV vaccine components
2 weeks later.
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Neutralizing antibodies are critical for the efficacy of a filovirus vaccine to control
infection. However, there are examples of nonneutralizing monoclonal antibodies
(MAbs) that protect from lethal filovirus challenge (24). This can be explained by the
fact that, in addition to mediating neutralization through the antibody Fab domain,
antibodies can contribute to viral control through recruitment of innate immune
effector functions meditated by Fc domains (25, 26). Specifically, EBOV infection can be
affected by antibody-dependent cellular cytotoxicity (ADCC) by natural killer (NK) cells
or antibody-dependent cellular phagocytosis (ADCP) of viral particles or infected cells
by Fc receptor-bearing monocytes, macrophages, and neutrophils. In fact, the role of
NK cells in controlling EBOV infections in mice via some of these mechanisms was
demonstrated (27, 28). Moreover, the production and secretion of cytokines and
chemokines, such as gamma interferon (IFN-�) and macrophage inflammatory protein
1� (MIP-1�), by NK and other Fc receptor-bearing cells serve to recruit additional innate
immune cells to the site of infection through chemoattractant activity and may also
activate infiltrating cells to better prime the adaptive immune response. In addition, IgG
and IgM can activate the soluble complement system via the classical and lectin
pathways, respectively, contributing to neutralization of virions, as well as induction of
innate and adaptive immunity (29).

No previous filovirus vaccine study utilizing a multivalent vaccine regimen examined
in great depth the contribution of individual components within the cocktail toward
the immune response balance. The filovirus glycoprotein (GP) is the major antibody
protective antigen possessing both variable and conserved epitopes across ebolavirus
species (30–32), which could influence the antibody response pattern when used in
combination with each other. Subsequently, in addition to assessing trivalent and
monovalent vaccine efficacy, a major goal of this study was to investigate if the
response to the trivalent ebolavirus vaccine is qualitatively or quantitatively different
from that to monovalent filovirus vaccines. We previously demonstrated that the
HPIV3-vectored EBOV vaccine HPIV3/EboGP (referred to here as HPIV3-EBOV) effectively
protects guinea pigs and NHPs against a lethal challenge (13, 14). Delivery of the
vaccine to the lungs of NHPs in the form of an aerosol induced a strong cell-mediated
and antibody response in serum and the respiratory tract and protected against a lethal
dose of EBOV delivered by the intramuscular (i.m.) route (33). In this study, we used the
same HPIV3 vector to design, generate, and test multiple single-component vaccines
and a multivalent vaccine. The latter strategy resulted in robust immune responses and
protection from death and disease caused by EBOV, SUDV, and BDBV in vaccinated
guinea pigs and ferrets. Furthermore, we evaluated the multivalent approach for signs
of an imbalanced response using peptide arrays specific for each component and
assessed the ability of the vaccine to generate Fc-mediated cellular responses and
activate complement.

RESULTS
Consensus-based antigens fail to elicit a neutralizing response to three ebo-

laviruses. Initially, we attempted to generate a single-component, broadly neutralizing
ebolavirus vaccine. To achieve this, we generated six consensus-based antigens based
on multilevel consensus generation in an effort to reduce sampling bias, similar to
approaches taken against highly pathogenic avian influenza viruses (34). Briefly, 52
partial and whole ebolavirus GP sequences were used to generate a phylogenetic tree
(see Fig. S1 in the supplemental material). Based on the tree, the sequences were
divided into groups that aligned along species and outbreaks. EBOV sequences were
grouped into either lineage A (groups 1 and 2) and lineage B (groups 3 and 4) (35) or
4 groups that divided each lineage into 2 groups that corresponded to distinct
outbreaks. Consensus sequences were generated for each group by the use of BLO-
SUM62 (36). An intermediate consensus sequence, EC1, was generated by creating a
second-level EBOV consensus from the lineage A consensus and the lineage B consen-
sus. The final EC1 sequence was generated by creating a consensus from this second-
level EBOV consensus, a BDBV/TAFV consensus, and an SUDV consensus (Fig. S1B). EC2
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was created similarly, but the EBOV consensus was generated by using consensus
sequences from each of the four groups to generate a second-level EBOV consensus
(Fig. S1B). EC1J and EC1O are based on the EC1 sequence, but the mucin-like domain,
amino acids 309 to 495 (EC1J) or 315 to 506 (EC1O), was removed. ECHI was generated
by replacing amino acids in EC1 with residues that have the highest immunogenicity in
the predicted epitope regions of the EBOV, BDBV, and SUDV GPs. ECM was created by
replacing sequences from EC1J with sequences corresponding to predicted EBOV,
BDBV, and SUDV epitopes, creating a mosaic protein. Recombinant HPIV3-vectored
vaccine constructs were generated similarly to the HPIV3-EBOV construct (13), which
included the generation of transcriptional cassettes for expression of the designed
antigens by flanking their open reading frames with HPIV3-specific gene-start and
gene-end transcriptional signals, their incorporation into the P-M intergenic sequence
of the antigenomic cDNA, and recovery of the recombinant vaccine viruses. Groups of
guinea pigs were intranasally inoculated with 4 � 105 PFU of each HPIV3 consensus-
based antigen at days 0 and 28. Analysis of sera collected on days 0, 28, and 56 by
plaque reduction assays showed that none of the six consensus antigens elicited a fully
neutralizing response against BDBV, EBOV, or SUDV by day 28 (Fig. 1A, C, and E). Most
of the serum samples collected on day 56 failed to achieve effective neutralization of
all three viruses as well; however, EC1J neutralized 22% of BDBV and EC2 neutralized
43% of EBOV at a 1:20 dilution (Fig. 1B, D, and F). Analysis of binding of the immune
sera to individual ebolavirus GPs by enzyme-linked immunosorbent assay (ELISA)
demonstrated that the response to all six antigens resulted in antibody binding to
individual ebolavirus GPs which was �100- to 1,000-fold lower than that of monovalent
sera (Fig. 2). These data demonstrate that such a consensus-based approach cannot be
used for generation of a pan-ebolavirus vaccine, most likely due to the high level of
diversity of ebolavirus GP proteins or due to the insufficient level of their expression in
cells.

The trivalent vaccine induces robust balanced neutralization of multiple ebo-
laviruses without a significant skew. As the consensus-based approach failed, we
next focused on generation of a multivalent vaccine using the cocktail approach.
HPIV3-vectored BDBV and SUDV components were generated similarly to the HPIV3-
EBOV construct (13), as described above for the consensus-based antigens. Protein

FIG 1 Consensus-based antigens fail to elicit neutralizing antibody titers. Groups of guinea pigs were
vaccinated with the indicated vaccines. Sera collected at days 28 and 56 were serially diluted (2-fold
dilution starting at 1:20) and tested for the ability to neutralize EBOV (A and B), BDBV (C and D), or SUDV
(E and F). Mean values � SEM are based on the results for 5 animals per group. dpi, days postinfection.
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expression of the GP antigens by the individual vaccine constructs and the trivalent
cocktail was confirmed by flow cytometry (Fig. 3A to C) and Western blot analyses (Fig.
3D) using a rabbit polyclonal anti-EBOV GP antibody for EBOV GP, the human MAb
BDBV52 (30) for BDBV GP, and the murine MAb 2H5 (IBT Bioservices, Rockville, MD, USA)
for SUDV GP. In both assays, the BDBV GP and SUDV GP proteins were expressed at
comparable levels in infected cells with the monovalent or cocktail vaccines, while
EBOV GP expression was higher in infected cells with the monovalent EBOV construct
than the trivalent cocktail. Guinea pigs were inoculated by the intranasal route with
4 � 105 PFU of each of the monovalent vaccine constructs or a mixture of the three
constructs at 4 � 105 PFU of each construct, resulting in a total dose of 1.2 � 106 PFU;
28 days later, second vaccine doses were administered. Sera collected on day 28 from
animals individually immunized with each of the three vaccine constructs fully neu-
tralized the homologous virus but not the two heterologous viruses. In contrast, sera
from animals vaccinated with the trivalent vaccine fully neutralized EBOV (1:160) and
SUDV (1:80) and partially neutralized BDBV (84% neutralization at 1:20) (Fig. 4A, C, and
E). Sera collected after the second vaccination, at day 56, showed increased neutral-
ization of homologous viruses following immunization with HPIV3-BDBV and HPIV3-
EBOV, which was observed up to a dilution of 1:640, while a second dose of HPIV3-
SUDV showed no increase of the response compared to that at day 28. Sera collected
at day 56 from animals immunized with the trivalent vaccine were able to fully
neutralize BDBV (1:160), EBOV (1:320), and SUDV (1:160) (Fig. 4B, D, and F).

Sera collected at day 56 were also tested for GP binding by ELISA. The trivalent sera
bound to EBOV GP and BDBV GP at slightly reduced (4-fold) levels compared to the
respective monovalent sera and to HPIV3-SUDV at a level similar to that for the
respective monovalent sera. The cross-bindings of the three monovalent sera were
minimal (Fig. 5). Thus, the binding patterns matched the homologous neutralization
pattern (Fig. 4). These data indicate that each of the individual components induces a
strongly neutralizing response against a homologous virus, accompanied by strong
binding. Importantly, these data also demonstrate that the trivalent formulation in-
duces a balanced neutralizing antibody response similar to that induced by the
monovalent vaccines, with only a slight reduction of the BDBV-specific response.

