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ABSTRACT The 2013–2016 Ebola outbreak in West Africa led to accelerated efforts to
develop vaccines against these highly virulent viruses. A live, recombinant vesicular sto-
matitis virus-based vaccine has been deployed in outbreak settings and appears highly
effective. Vaccines based on replication-deficient adenovirus vectors either alone or in
combination with a multivalent modified vaccinia Ankara (MVA) Ebola vaccine also ap-
pear promising and are progressing in clinical evaluation. However, the ability of current
live vector-based approaches to protect against multiple pathogenic species of Ebola is
not yet established, and eliciting durable responses may require additional booster vac-
cinations. Here, we report the development of a bivalent, spherical Ebola virus-like parti-
cle (VLP) vaccine that incorporates glycoproteins (GPs) from Zaire Ebola virus (EBOV) and
Sudan Ebola virus (SUDV) and is designed to extend the breadth of immunity beyond
EBOV. Immunization of rabbits with bivalent Ebola VLPs produced antibodies that neu-
tralized all four pathogenic species of Ebola viruses and elicited antibody-dependent
cell-mediated cytotoxicity (ADCC) responses against EBOV and SUDV. Vaccination of rhe-
sus macaques with bivalent VLPs generated strong humoral immune responses, includ-
ing high titers of binding, as well as neutralizing antibodies and ADCC responses. VLP
vaccination led to a significant increase in the frequency of Ebola GP-specific CD4 and
CD8 T cell responses. These results demonstrate that a novel bivalent Ebola VLP vaccine
elicits strong humoral and cellular immune responses against pathogenic Ebola viruses
and support further evaluation of this approach as a potential addition to Ebola vaccine
development efforts.

IMPORTANCE Ebola outbreaks result in significant morbidity and mortality in affected
countries. Although several leading candidate Ebola vaccines have been developed and
advanced in clinical testing, additional vaccine candidates may be needed to provide
protection against different Ebola species and to extend the durability of protection. A
novel approach demonstrated here is to express two genetically diverse glycoproteins
on a spherical core, generating a vaccine that can broaden immune responses against
known pathogenic Ebola viruses. This approach provides a new method to broaden and
potentially extend protective immune responses against Ebola viruses.

KEYWORDS Ebola virus, Ebola virus disease, Ebola glycoprotein, Ebola vaccine,
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The 2013–2016 outbreak of Ebola virus disease (EVD) in West Africa resulted in over
28,000 infections and 11,300 deaths (1). The extent of the outbreak, the high rate

of mortality, and the devastating effects on public health systems of the affected

Citation Singh K, Marasini B, Chen X, Ding L,
Wang J-J, Xiao P, Villinger F, Spearman P. 2020.
A bivalent, spherical virus-like particle vaccine
enhances breadth of immune responses
against pathogenic Ebola viruses in rhesus
macaques. J Virol 94:e01884-19. https://doi
.org/10.1128/JVI.01884-19.

Editor Mark T. Heise, University of North
Carolina at Chapel Hill

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Karnail Singh,
Karnail.Singh@cchmc.org.

Received 5 November 2019
Accepted 13 February 2020

Accepted manuscript posted online 19
February 2020
Published

VACCINES AND ANTIVIRAL AGENTS

crossm

May 2020 Volume 94 Issue 9 e01884-19 jvi.asm.org 1Journal of Virology

16 April 2020

https://doi.org/10.1128/JVI.01884-19
https://doi.org/10.1128/JVI.01884-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:Karnail.Singh@cchmc.org
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01884-19&domain=pdf&date_stamp=2020-2-19
https://jvi.asm.org


nations emphasized the importance of developing new vaccines and therapeutics
against Ebola viruses. The development of several experimental Ebola vaccines that had
shown promise in nonhuman primate (NHP) models of EVD was subsequently accel-
erated, and these vaccines advanced into clinical trials (2–11). A recombinant vesicular
stomatitis virus-based replication-competent vaccine (VSV-ZEBOV) was deployed in a
ring vaccination strategy in Guinea during the 2013–2016 outbreak and demonstrated
100% protection (2). VSV-ZEBOV again is being deployed to help contain the current
Ebola outbreak in the Democratic Republic of the Congo (DRC) (12). Another leading
approach utilizes replication-deficient adenovirus-based Ebola vaccines. Clinical trials
conducted using recombinant adenovirus vectors based on adenovirus type 5 (Ad5),
adenovirus type 26 (Ad26), and chimpanzee adenovirus type 3 (ChAd3) have shown
these vaccines to be safe and immunogenic (3–5, 7, 9, 10). Adenovirus-based vaccines
have been shown to protect against lethal doses of Ebola virus in the NHP model
(13–15) but have not yet been proven protective in the setting of a human epidemic.
While no Ebola vaccine is licensed in the United States or in any Western country, the
current live vector vaccines represent a very promising response to an urgent health
need.