The lack of cross-neutralization of monovalent sera is consistent with their
predominant binding to linear epitopes in the MLD. To characterize the binding of
the immune sera to linear epitopes, serum samples were analyzed by peptide microar-
rays. Sets of 167 15-mer peptides offset by 4 amino acids spanning the GP sequences
of EBOV, BDBV, and SUDV were tested. Comparison of guinea pig sera collected on day
28 or 56 (Fig. 6) showed only a modest increase of binding at the later time point: 1.4-,
1.8-, 1.3-, or 1.9-fold for EBOV, BDBV, SUDV or the trivalent vaccine, respectively.

FIG 2 Immunization with consensus sequence-based antigens elicits immune sera with lower binding to GP
than immunization with monovalent homologous vaccines. Groups of five guinea pigs were vaccinated
with the indicated vaccine constructs, and sera collected at day 56 were analyzed by ELISA for the ability
to bind EBOV GP (A), BDBV GP (B), or SUDV GP (C). The monovalent control sera are from guinea pigs
immunized with HPIV3-vectored constructs expressing GP of EBOV (A), BDBV (B), or SUDV (C) from the
experiment whose results are shown in Fig. 4. Mean values � SEM are based on the results for 5 animals
per group.
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Comparison of the binding of day 56 sera to peptides of all three ebolaviruses (Fig. 7)
revealed that, in general, the majority of EBOV homologous binding (HPIV3-EBOV
serum binding to EBOV peptides) occurred in the mucin-like domain (MLD), with
minimal binding occurring across the other parts of the protein. The HPIV3-EBOV sera
showed the highest levels of binding above the background across the entire MLD. The
HPIV3-BDBV sera showed the smallest amount of binding over the background signal,
with only two peptides (peptide 88 [residues 349 to 364] and peptide 122 [residues 484
to 499]), both of which are located in the MLD, showing an approximately 10-fold or
higher increase in binding. The HPIV3-SUDV sera showed three peaks in the N-terminal

FIG 3 Vaccine constructs express ebolavirus GP. GP expression by the vaccine constructs was assessed by flow
cytometry (A to C) and by Western blotting (D). LLC-MK2 cells were infected with the monovalent vaccines, the
trivalent vaccine, or the empty HPIV3 vector. (A) Representative primary flow cytometry data. SSC, side scatter; FSC
forward scatter. (B) Flow cytometry histogram analysis evaluating the expression of GP by each vaccine construct.
(C) Expression levels of GP by each single HPIV3-vectored vaccine construct, EBOV (brown), BDBV (blue), or SUDV
(green), compared to that by the trivalent vaccine (red). Mean values � SEM are based on the results for triplicate
samples. (D) Western blot analysis with purified GP proteins as positive controls and actin or GAPDH as loading
controls.
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third of the MLD (residues 313 to 367) and another peak at the extreme C-terminal end
of the MLD adjacent to the cleavage site (residues 469 to 495).

Heterologous binding profiles showed differing levels of binding. Sera from EBOV-
and BDBV-immunized guinea pigs showed very limited binding to SUDV peptides. The
HPIV3-EBOV-vaccinated group also showed very limited binding to BDBV. Unexpect-
edly, HPIV3-SUDV sera bound BDBV peptides in a manner similar to that in which they
bound SUDV peptides. Both HPIV3-SUDV and HPIV3-BDBV sera had increased binding
across the entire EBOV GP, with the exception of the MLD, essentially the inverse
binding profile of HPIV3-EBOV sera to EBOV peptides. These data are consistent with
the lack of similarity between the MLDs of the three filoviruses, resulting in a greater
detection of non-MLD-bound peptides.

Trivalent sera showed a binding pattern similar to that of a combination of the three
single-component vaccine groups, for the most part. For example, HPIV3-EBOV sera

FIG 4 The trivalent vaccine induces neutralization similar to that induced by the individual vaccine
components. Groups of five guinea pigs were vaccinated with the indicated vaccines. Sera collected at days
28 and 56 were analyzed for the ability to neutralize EBOV (A and B), BDBV (C and D), or SUDV (E and F).
Mean values � SEM are based on the results for 5 animals per group.

FIG 5 The trivalent vaccine has binding characteristics similar to those of the individual single-component
vaccines by ELISA. Groups of guinea pigs were immunized with the indicated vaccines, and sera collected
at day 56 were analyzed by ELISA for the ability to bind EBOV GP (A), BDBV GP (B), or SUDV GP (C). Mean
values � SEM are based on the results for 5 animals per group.
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bound EBOV peptides across the MLD at a 10- to 60-fold increase over the background
but did not bind in other regions. HPIV3-BDBV and HPIV3-SUDV sera bound EBOV
peptides at about a 10-fold increase to all areas except the MLD. The trivalent sera
bound EBOV MLD with a similar intensity and pattern as the EBOV sera, but they also
bound the rest of the peptides with a similar intensity as the BDBV and SUDV sera. Thus,
the binding profile of the trivalent sera with EBOV peptides looked similar to that of a
composite of the profiles of the sera from animals receiving each of the three individual
vaccines (Fig. 8). However, one exception was observed: the trivalent sera demon-
strated a 10-fold increase in binding to the peptides corresponding to the N-terminal
end of the MLD (residues 313 to 335) over what any of the monovalent vaccines elicited
(Fig. 8D). Thus, at least based on binding to linear epitopes, in particular for EBOV, the
lack of cross-neutralization by monovalent vaccine sera is related to the immunodomi-
nance of the MLD, which has almost no similarity between the individual ebolaviruses.
These data also demonstrate that the vaccines induce antibody responses that cover a
diverse set of epitopes across the whole GP protein and that the trivalent vaccine
induces antibodies with a binding profile similar to that of the monovalent vaccines
and does not induce a skewed response.

Both monovalent and trivalent vaccines induce broad antibody responses that
recognize a diverse set of known epitopes across the whole GP. Peptide microar-
rays are a useful tool for identifying linear epitopes but fail to probe for conformational
epitopes. Thus, we conducted competition binding assays between MAbs with known
epitopes and our monovalent or trivalent sera, using biolayer interferometry. Knowl-
edge of ebolavirus epitopes is skewed heavily toward EBOV; therefore, the study was
targeted at known EBOV epitopes and tested the monovalent EBOV and trivalent sera.
The following MAbs were selected for this analysis (Fig. 9A and B): (i) BDBV289, isolated
from a human survivor of BDBV infection, which recognizes amino acids 273 to 310,
located in the glycan cap (30); (ii) EBOV55, isolated from a survivor of EBOV infection
using the previously published approach (30, 37), which binds amino acids 397 to 402
in MLD; (iii) KZ52, which binds amino acids 42, 43, 505 to 514, and 549 to 556 in the
GP1-GP2 interface (38); (iv) BDBV317, the binding of which is prevented by a mutation
of amino acid 633 in the membrane-proximal external region (MPER) (37); and (v)

FIG 6 Trivalent vaccine sera bind linear EBOV GP peptides similarly to single-component vaccine sera.
Sera from animals vaccinated with either HPIV3-EBOV (A), HPIV3-BDBV (B), HPIV3-SUDV (C), or the
trivalent vaccine (D) were analyzed for binding to peptides matching the protein sequence of EBOV GP.
Binding of sera collected on day 28 (gray) is overlaid on binding of sera collected on day 56 (color) to
highlight regions that showed increased binding after the second vaccine dose. Values represent the
average binding of sera from 3 vaccinated animals as a percentage of the binding of sera drawn prior
to vaccination. Each column represents the results for a 15-residue peptide with a sequence matching
the sequence of EBOV GP. The diagrams below the graphs show the domains of GP in a linear fashion
that correspond to the binding data. S, signal peptide; blue, base; yellow, head; orange, glycan cap;
dotted region, mucin domain; green, fusion loop; light gray, HR1; dark gray, HR2; red, transmembrane
and cytoplasmic tail. The furin cleavage site is marked by the triangle.
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BDBV223, whose binding is prevented by a mutation at amino acid 634 in MPER. Both
EBOV monovalent and trivalent vaccines induced antibodies which blocked the binding
of all five tested MAbs to some extent (between 38% and 92%; Fig. 9A). The trivalent
vaccine sera showed 21% to 32% less blocking than the monovalent vaccine sera
(P � 0.05 for all pairs except BDBV317).

Taken together, the data suggest that despite the immunodominance of MLD, the
HPIV3-EBOV vaccine induces a response that covers a diverse set of epitopes across the
whole GP protein. The trivalent vaccine sera blocked the binding of various MAbs at a
moderately reduced rate compared to that for the monovalent HPIV3-EBOV vaccine
sera, demonstrating a mitigated response against individual components of the vac-
cine.

Vaccine-induced antibodies are potent mediators of Fc-dependent innate im-
mune effector functions. To determine whether vaccination induced antibodies
capable of activating innate immune effector functions in several different types of
innate immune cells, we assayed the sera collected on day 56 from vaccinated guinea
pigs for activation of NK cells, induction of phagocytosis by monocytes and neutrophils,
and complement deposition (Fig. 10A to C; the gating strategies are shown in Fig. S2).
The degranulation of cytotoxic granules from NK cells is marked by surface expression
of CD107a (39). Analysis of NK cells demonstrated that sera from guinea pigs vaccinated
with a monovalent vaccine were able to induce expression of CD107a (Fig. 10D, J, and
P), albeit at a reduced level compared to that for the EBOV-specific MAb c13C6, which
is glycosylated with a glycan known to enhance ADCC (26, 40), when plated on the
homologous GP protein (Fig. S2B). Trivalent sera were capable of inducing degranula-
tion above background levels when NK cells were plated on SUDV GP- and EBOV

FIG 7 Trivalent vaccine sera bind GP peptides similarly to single-component vaccine sera. Sera collected at
day 56 after immunization with the EBOV vaccine (orange), BDBV vaccine (blue), SUDV vaccine (green), or
trivalent vaccine (red) were analyzed for binding to peptides matching the protein sequence of EBOV GP
(A to D), BDBV GP (E to H), or SUDV GP (I to L). Values represent the average binding of sera from 3
vaccinated animals as a percentage of the binding of preimmune sera. Each column represents the results
for a 15-residue peptide with a sequence matching the sequence of GP. The diagrams below each graph
show the domains of GP in a linear fashion that correspond to the binding data. S, signal peptide; blue,
base; yellow, head; orange, glycan cap; dotted region, mucin domain; green, fusion loop; light gray, HR1;
dark gray, HR2; red, transmembrane and cytoplasmic tail. The furin cleavage site is marked by the triangle.
Graphs with a gray background indicate that the vaccine or its component is homologous with the peptide
array sequence.
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GP-coated plates (with no significant difference in the latter case due to the high
sample-to-sample variability) but not when plated on BDBV GP-coated plates (Table 1).
In addition, when stimulated with homologous GPs, the EBOV and SUDV monovalent
vaccines elicited CD107a responses which were similar to those induced by the trivalent
vaccine, whereas the BDBV monovalent vaccine elicited significantly higher responses
than the trivalent vaccine. For all three GP proteins, secretion of MIP-1� by NK cells (Fig.
10E, K, and Q) was detectable in both the monovalent and trivalent vaccine groups, yet
a trend similar to that for CD107a was observed, with the levels of MIP-1� secretion in
the animals receiving the EBOV and SUDV monovalent vaccines being similar to those
in the group receiving the trivalent vaccine. Again, the BDBV monovalent vaccine
elicited significantly higher levels of MIP-1� than the trivalent vaccine. The secretion of
IFN-� by NK cells (Fig. 10F, L, and R) was detected for the EBOV and SUDV monovalent
vaccines (although for EBOV, the levels did not reach statistical significance due to high
variation between samples) but not for the BDBV vaccine. Monovalent sera showed no
effect on NK cell activation with heterologous GP proteins. Overall, the trivalent vaccine
induced activation of EBOV-specific and SUDV-specific NK cells at a level comparable to
that for the respective monovalent vaccines, while the induction of BDBV-specific NK
cells was lower than that by the monovalent vaccine. This difference between the BDBV
vaccine on the one hand and the EBOV and SUDV vaccines on the other hand is
consistent with the reduced induction of neutralizing antibody responses observed for
the monovalent BDBV vaccine but not for the monovalent EBOV or SUDV vaccine
compared to that observed for the trivalent vaccine (Fig. 4).

As phagocytosis of virus and/or infected cells may be a mechanism by which
antibodies contribute to viral control, we next tested the ability of the immune sera to
induce the phagocytosis of GP-coated beads by neutrophils and monocytes. Briefly,
fluorescein isothiocyanate (FITC)-positive (FITC�) streptavidin beads were coated with
biotinylated EBOV GP, SUDV GP, or BDBV GP to generate antigen-coated beads and
incubated with diluted serum samples prior to addition of phagocytic cells (neutrophils
or monocytes) for either 1 h (neutrophils) or 18 h (monocytes) (Fig. 10B). The uptake of

FIG 8 Immune sera from animals immunized with the trivalent vaccine bind peptides in a similar pattern
as a composite of EBOV, BDBV, and SUDV vaccine sera. The results for all three single-component-
vaccinated animal sera (HPIV3-EBOV, HPIV3-BDBV, and HPIV3-SUDV; gray) were merged and overlaid with
those for a trivalent-vaccinated animal serum (red). (A and B) Day 28 sera; (C and D) day 56 sera. The
responses in the trivalent vaccine-immunized animals are shown in front of the responses in the 3
individual vaccine groups in panels A and C, so any visualized gray indicates areas where the trivalent
vaccine induced less binding than the composite of the three individual vaccines. In contrast, the
responses in the individual vaccine groups are displayed in front of the responses in the trivalent vaccine
group in panels B and D, so any visualized red indicates areas where the trivalent vaccine induced more
binding than the composite of the individual vaccines.
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the beads by cells was determined by flow cytometry, and the phagocytic score was
calculated.

Neutrophils are the most abundant innate immune cells in the blood, are highly
phagocytic, and are capable of killing infected cells through several different mecha-
nisms, including production of reactive oxygen species and neutrophil extracellular
traps (41, 42). Vaccine-induced antibodies from all three monovalent vaccine groups
were robust inducers of neutrophil-mediated phagocytosis of homologous GP-coated
beads and were capable of inducing high levels of phagocytosis by nearly all neutro-
phils assayed (Fig. 10G, M, and S). For all three types of GP beads, the phagocytic score
of homologous beads was significantly higher in the monovalent vaccine groups than
in the trivalent vaccine groups. In addition, strong monocyte-mediated phagocytosis of
homologous GP-coated beads was induced by all three monovalent vaccine groups
and the trivalent vaccine group (Fig. 10H, N, and T). Interestingly, there was no effect
of the monovalent vaccines on the neutrophil- or monocyte-mediated phagocytosis of
heterologous GP-coated beads.

Finally, antibody-dependent complement activation was tested by analyzing C3
deposition onto GP-coated beads (Fig. 10C). High levels of C3 deposition onto homol-
ogous beads were observed in all three monovalent vaccine groups and the trivalent
vaccine group (Fig. 10I, O, and U), with slightly higher C3 deposition in the BDBV
monovalent vaccine group than in the trivalent vaccine group. There was no significant

FIG 9 Immune sera from animals vaccinated with HPIV3-EBOV or the trivalent vaccine block the binding of
monoclonal antibodies specific for diverse GP epitopes. EBOV GP was bound to biosensors and then
incubated with the indicated immune sera. The sensors were then incubated with antibodies known to
bind GP. (A) The amounts of binding were measured by biolayer interferometry and are shown as
percentages of the binding of a negative control (empty HPIV3 vector control sera). 2D22 is a human
antibody specific for dengue virus. Mean values � SEM are based on the results for 5 animals per group.
Differences between blocking by mono- and trivalent sera were significant (P � 0.05) for all monoclonal
antibodies except BDBV317. (B) Representative data curves for two samples. The negative-control value was
determined by subtracting the value on the green line (no serum, no antibody) from the value on the blue
line (no serum with antibody). The sample value was determined by subtracting the value for the red line
(with serum, no antibody) from the value for the black line (with serum and antibody). The percent blocking
was calculated by converting the sample value to a percentage of the negative-control value and
subtracting from 100%.

Trivalent Parainfluenza Virus-Vectored Ebolavirus Vaccine Journal of Virology

February 2019 Volume 93 Issue 4 e01845-18 jvi.asm.org 11

https://jvi.asm.org


deposition on heterologous GP beads in the BDBV and SUDV monovalent vaccine
groups compared to the empty vector vaccine groups, but there was some deposition
on BDBV GP beads with the EBOV sera. Together, these data indicate that vaccination
with either monovalent or trivalent vaccines induces highly functional antibodies
capable of recruiting multiple different Fc-dependent innate immune effector functions
from several types of immune cells and activating the complement system, all of which
likely contribute to the protective efficacy afforded by the vaccines.