Despite the substantial progress in the development of Ebola vaccines, additional
work is needed. For an Ebola vaccine to be effective in outbreak settings as well as in
providing long-term protection, it should be able to elicit rapid and durable protective
immune responses. The leading Ebola vaccine candidates may be limited in their
potential to provide durable immunity (4, 16, 17). These limitations may be addressed
through heterologous boosting, as has been shown when adenovirus vector-based
vaccines are combined with a booster dose of a heterologous modified vaccinia Ankara
(MVA) vaccine (5, 7, 9, 11, 14). Vaccines based on human adenovirus vectors are limited
by the presence of preexisting immunity against the vector backbone in areas where
Ebola outbreaks have been reported in the past (4, 13, 14, 18–20). VSV-ZEBOV has an
acceptable safety profile for the outbreak setting, but tolerability in lower-risk settings
may be an issue due to adverse events, such as arthritis and skin rash (21). Another
consideration is the inability of monovalent vaccines to elicit broad protection against
Ebola virus species other than EBOV, should an epidemic with a non-EBOV species
occur. Therefore, it will be advantageous to develop additional Ebola vaccine ap-
proaches that may extend durability, enhance breadth, and provide an acceptable
safety and tolerability profile for those who are not at immediate risk of developing
EVD.

Data from NHP models and from survivors of EVD indicate that effective humoral
and cell-mediated immune responses are mounted against Ebola virus antigens during
infection (15, 22–30). Anti-Ebola antibody responses generally are detected between
weeks 2 and 4 following the onset of symptoms and reported to be absent or
diminished in fatal cases of EVD (31–33). The role of anti-Ebola antibodies in protection
against EVD has been demonstrated by the successful protection of NHPs administered
anti-Ebola GP antibodies in a challenge model (34) and by data from NHP studies (35)
and clinical trials evaluating VSV-ZEBOV Ebola vaccine (2, 28, 29, 36–38). Ebola-specific
antibodies likely mediate protection through neutralization of the virus as well as
through ADCC (19, 25, 39–46). Although some reports have indicated that fatal out-
comes in EVD patients are associated with acute T cell deficiencies, as represented by
decreased CD4 and CD8 T cell numbers, aberrant cytokine secretion, and T cell
apoptosis (33, 47–49), recent studies have reported that there is a substantial activation
of Ebola-specific CD4 and CD8 T cells during the acute phase of Ebola infection (23, 30).
Preclinical data from studies evaluating adenovirus-based Ebola vaccines have also
suggested an integral role for T cells in immune protection against EVD (3, 5, 7, 9, 11,
13–15, 40).

Ebola VLP vaccines incorporating EBOV GP and/or EBOV nucleoprotein (NP) on a
filamentous EBOV VP40 core have been shown to be protective in rodent and NHP
models of EVD (22, 26, 50, 51). These VLPs incorporate a substantial amount of GP, and,
like the virus itself, are filamentous and widely heterogeneous in shape and size. VLP
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heterogeneity and large size can present problems in VLP production, purification,
sterilization, and analysis, potentially limiting the feasibility of this VLP vaccine ap-
proach (52). Optimal shape and size are important factors in the design of nanoparticle-
based vaccines. Smaller and spherical particles are more efficiently targeted by the
lymphatic system to the draining lymph nodes and may be more efficiently taken up
by lymph node antigen-presenting cells (53, 54). Therefore, we sought to develop a
more uniform nanoparticle Ebola VLP for vaccine purposes. Here, we describe the
development and immunogenicity of monovalent and bivalent VLP-based Ebola vac-
cines that incorporate GP(s) on a spherical Gag core and are readily produced as a
homogeneous product from stable and scalable producer cells. Gag-based Ebola VLPs
elicited strong humoral and cellular immune responses in rabbits and rhesus macaques.
The incorporation of both EBOV GP and SUDV GP significantly extended the breadth of
both neutralizing antibody and ADCC responses compared with those of EBOV GP
alone. These results support the use of bivalent VLPs to expand the breadth and
enhance the durability of responses elicited by current live vector-based Ebola vaccines.

RESULTS
Generation of stable cell lines secreting monovalent and bivalent Ebola VLPs.

To generate a scalable production system for VLPs, 293F cells (ThermoFisher Scientific,
Waltham, MA) were stably transfected with plasmids expressing codon-optimized
human immunodeficiency virus type 1 (HIV-1) gag gene together with GP from EBOV
or SUDV under a tetracycline-inducible promoter (Fig. 1A). A third cell line capable of
secreting bivalent VLPs was generated by stable transfection with three plasmids under
individual antibiotic selection to generate the EBOV/SUDV GP-Gag 293F bivalent VLP
production line (Fig. 1A and B). Upon induction with doxycycline, EBOV GP-Gag 293F