The trivalent vaccine is fully protective against EBOV, SUDV, and BDBV lethal
challenges. We chose to test the protective efficacy of our vaccines delivered as one
dose rather than two doses, based on the immunogenicity results described in the
previous section. Thus, as the trivalent vaccine induced comparable levels of neutral-

FIG 10 Monovalent and trivalent vaccines can induce highly functional antibodies capable of recruiting different Fc-dependent innate immune
effector functions from several types of immune cells and activating the complement system. (A) Sera from guinea pigs immunized with the
indicated HPIV3-vectored vaccines were diluted 1:100 and incubated on plates coated with EBOV GP, BDBV GP, or SUDV GP. Freshly isolated
human NK cells were added to the plates and assessed for the expression of three activation markers: CD107a (D, J, P), MIP-1� (E, K, Q), and IFN-�
(F, L, R). The same sera were also incubated with GP-coated fluorescent beads (B), which were incubated with either human neutrophils (G, M,
S) or THP-1 monocytes (H, N, T). Cells were then analyzed to quantify the phagocytic intake of the fluorescent bead/antibody complexes. (C)
GP-bound beads were incubated with guinea pig sera and exposed to guinea pig complement. C3 deposition was measured by flow cytometry
using a fluorescent anti-guinea pig C3 antibody (I, O, U). Dashed lines indicate the levels of no-antibody controls. Data are the mean � SEM. P
values were determined by 1-way ANOVA followed by the Tukey posttest. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001. The results of
a complete pairwise statistical analysis are shown in Table 1. ADNP, antibody-dependent neutrophil phagocytosis; ADCP, antibody-dependent
cellular phagocytosis; ADCD, antibody-dependent complement deposition.
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izing antibodies against each of the three ebolaviruses (Fig. 4), the protective efficacy
of the vaccine against EBOV and SUDV was tested in guinea pigs (Fig. 11) with the
respective guinea pig-adapted filoviruses (43, 44), while the protective efficacy of the
vaccine against wild-type BDBV was tested in ferrets (44, 45) (Fig. 12). Animals were
vaccinated once intranasally with a vaccine dose of 4 � 105 PFU per guinea pig and
1 � 107 PFU per ferret; the control groups received an equivalent dose of the empty
HPIV3 vector. At 28 days postvaccination, guinea pigs were challenged intraperitoneally
(i.p.) with a target dose of 103 PFU of guinea pig-adapted EBOV or guinea pig-adapted
SUDV and ferrets were challenged i.m. with a target dose of 103 PFU of wild-type BDBV.
One PFU of guinea pig-adapted EBOV contains multiple 50% lethal doses for guinea
pigs (46; Anthony Sanchez, personal communication); the 50% lethal doses of guinea
pig-adapted SUDV for guinea pigs and of wild-type BDBV for ferrets are unknown.

For the EBOV challenge, guinea pigs in the control group began losing weight at day
4 postchallenge (Fig. 11A). Other signs of disease, including scruffy coat, lethargy, and
failure to respond to stimulus, began at day 6. Two control animals reached a moribund
state and were euthanized at day 6, one at day 8 and one at day 9 (Fig. 11B). All animals
had lost 15% to 20% of their body weight at the time of euthanasia. Viremia was
detected in the control animals at day 6. The two animals that were euthanized at day
6 had the highest titers (2.8 � 103 and 3.6 � 105 PFU/ml of serum), while the two that

TABLE 1 P values of the results of multiple-comparison analysis shown in Fig. 10a

Virus and vaccines
compared

P value

CD107� MIP-1� IFN-� ADNP ADCP ADCD

EBOV D E F G H I
BDBV vs EBOV 0.0602 0.0135 0.0973 �0.0001 0.0002 �0.0001
BDBV vs SUDV �0.9999 0.9989 �0.9999 �0.9999 �0.9999 0.9975
BDBV vs trivalent 0.6433 0.3329 0.8928 0.0002 0.0012 0.0013
BDBV vs empty �0.9999 0.9913 �0.9999 0.9997 �0.9999 0.9959
EBOV vs SUDV 0.0771 0.0076 0.1007 �0.0001 0.0002 �0.0001
EBOV vs trivalent 0.4947 0.3892 0.36 0.0014 0.8778 0.1481
EBOV vs empty 0.0557 0.0031 0.0768 �0.0001 �0.0001 �0.0001
SUDV vs trivalent 0.7186 0.2196 0.8995 0.0001 0.0012 0.0006
SUDV vs empty �0.9999 0.9998 �0.9999 �0.9999 �0.9999 �0.9999
Trivalent vs empty 0.6757 0.128 0.8859 �0.0001 0.0006 0.0003

BDBV J K L M N O
BDBV vs EBOV �0.0001 �0.0001 �0.0001 �0.0001 �0.0001 �0.0001
BDBV vs SUDV �0.0001 �0.0001 �0.0001 �0.0001 �0.0001 �0.0001
BDBV vs trivalent �0.0001 �0.0001 �0.0001 �0.0001 0.7665 �0.0001
BDBV vs empty �0.0001 �0.0001 �0.0001 �0.0001 �0.0001 �0.0001
EBOV vs SUDV � 0.9999 0.961 0.9988 �0.9999 0.9985 0.9967
EBOV vs trivalent 0.9842 0.9755 0.9954 �0.0001 �0.0001 �0.0001
EBOV vs empty �0.9999 0.8877 �0.9999 0.9999 �0.9999 0.9935
SUDV vs trivalent 0.9869 0.7405 0.97 �0.0001 �0.0001 �0.0001
SUDV vs empty �0.9999 0.9996 0.999 �0.9999 0.998 �0.9999
Trivalent vs empty 0.9838 0.5753 0.9946 �0.0001 �0.0001 �0.0001

SUDV P Q R S T U
BDBV vs EBOV 0.9904 �0.9999 �0.9999 �0.9999 �0.9999 �0.9999
BDBV vs SUDV 0.0641 0.0353 0.626 �0.0001 �0.0001 �0.0001
BDBV vs trivalent 0.0166 0.0156 0.1271 0.0013 �0.0001 �0.0001
BDBV vs empty 0.9875 0.998 �0.9999 0.9997 �0.9999 �0.9999
EBOV vs SUDV 0.1126 0.0284 0.6361 �0.0001 �0.0001 �0.0001
EBOV vs trivalent 0.0289 0.0114 0.1152 0.0006 �0.0001 �0.0001
EBOV vs empty �0.9999 0.9944 �0.9999 0.9999 �0.9999 �0.9999
SUDV vs trivalent 0.9854 0.9994 0.8338 0.0121 0.6208 0.6812
SUDV vs empty 0.1195 0.0131 0.5926 �0.0001 �0.0001 �0.0001
Trivalent vs empty 0.031 0.0049 0.1 0.0005 �0.0001 �0.0001

aP values were determined by one-way ANOVA with Tukey’s multiple-comparison post hoc test on antibody-
mediated cellular response data presented in the panels in Fig. 10 indicated in the subheads. Significant
differences at P values of �0.05 are shaded. ADNP, antibody-dependent neutrophil phagocytosis; ADCP,
antibody-dependent cellular phagocytosis; ADCD, antibody-dependent complement deposition; trivalent;
trivalent vaccine; empty, empty vector.
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were euthanized later were less viremic (2 � 102 and 3 � 102 PFU/ml). The animals in
the trivalent vaccine group had no detectable viremia (Fig. 11C), showed no signs of
disease, and maintained or steadily gained body weight during the challenge period
(Fig. 11A).

For the SUDV challenge, guinea pigs in the control group began losing weight at
3 days postchallenge (Fig. 11D). Other signs of disease began at day 5; two control
animals were euthanized at day 7, and one guinea pig each was euthanized on days 9,
10, and 11 (Fig. 11E). Viremia was detected only in the control animals, with the
maximum level at day 6 ranging from 2.7 � 103 to 1.6 � 104 PFU/ml (Fig. 11F). Animals
vaccinated with either the SUDV monovalent vaccines or the trivalent vaccine were not
positive for viremia, showed no signs of disease, and increased in weight during the
challenge period (Fig. 11D).

Ferrets vaccinated with the trivalent vaccine elicited antibody responses with ho-
mologous binding and neutralization levels equivalent to those induced by the HPIV3-
BDBV monovalent vaccine (Fig. 12B and E). The trivalent vaccine also elicited binding
(Fig. 12A and C) and neutralizing (Fig. 12D and F) antibodies specific for EBOV and
SUDV. Following challenge with BDBV, ferrets in the control group began losing weight
at day 3 (Fig. 12G). Other signs of disease began at day 7 and progressed extremely
rapidly; one control animal died during the day and three control animals were
euthanized by the end of day 7, while the last control ferret was euthanized on day 8
(Fig. 12H). Viremia was detected only in the control animals, all of which were positive
by day 6, with the maximum viremia measured at day 7 ranging from 1.1 � 105 to
8.4 � 105 PFU/ml (Fig. 12I). Ferrets vaccinated with either the BDBV monovalent
vaccines or the trivalent cocktail vaccine did not test positive for viremia, showed no
signs of disease (data not shown), and maintained their body weight or steadily gained
body weight during the challenge phase (Fig. 12G).

Combined, these data demonstrate that the HPIV3-vectored trivalent ebolavirus
vaccine was capable of fully protecting guinea pigs against challenge with EBOV and

FIG 11 The trivalent vaccine completely protects guinea pigs from death and disease caused by EBOV and SUDV.
Groups of guinea pigs were vaccinated with the empty HPIV3 vector (black), the trivalent vaccine (red), or
HPIV3-SUDV (green). At 4 weeks postvaccination, guinea pigs were challenged with guinea pig-adapted EBOV (A
to C) or guinea pig-adapted SUDV (D to F). (A, D) Percent change in body weight in vaccinated and control animals.
(B, E) Percent survival of vaccinated and control animals. P was 0.0062 for the trivalent vaccine versus the empty
HPIV3 vector (B); P was 0.0017 by the log-rank (Mantel-Cox) test for HPIV3-SUDV versus the empty HPIV3 vector and
the trivalent vaccine versus the empty HPIV3 vector (E). (C, F) Viremia of individual animals at 6 days postchallenge.
The limit of detection is shown by a horizontal line.
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SUDV and ferrets against challenge with BDBV, while the monovalent HPIV3-based
vaccines were also protective against their targeted viruses.

DISCUSSION

HPIV3-vectored vaccines against emerging viral infections can be useful for con-
tainment of outbreaks and vaccination of health care personnel, as they have certain
advantages. First, delivery of the vaccine to the respiratory tract would not require
trained medical personnel and can be used for immunization of large numbers of
people in case of an outbreak. Second, upon delivery to the respiratory tract, this type
of vaccine induces strong local cell-mediated and antibody responses in the respiratory
tract, in addition to the systemic immune response (33). As aerosols of EBOV (4, 5) and
possibly other emerging viruses are infectious, the strong local immune response in the
respiratory tract is likely to provide an additional layer of protection against aerosolized
infection. The initial goal of the current study was to develop a consensus-based
single-component vaccine that elicits broad-spectrum protection against several ebo-

FIG 12 The monovalent BDBV and trivalent vaccines elicit binding and neutralizing antibodies and completely
protect ferrets from death and disease caused by BDBV. Groups of ferrets were vaccinated with HPIV3-BDBV, the
trivalent vaccine, or the empty HPIV3 vector. Sera collected at day 28 were analyzed for the ability to bind to EBOV
GP (A), BDBV GP (B), and SUDV GP (C) as well as to neutralize EBOV (D), BDBV (E), or SUDV (F). Mean values � SEM
are displayed. At 4 weeks postvaccination, ferrets were challenged with BDBV. (G) Percent change in body weight
in vaccinated and control animals. (H) Percent survival of vaccinated and control animals. For both HPIV3-BDBV
versus the empty HPIV3 vector and the trivalent vaccine versus the empty HPIV3 vector, P was 0.0016 by the
log-rank (Mantel-Cox) test. (I) Viremia of individual animals at 6 days postchallenge. The limit of detection is shown
by a horizontal line.
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laviruses; however, none of the generated antigens induced antibody responses with
adequate levels of binding or neutralizing antibodies. The approach used was based on
a methodology similar to that reported by Giles and Ross, who developed computa-
tionally optimized broadly reactive antigens (COBRA) based on consensus sequences of
H5 influenza A virus hemagglutinin (HA) antigens (34). That HA antigen induced
antibodies that broadly neutralized many clades of H5N1 viruses. The difference
between this work and ours is likely related to sequence similarity since the sequence
similarity across all clades of H5 HA exceeds 90%, whereas the sequences of ebolavirus
species are far less conserved. Comparing the GP sequences of the specific strains used
in this study demonstrated that SUDV shares only 55% identity with BDBV and EBOV,
while BDBV and EBOV are 66% identical. Furthermore, the amino acid sequence identity
of the linear epitopes revealed by the peptide array in wild-type GPs to that in the
consensus-based vaccines was found to be low (Table 2). The consensus sequence
generated by these divergent sequences was too dissimilar from the sequences of
individual GPs to generate antibodies capable of neutralizing individual ebolavirus
species.

The lack of a response to consensus antigens led us to evaluate wild-type antigens
in mono- or trivalent formulations. All monovalent HPIV3-ebolavirus GP vaccine con-
structs elicited strong immune responses to the respective homologous ebolaviruses
and minimal cross-reactive responses to heterologous ebolaviruses. These diverse
responses included strong neutralizing antibodies, ADCC and ADCP activities, and
activation of complement. The trivalent vaccine induced, with only a few exceptions, a
response notably similar to that of the monovalent components. All three monovalent
vaccine components generated similar neutralizing responses 28 days after a single
dose of the vaccine (Fig. 4A, C, and E). However, after an identical booster vaccine at
day 28, SUDV sera showed no increase in neutralization, while BDBV and EBOV sera had
an 8-fold increase (Fig. 4B, D, and F). This failure of the SUDV vaccine boost to increase
neutralization was also seen in the trivalent vaccine group. Because the failure of
boosting occurred only with the SUDV immunogen, we rule out vector-induced pre-
existing immunity as a cause, but it is possible that the response at the saturation level
was reached after a single dose of HPIV3-SUDV, as previously observed with some other
filovirus vaccines (47). Additionally, in guinea pigs but not in ferrets, the trivalent
vaccine group showed a noticeable reduction in neutralization of BDBV compared to
the monovalent vaccine group (Fig. 4C to E). In guinea pigs, the lowest (1:20) dilution
of serum from the trivalent vaccine group failed to fully neutralize BDBV after a single
dose, and the approximately 6-fold reduction in neutralization was seen after the
second dose as well. Concomitantly, trivalent sera were able to bind EBOV and SUDV
peptides similarly to the monovalent components but had reduced binding of BDBV
peptides compared to the monovalent sera (Fig. 7). Several multivalent vaccines against
various pathogens, including dengue virus, polio virus, and the cocktail of VSV-vectored
vaccines against EBOV, SUDV, and MARV, have produced skewed responses to individ-
ual components (12, 19–22). In this study, the HPIV3-vectored, multivalent vaccine

TABLE 2 Amino acid sequence identity analysis of consensus GP vaccines

Consensus
vaccine

% amino acid sequence identity to GP reference sequence at the indicated MLD residues

EBOV BDBV SUDV

Residues
389–403

Residues
401–415

Residues
477–491

Residues
349–364

Residues
484–499

Residues
313–367

Residues
469–495

EC1 40.00 26.67 33.33 56.25 68.75 50.91 51.85
EC2 33.33 26.67 33.33 37.50 68.75 50.91 51.85
ECHI 40.00 26.67 33.33 56.25 68.75 50.91 51.85
ECM 40.00 26.67 33.33 56.25 68.75 50.91 51.85
EC1J NAa NA NA NA 37.50 NA 3.70
EC1O NA NA NA NA NA NA NA
aNA, not applicable since EC1J and EC1O lack the mucin-like domain (MLD).
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appeared to only slightly skew the response away from the BDBV component in an
animal species-dependent manner.

Wilson et al. identified several murine MAbs that bound to linear epitopes and
protected mice from a lethal EBOV challenge (24). These linear epitopes (amino acids
401 to 417, 389 to 405, and 477 to 493) have been studied extensively, and antibodies
binding them have been categorized as competition groups I, II, and III, respectively.
Antibodies to these epitopes have been used successfully in a cocktail format to treat
EBOV infections, most notably, in the MB-003 treatment (48). In our study, these
epitopes are most closely represented by peptides 98 (amino acids 389 to 403, group
II), 101 (amino acids 401 to 415, group I), and 120 (amino acids 477 to 491, group III)
on the EBOV peptide microarray (Fig. 7A). These peptides have three of the five highest
binding scores at 35.6-fold, 19.5-fold, and 60-fold increases over the values for negative
serum, respectively, and the epitopes likely contribute to the protective effects of the
EBOV component. Interestingly, peptides 98 and 101 of the BDBV and SUDV arrays are
completely dissimilar to their EBOV counterparts, and binding to these peptides was
not observed. However, peptide 120 of BDBV and SUDV shares some similarity with
peptide 120 of EBOV (44% and 55%, respectively) and also shows high levels of binding
(53-fold and 34-fold increases, respectively). The BDBV and SUDV antibodies that bind
this epitope likely function in a similar fashion and have a similar protective effect. The
competition group III epitope has been well characterized as a site of vulnerability in
the EBOV GP useful as a therapeutic target (48). This study provides the first evidence
of an epitope in BDBV and SUDV at the same location.

Similar to peptide 120, peptide 88 (amino acids 349 to 363) has high levels of
binding for all three ebolavirus peptide arrays. EBOV sera bound EBOV peptide 88 at a
level 18.9-fold over that for the background, while BDBV bound BDBV peptide 88 at a
9-fold higher level and SUDV bound SUDV peptide 88 at a 7-fold higher level (Fig. 7A,
F, and K). This peptide corresponds to a region of the GP protein (amino acids 301 to
359) that a previous study identified as being highly reactive with sera from symptom-
atically and asymptomatically infected people during the 1996 and 2001 EBOV out-
breaks in Gabon (49). Additionally, trivalent sera bound the N-terminal portion of the
MLD in this EBOV immunogenic region (amino acids 315 to 335) at an approximately
10-fold greater level over monovalent EBOV sera, indicating a contribution to protec-
tion against all ebolaviruses and a potential advantage of the trivalent approach.

The peptide array (Fig. 7) demonstrated unexpected features of the antibody
response. First, we observed an asymmetric binding of immune sera induced by the
BDBV and SUDV vaccines to the MLD of homologous and heterologous viruses;
SUDV-immune sera bound both the SUDV and BDBV MLD, but BDBV-immune sera
bound only the BDBV MLD and not the SUDV MLD. Second, the EBOV-immune sera
showed very limited binding to BDBV, while the SUDV-immune sera bound BDBV and
SUDV equally. The cross-binding pattern does not correspond to the phylogenetic tree
(see Fig. S1 in the supplemental material), which shows that BDBV is closer to EBOV
than to SUDV. These discrepancies can be related to slight differences in the corre-
sponding epitopes of EBOV, BDBV, and SUDV GPs, which may result in different levels
of cross-reactivity of the induced antibodies.

We previously isolated multiple MAbs from survivors of BDBV and EBOV infections
(30), some of which, along with the MAb KZ52 previously generated from bone marrow
RNA of a survivor of EBOV infection (50), were used in this study in biolayer interfer-
ometry competition binding assays. The data showed that the trivalent sera had
coverage of epitopes targeted by all these MAbs. Three of these MAbs, BDBV289,
BDBV223, and KZ52, were demonstrated to be protective in rodent models of EBOV (30,
51), suggesting the contribution of antibodies targeting these epitopes to the protec-
tion conferred by the trivalent vaccine.

Importantly, the study used two complementary methods to determine the precise
antigenic specificity of the immune sera: peptide array analysis and competition with
MAbs with known epitopes analyzed by biolayer interferometry. The first method
demonstrated a high-level binding to the homologous MLD, while binding to other
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regions of GP was more obvious with trivalent sera or with heterologous peptides. This
finding can be explained by a greater affinity or a greater abundance of MLD MAbs
absorbing a disproportionally high fraction of secondary antibodies that leads to a
reduced detection of non-MLD antibodies. The second method demonstrated the
presence of antibodies specific to all regions of GP without comparing their relative
abundance. Using a combination of methods for these studies is important, as any
single method may produce skewed results. In addition, based on these two methods,
vaccine-elicited antibodies targeted GP epitopes from the three tiers recently defined
by Saphire et al. (52): MLD (tier 1), the glycan cap (tier 1), the GP1-GP2 interface (tier 2),
and MPER (tier 3). Tier 1 epitopes were more recognized by antibodies elicited by
VSV-EBOV (53), and we obtained a similar preponderant recognition of tier 1 epitopes
in our study.

While a neutralizing antibody response is vitally important for the efficacy of most
vaccines, induction of an antibody-mediated cellular response via cytolysis, phagocy-
tosis, as well as activation of complement can also play a critical role in vaccine-induced
protection. The EBOV and SUDV monovalent sera caused a partial degranulation of
human NK cells that was not statistically significantly different from the degranulation
elicited by the trivalent sera, as measured by CD107a expression. In contrast, the
degranulation caused by the BDBV monovalent sera was not detected with the trivalent
sera. MIP-1� is a chemoattractant for NK cells, monocytes, and other immune cells. The
MIP-1� expression pattern by NK cells was similar to the one observed for CD107a, with
the BDBV monovalent vaccine inducing significantly higher MIP-1� expression than the
trivalent vaccine, while both the EBOV and SUDV monovalent vaccines elicited MIP-1�

expression similar to that elicited by the trivalent vaccine. Additionally, neither vaccine
induced the strong expression of IFN-�, a hallmark of NK cell activity; however, previous
reports have shown that IFN-� expression is not necessary for a protective NK cell
response (28). A recent study of the Fc-mediated protective effects of a large panel of
MAbs against EBOV demonstrated that while activation of NK cells facilitates antibody-
mediated protection, it is not absolutely required (54).

Interestingly, the induction of Fc-mediated phagocytosis appeared to be different
with neutrophils and monocytes. All three monovalent vaccines induced higher levels
of neutrophil phagocytosis of coated beads with the homologous GP than the trivalent
vaccine. In contrast, there was no difference in monocyte phagocytosis of coated beads
with the homologous GP between the monovalent and trivalent vaccines. Together,
these results indicate that the protective efficacy of the HPIV3-vectored ebolavirus
vaccines likely results from both the direct neutralization by Fab domains and the
Fc-mediated protective effects.

In conclusion, this is the first in-depth investigation of the effects of combining
monovalent ebolavirus vaccines on antibody responses, including a detailed analysis of
the antibody repertoire, Fc-mediated protective mechanisms, and a potential imbal-
ance between the responses to individual components. This study demonstrated for
the first time that a single dose of a monovalent SUDV or BDBV HPIV3-vectored vaccine
completely protects against the corresponding virus and that a single dose of the
trivalent vaccine completely protects against all three filoviruses. The results presented
here and in previous studies on HPIV3-vectored EBOV vaccines point toward a single-
dose, needle-free vaccine that is fully protective against the three ebolaviruses and that
elicits strong systemic humoral and cellular responses, as well as a mucosal immune
response in the respiratory tract.

MATERIALS AND METHODS
Biosafety. All work with filoviruses was performed within the Galveston National Laboratory bio-

safety level 4 (BSL-4) laboratories. All staff had the appropriate training and U.S. government permissions
and registrations for work with filoviruses.

Ethics statement. This study was carried out in strict accordance with the recommendations
described in the Guide for the Care and Use of Laboratory Animals of the National Research Council (55)
and the United States Department of Agriculture. All animal work was approved by the University of
Texas Medical Branch (UTMB) Institutional Animal Care and Use Committee. The facilities at UTMB are
accredited by the American Association for Accreditation of Laboratory Animal Care (accreditation
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number 000870). All efforts were made to minimize animal suffering, and all procedures involving
potential pain were performed with the appropriate anesthetic or analgesic. The number of animals used
in this study was scientifically justified based on statistical analyses of virological and immunological
outcomes.

Generation of trivalent vaccine constructs. The HPIV3-vectored vaccine constructs expressing
BDBV and SUDV were cloned as previously described (13, 56). Briefly, the transcription initiation and
transcription termination sequences were cloned into the genome of the JS strain of HPIV3 between the
P and M genes via a modified AflII site. Filovirus GP sequences were generated by PCR using cDNA
produced from the following virus stocks: for EBOV, Ebola virus/H.sapiens-tc/COD/1976/Yambuku-
Mayinga (GenBank accession number NC_002549.1); for BDBV, Bundibugyo virus/H.sapiens-tc/UGA/
200706291/Butalya-811249 (GenBank accession number KU182911.1); and for SUDV, Sudan virus/
H.sapiens-tc/UGA/2000/Gulu-200011676 (GenBank accession number MH121163.1). The GP cDNAs were
cloned between the added start/stop sequences. The chimeric viruses were recovered by transfection
into BSR-T7 cells and propagated in LLC-MK2 cells at 48 h (43). To reach viral stock titers sufficiently high
for intranasal immunization of ferrets, the supernatants of infected LLC-MK2 cells were concentrated with
Centricon Plus 70 devices (EMD Millipore, Burlington, MA) according to the manufacturer’s instructions.

Generation of consensus-based antigens. Six artificial antigens were developed to elicit broad-
spectrum protection. Consensus-based antigens were designed using multilevel consensus generations
similar to Giles and Ross’s COBRA design (34). All known (as of June 2013) full-length ebolavirus GP
sequences were used to develop a phylogenetic tree (by use of the DNAStar MegAlign program). As
expected, the sequences separated into species-specific and outbreak-specific clusters (see Fig. S1 in the
supplemental material). The EBOV sequences were grouped into either 2 (EC1) or 4 (EC2) groups. A
first-level consensus sequence for each group was generated. These group consensus sequences were
then used to create an EBOV second-level consensus sequence. For EC1, the single TAFV sequence was
grouped into the BDBV sequences to generate a single second-level consensus BDBV/TAFV sequence. For
EC2, a BDBV-only first-level consensus sequence was generated and used to create a second-level
consensus sequence with TAFV. All SUDV sequences were used to generate a second-level consensus
sequence for both EC1 and EC2 (Fig. S1). Two MLD deletion constructs were generated by removing MLD
amino acids from the EC1 sequence. EC1J had residues 309 to 495 removed, similar to the construct of
Jeffers et al. (57), while EC1O had residues 315 to 506 removed, similar to the construct of Ou et al. (58).
A mosaic antigen, ECM, was generated by replacing residues in EC1 with predicted epitopes specific to
EBOV, BDBV, and SUDV. Finally, ECHI was generated in a fashion similar to that used to generate EC1;
however, mismatches were solved by selecting the amino acid with the highest predicted immunoge-
nicity. Consensus antigens were cloned, and viruses were recovered and propagated similarly to the
wild-type GPs. Analysis of the amino acid sequence identity between different consensus sequences and
the reference GP sequences was performed with Geneious software (version 11.1.5; Biomatters Ltd.,
Auckland, New Zealand).

GP expression by infected cells. For the Western blot detection of GP expression by infected
cells, monolayers of LLC-MK2 cells in six-well plates were infected with either wild-type HPIV3
(control), each monovalent vaccine construct (HPIV3-EBOV GP, HPIV3-SUDV GP, or HPIV3-BDBV GP),
or a trivalent cocktail containing all three monovalent vaccine constructs at a multiplicity of infection
(MOI) of 2 for 24 h at 32°C. Then, cells were lysed in radioimmunoprecipitation assay buffer (Thermo
Fisher Scientific, Waltham, MA) and run on a 4 to 12% SDS-PAGE gel in the presence of purified GP
proteins as the respective controls: EBOV GP (catalog number 0501-015; IBT Bioservices, Rockville,
MD, USA), BDBV GP (catalog number 0505-015; IBT Bioservices), and SUDV GP (catalog number
0502-015; IBT Bioservices). After transfer to nitrocellulose, the Western blots were stained with the
following antibody combinations: for EBOV GP, rabbit anti-EBOV GP at 1 �g/ml (catalog number
0301-015; IBT Bioservices) followed by goat anti-rabbit IgG 800 CW at 1:15,000 (catalog number
926-32311; LI-COR, Lincoln, NE); for BDBV GP, human MAb BDBV52 at 1 �g/ml followed by goat
anti-human IgG 800 CW at 1:15,000 (catalog number 925-32232; LI-COR); and for SUDV GP, mouse
MAb 2H5 specific for SUDV GP at 1 �g/ml (catalog number 0202-029; IBT Bioservices) followed by
goat anti-mouse IgG 800 CW at 1:15,000 (catalog number 925-32210; LI-COR). As loading controls,
actin was used for the EBOV and BDBV GP Western blots and GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) was used for SUDV GP. Mouse anti-actin was used at 1:2,500 (catalog number
MA5-11869; Invitrogen), and donkey anti-mouse IgG 680 RD was used at 1:15,000 (catalog number
925-68072; LI-COR). Rabbit anti-GAPDH was used at 1:1,000 (catalog number G9545-200UL; Sigma),
and donkey anti-rabbit IgG 680 RD was used at 1:15,000 (catalog number 925-68073; LI-COR).
Western blots were visualized with a LI-COR Odyssey Fc imaging system (LI-COR, Lincoln, NE).

For flow cytometry detection of GP in infected cells, monolayers of LLC-MK2 cells in 12-well plates
were infected with either wild-type HPIV3 (control), each monovalent vaccine construct (HPIV3-EBOV GP,
HPIV3-SUDV GP, or HPIV3-BDBV GP), or the trivalent cocktail containing all three monovalent vaccine
constructs at an MOI of 1 for 48 h at 32°C. Then, the cells were harvested, washed twice with
phosphate-buffered saline (PBS) and once with PBS supplemented with 2% fetal bovine serum (FBS;
Thermo Fisher Scientific), and stained for 20 min at room temperature with one of the primary
antibodies, rabbit polyclonal antibody specific for EBOV GP (catalog number 0301-015; IBT Bioservices),
MAb BDBV52, or a mouse MAb specific for SUDV GP (catalog number 0202-029; IBT Bioservices), at a
dilution of 1:200. Next, the cells were washed three times with PBS supplemented with 2% FBS and
stained for 20 min at room temperature with one of the secondary antibodies, donkey anti-rabbit
IgG-Alexa Fluor 405 (catalog number 175651; Abcam, Cambridge, UK), goat anti-human IgG-Alexa Fluor
488 (catalog number A-11013; Thermo Fisher Scientific), or chicken anti-mouse IgG-Alexa Fluor 647
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(catalog number A-21463; Thermo Fisher Scientific), at a dilution of 1:200. Cells were washed twice with
PBS with 2% FBS and once with PBS. Lastly, GP expression on the cells was analyzed by flow cytometry
analysis using a BD LSRFortessa (BD Biosciences, San Jose, CA) flow cytometer; 3 � 104 events per
samples were acquired.

Vaccination and filovirus challenge. Three-week-old HPIV3-naive female Dunkin-Hartley guinea
pigs were acquired from Charles Rivers Laboratories (Kingston, NY) and housed at UTMB for 1 week prior
to vaccination. For blood collections and vaccine inoculations, the animals were anesthetized with 5%
isoflurane. Groups of 4 to 5 animals were inoculated with 4 � 105 PFU of each of the monovalent vaccine
constructs or a mixture of the three constructs at 4 � 105 of each construct, resulting in a total dose of
1.2 � 106 total PFU, in 200 �l phosphate-buffered saline via the intranasal route (100 �l in each nostril)
on days 0 and 28. Retro-orbital blood collections were performed on days �1 (1 day prior to the first
vaccine inoculation), 28, and 56. For the challenge studies, at 4 weeks postvaccination, vaccinated and
control animals were exposed to the targeted dose of 103 PFU of guinea pig-adapted EBOV strain
Mayinga or guinea pig-adapted SUDV strain Boniface, delivered by i.p. injection. Animals were monitored
up to three times daily for weight loss and signs of disease. Animals that had reached the moribund state
(which was defined as reaching one of the following conditions: failure to move upon stimulation, an
inability to reach food or water, greater than 20% body weight loss, or paralysis) were euthanized.
Retro-orbital blood collections from surviving animals were performed at days 3, 6, 9, 12 or 13, and 28
postchallenge. All remaining animals were euthanized at 28 days postinfection by CO2 asphyxiation, and
the chest was opened under veterinarian direction.

Female ferrets (weight, 0.6 kg to 1.0 kg) were acquired from Marshall BioResources (North Rose, NY)
and housed at UTMB 1 week prior to vaccination. For blood collections and vaccine inoculations, animals
were anesthetized with 5% isoflurane. Groups of 5 ferrets were inoculated with 1 � 107 PFU of each of
the monovalent vaccine constructs or a mixture of the three constructs at 1 � 107 of each construct,
resulting in a total dose of 3 � 107 total PFU, in 1.0 ml phosphate-buffered saline via the intranasal route
(500 �l in each nostril) on day 0. One ferret immunized with HPIV3-BDBV was removed from the
experiment due to a condition not related to the study. Blood collections were performed on day �1 (1
day prior to vaccine inoculation) and on day 28. At 4 weeks postvaccination, vaccinated and control
animals were exposed to the targeted dose of 103 PFU BDBV strain Uganda by i.m. injection. Animals
were monitored up to three times daily for weight loss and signs of disease. Animals that had reached
a moribund state (which was defined as one of the following conditions: failure to move upon
stimulation, visible ecchymosis, respiratory rate of �80 beats per minute, open-mouth breathing, or
severe dehydration, evidenced by sunken eyes and prominent vertebrae, dorsal pelvis, and/or ribs) were
euthanized. Collection of blood from surviving animals was performed at days 3, 6, 9, 13, and 28
postchallenge. All remaining animals were euthanized at 28 days after BDBV challenge.

Plaque reduction assay. Sera collected from animals were tested for virus-neutralizing capabilities
against EBOV strain Mayinga, BDBV strain Uganda, and SUDV strain Gulu. Briefly, 10-fold-diluted sera
were further diluted in a 2-fold serial fashion. Fifty microliters of each serum dilution was mixed with 200
PFU of virus in 50 �l. The serum/virus mixtures were incubated for 1 h at 37°C. Fifty microliters (100 PFU)
of the mixtures was then added to Vero E6 cell monolayers in flat-bottom 96-well plates and the cells
were incubated for 1 h at 37°C. Serum/virus mixtures were removed from the cells, which were then
covered with 1% methylcellulose in minimal essential medium with 2% FBS (Gibco, Grand Island, NY). The
cells were fixed in 10% formalin for 2 days and removed from the BSL-4 laboratory, and plaques were
visualized by immunostaining and counted as previously described (33). Briefly, EBOV plaques were
stained with goat anti-EBOV serum at a dilution of 1:2,000 (a gift of T. G. Ksiazek, UTMB) and horseradish
peroxidase (HRP)-conjugated bovine anti-goat IgG at a dilution of 1:2,000 (catalog number 805-035-180;
Jackson ImmunoResearch, West Grove, PA). BDBV and SUDV plaques were stained with 1 �g/ml human
MAb BDBV52 or BDBV43 (30), respectively, and HRP-conjugated goat anti-human IgG at a dilution of
1:2,000 (catalog number 474-1002; KPL, Gaithersburg, MD).

ELISA. Sera collected from animals were tested for their ability to bind the GPs of the three
ebolaviruses by enzyme-linked immunosorbent assay (ELISA). For the guinea pig sera, the ELISA plates
were coated overnight at room temperature with 8 ng of recombinant EBOV GP, BDBV GP, or SUDV GP
(His-tagged glycoproteins minus the transmembrane domain produced in Sf9 insect cells; IBT Bioser-
vices) diluted in PBS. The plates were washed five times in PBS with 0.1% Tween 20 and blocked with
3% dry milk in PBS for 1 h at 37°C. After blocking, 4-fold dilutions of guinea pig sera were prepared in
blocking buffer and incubated on the GP-coated plates for 1 h at 37°C. The plates were washed as
described above and incubated with a 1:5,000 dilution of horseradish peroxidase-conjugated goat
anti-guinea pig immunoglobulin antibody (Jackson ImmunoResearch, West Grove, PA) for 1 h at 37°C.
The plates were washed as described above and developed using a SureBlue ELISA substrate system
(KPL, Gaithersburg, MD), and the color intensity was measured on a BioTek Synergy HT microplate reader
(Winooski, VT) at 630 nm.

For the ferret sera, ELISA plates were coated overnight at room temperature with 6.25 ng of
recombinant EBOV GP, BDBV GP, or SUDV GP (IBT Bioservices) diluted in PBS. The plates were washed five
times in PBS with 0.1% Tween 20 and blocked for 1 h at 37°C in PBS with 5% dry milk and 2.5% bovine
serum albumin (BSA). After blocking, 4-fold dilutions of ferret serum were prepared in blocking buffer
and incubated on the GP-coated plates for 1 h at 37°C. The plates were washed as described above and
incubated with a 1:10,000 dilution of horseradish peroxidase-conjugated goat anti-ferret IgG antibody
(Abcam, Cambridge, MA) for 1 h at 37°C. The plates were washed as described above and developed
using the SureBlue ELISA substrate system (KPL), and the color intensity was measured on the BioTek
Synergy HT microplate reader (Winooski, VT) at 630 nm.
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Peptide microarrays. A total of 167 overlapping, 15-residue peptides were designed to cover the
sequence of the GP of EBOV (Ebola virus/H.sapiens-tc/COD/1976/Yambuku-Mayinga). An additional 167
peptides were designed similarly to match the BDBV (Bundibugyo virus/H.sapiens-tc/UGA/200706291/
Butalya-811249) or SUDV (Sudan virus/H.sapiens-tc/UGA/2000/Gulu-200011676) sequence. The first pep-
tide corresponded to residues 1 to 15, and each successive peptide began 4 residues downstream
(producing peptides from residues 5 to 19, 9 to 23, etc.). The peptides were produced and immobilized
on glass slides by JPT Peptide Technologies (Berlin, Germany). Each of the peptides was spotted via its
N terminus in triplicate to form 1 block of spots, and 21 blocks were spotted onto a slide. Dilutions of
1:200 of day 0, 28, and 56 serum samples were incubated for 1 h at 30°C, followed by 4 washes in JPT
washing buffer (1� Tris-buffered saline [TBS] buffer [20 mM Tris, 136 mM NaCl, pH 7.4] plus 0.1% Tween
20 [TBS-T]). One block incubated in washing buffer was used as a negative control. All blocks were
incubated in 0.1 �g/ml anti-guinea pig-Cy5-conjugated antibodies (Jackson ImmunoResearch, West
Grove, PA), followed by four washes. After an additional wash in deionized water, the slide was dried by
centrifugation. Fluorescent readings were recorded for each spot on a GenePix 4000b microarray scanner
(Molecular Devices, Sunnyvale, CA) and analyzed by GenePix Pro 6 software (Molecular Devices, Sunny-
vale, CA). Sera from 3 animals per group were tested, and the results were normalized as a percentage
of the value for the negative control.

Biolayer interferometry competition assay. We used an Octet RED96 (FortéBio, Fresno, CA)
instrument for biolayer interferometry antibody competition assays. All samples were diluted in 1�
kinetics buffer (FortéBio) to a final volume of 200 �l. The assay was performed with agitation at 1,000 rpm
and 28°C in black 96-well plates (Greiner Bio-One, Monroe, NC). GP was biotinylated using an EZ-Link
Micro-PEG4-Biotinylation kit (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s
instructions and was immobilized on streptavidin sensors (FortéBio) at a capture level of 0.5 nm. The
probes were dipped into serum samples diluted 1:5 for 900 s to saturate the immobilized GP. The probes
were then washed twice for 60 s each time, and the reactivity of competing human MAbs (25 nM 2D22,
which is specific for dengue virus serotype II [59], used as a negative control; BDBV289; EBOV55; KZ52;
and BDBV223 and 300 nM BDBV317) for GP was assessed for 600 s. The difference in the level of
competitor binding to GP was calculated by subtracting the level of competitor MAb binding observed
after preincubation with serum from vaccinated animals from the level of MAb binding observed after
incubation with serum from empty vector-vaccinated animals. Data analysis was carried out using Octet
software, version 7.0.

Antibody-dependent NK cell degranulation. Recombinant EBOV GP, BDBV GP, or SUDV GP lacking
the transmembrane domain (IBT Bioservices) was used for all experiments to assess the induction of
innate immune effector functions. Recombinant antigen was coated onto MaxiSorp 96-well plates (Nunc)
at 300 ng/well at 4°C for 18 h. The wells were washed three times with PBS and blocked with 5% bovine
serum albumin in PBS. Sera from immunized guinea pigs diluted 1:50 in PBS were added, and the plates
were incubated for 2 h at 37°C. Unbound antibodies were removed by washing three times with PBS, and
human NK cells freshly isolated from the peripheral blood of human donors by negative selection (Stem
Cell Technologies, Vancouver, Canada) were added at 5 � 104 cells/well in the presence of 4 �g/ml
brefeldin A (Sigma-Aldrich, St. Louis, MO), 5 �g/ml GolgiStop protein transport inhibitor (Life Technol-
ogies, Carlsbad, CA), and anti-CD107a antibody (1:40 phycoerythrin [PE]-Cy5; clone H4A3; BD Biosci-
ences). The plates were incubated for 5 h. Cells were stained with anti-CD3 (1:100 Alexa Fluor 700; clone
UCHT1; BD Biosciences), anti-CD16 (1:100 allophycocyanin [APC]-Cy7; clone 3G8; BD Biosciences), and
anti-CD56 (1:100 PE-Cy7; clone B159; BD Biosciences), followed by fixation and permeabilization with the
Fix & Perm reagent (Life Technologies) according to the manufacturer’s instructions to stain for
intracellular IFN-� (1:50 APC; clone B27; BD Biosciences) and MIP-1� (1:50 PE; clone D21-1351; BD
Biosciences). Cells were analyzed on a BD LSRII flow cytometer, and a minimum of 10,000 events were
recorded and analyzed. The gating strategy is presented in Fig. S2A. The EBOV GP-specific humanized
murine IgG1 c13C6 (IBT Bioservices) was used at 5 �g/ml as a positive control, and naive guinea pig sera
were used as a negative control (dilution, 1:50).

Antibody-mediated neutrophil phagocytosis. Recombinant EBOV GP, BDBV GP, or SUDV GP was
biotinylated and coupled to 1-�m FITC� NeutrAvidin beads (Life Technologies). Briefly, the proteins were
biotinylated using Sulfo-NHS-LC-LC biotin (catalog number 21338; Thermo Fisher Scientific), and excess
biotin was removed using a Zeba desalting column (catalog number 89883; Thermo Fisher Scientific).
Biotinylated protein was incubated with NeutrAvidin-coated fluorescent beads (catalog number F8776;
Thermo Fisher Scientific) at 4°C overnight (1 �g biotinylated protein per 1 �l of beads). The beads were
washed twice with 0.1% BSA in PBS and resuspended in 100 �l of 0.1% BSA in PBS per 1 �l of coupled
beads. Sera from vaccinated guinea pigs or MAbs were diluted 1:100 (guinea pig serum) or to 5 �g/ml
(MAbs) in cell culture medium and incubated with GP-coated beads for 2 h at 37°C. Freshly isolated
neutrophils from donor peripheral blood were added at a concentration of 5.0 � 104 cells/well, and the
plates were incubated for 1 h at 37°C. The cells were stained at 1:100 with CD66b (Pacific Blue; clone
G10F5; BioLegend, San Diego, CA), CD3 (Alexa Fluor 700; clone UCHT1; BD Biosciences), and CD14
(APC-Cy7; clone M�P9; BD Biosciences), fixed with 4% paraformaldehyde, and analyzed by flow cytom-
etry on a BD LSRII flow cytometer, and a minimum of 30,000 events were recorded and analyzed. The
gating strategy is presented in Fig. S2B. Neutrophils were defined as positive for a high side scatter area
(SSC-Ahigh), CD66b�, CD3�, and CD14�. The phagocytic score was determined using the following
formula: [(percentage of FITC� cells) � (median fluorescent intensity [MFI] of the FITC� cells)]/10,000.

Antibody-mediated cellular phagocytosis by human monocytes. Recombinant EBOV GP, BDBV
GP, or SUDV GP was biotinylated and coupled to 1-�m FITC� NeutrAvidin beads (Life Technologies).
Serum samples from vaccinated guinea pigs or MAbs were diluted 1:500 or 5 �g/ml, respectively, in
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culture medium and incubated with GP-coated beads for 2 h at 37°C, followed by addition of cells for
18 h, as previously described (60). Cells were fixed with 4% paraformaldehyde and analyzed on a BD LSRII
flow cytometer, and a minimum of 10,000 events were recorded and analyzed. The gating strategy is
presented in Fig. S2C. The phagocytic score was determined as described above.

Antibody-mediated complement deposition. Recombinant EBOV GP, BDBV GP, or SUDV GP was
biotinylated and coupled to 1-�m red fluorescent NeutrAvidin beads (Life Technologies). Serum from
vaccinated guinea pigs was diluted 1:10, 1:100, and 1:200 in culture medium and incubated with
GP-coated beads for 2 h at 37°C, followed by the addition of reconstituted guinea pig complement
(Cedarlane Labs, Burlington, NC) diluted in gelatin Veronal buffer containing magnesium and calcium
(Boston Bioproducts, Boston, MA) and incubation for 20 min at 37°C. The beads were washed twice with
phosphate-buffered saline containing 15 mM EDTA and stained with an anti-guinea pig C3 antibody
conjugated to FITC (1:100; MP Biomedicals, Santa Ana, CA). C3 deposition onto the beads was analyzed
on a BD LSRII flow cytometer, and a minimum of 10,000 events were recorded and analyzed. The gating
strategy is presented in Fig. S2D. The complement score was calculated according to the following
formula: [(geometric mean fluorescent intensity of FITC of all beads) � (percentage of FITC� beads)]/
10,000.

Statistics. All statistical calculations were performed using GraphPad Prism software (version 6.07)
for Windows. Descriptive statistics (mean � standard error of the mean [SEM]) are provided for
continuous variables, as noted. Significance was calculated by analysis of variance (ANOVA) with Tukey’s
multiple-comparison test. Survival curves were compared by the log-rank (Mantel-Cox) test. A P value of
�0.05 was considered significant.

SUPPLEMENTAL MATERIAL
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