FIG 1 Generation of stable cell lines secreting EBOV GP-Gag, SUDV GP-Gag, and bivalent EBOV/SUDV
GP-Gag VLPs. (A) Schematics of pcDNA5/TO-puro EBOV GP, pcDNA5/TO-puro SUDV GP, pcDNA5/TO-neo
SUDV GP, and pcDNA4/TO zeo HIV-1 Gag plasmids generated to develop different stable cell lines used
in this study. (B) 293F cells selected after stable transfections with EBOV GP, SUDV GP, or both and HIV-1
Gag plasmids were cultured as such or induced with doxycycline for 24 h, and cell lysates were probed
by Western blotting for EBOV GP, SUDV GP, HIV-1 Gag, and actin using specific antibodies. A represen-
tative Western blot from EBOV/SUDV GP-Gag 293F cells is shown. Similar results were obtained with
EBOV GP-Gag and SUDV GP-Gag 293F cells. (C to E) Stable cells were induced with doxycycline for 40 h,
and cleared supernatants were loaded on 20% sucrose cushions and subjected to ultracentrifugation.
VLP pellets so obtained and the corresponding cell lysates were probed by Western blotting using
anti-EBOV GP-, anti-SUDV GP-, and anti-HIV-1 Gag-specific antibodies.

Ebola Virus-Like Particle Vaccine Journal of Virology

May 2020 Volume 94 Issue 9 e01884-19 jvi.asm.org 3

https://jvi.asm.org


cells secreted VLPs that expressed EBOV GP and HIV-1 Gag (Fig. 1C). Similarly, SUDV
GP-Gag 293F cells, upon doxycycline induction, secreted VLPs expressing SUDV GP and
HIV-1 Gag (Fig. 1D). VLPs obtained from EBOV/SUDV GP-Gag 293F cells expressed EBOV
GP, SUDV GP, and HIV-1 Gag (Fig. 1E).

Characterization of Ebola VLPs with a Gag core. HIV virions incorporate only a
limited number of HIV-1 Env trimers on their surfaces (55), a characteristic that would
not be desirable in a VLP vaccine construct. To document the density of Ebola GP
incorporation onto Gag VLPs and to assess particle morphology, we purified VLPs from
producer cell supernatants and pelleted VLPs for examination by negative staining
electron microscopy. VLPs were found to be spherical, �110 to 130 nm in diameter,
with particle cores abundantly covered with Ebola GP spikes (Fig. 2A). The relative
amounts of EBOV GP and SUDV GP on the bivalent EBOV/SUDV GP-Gag VLPs were
determined by semiquantitative Western blotting using EBOV GP- and SUDV GP-
specific antibodies and known amounts of recombinant EBOV GP and SUDV GP. The
Gag content of VLPs was quantified using a Gag enzyme-linked immunosorbent assay
(ELISA) as previously established (56). The Gag content in different VLP lots varied
between 4.2 and 14.8 �g/ml. For every 1 �g of Gag, there was approximately 3.5 �g of
EBOV GP and 0.7 �g of SUDV GP present on the bivalent EBOV/SUDV GP-Gag VLPs.
Note that for immunizations described below, doses were standardized based on the
Ebola GP content. The buoyant density of the VLPs next was determined by ultracen-
trifugation over 20 to 60% sucrose gradients, followed by analysis of GP and Gag
content of each fraction. Ebola VLPs demonstrated peak buoyant densities between
1.14 and 1.16 g/ml, as expected for the density of Gag particles (Fig. 2C to E).

FIG 2 Characterization of Ebola VLPs by electron microscopy and buoyant density. Ebola VLPs harvested from culture
supernatants were analyzed by negative stain electron microscopy. (A and B) The analysis showed spherical particles
abundantly covered with spikes of glycoproteins on their surface. (C to E) Equilibrium sucrose density gradient analysis of
monovalent and bivalent Ebola VLPs. VLPs harvested from culture supernatants were fractionated by ultracentrifugation on 20
to 60% sucrose gradient. Fractions were analyzed by Western blotting for the presence of EBOV GP, SUDV GP, and HIV-1 Gag
using specific antibodies. The refractive index of each fraction was measured and their buoyance density calculated. Densities
of the fractions with largest amount of EBOV GP, SUDV GP, and HIV-1 Gag are shown with arrows above each fraction.
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Ebola VLPs are immunogenic and induce functional antibodies in rabbits. The
ability of monovalent and bivalent Ebola VLPs to induce antibody responses in rabbits
was evaluated next. Rabbits received four inoculations with VLPs adjuvanted with CpG
and poly(I:C), followed by measurement of binding antibodies and functional activity in
sera collected 2 weeks following the final booster immunization. Poly(I:C) and CpG were
selected as adjuvants based on their strong ability to trigger innate immune signaling
pathways downstream of toll-like receptor 3 (TLR3) and TLR9, respectively, which have
been shown to trigger the production of type I interferons (IFN-� and IFN-�) and to
enhance B and T cell activation and maturation of antigen-presenting cells (57, 58).
These adjuvants have been reported to significantly enhance the protective ability of
VLP-based vaccines against influenza and Ebola viruses (59–61). Immunization with
EBOV GP-Gag VLPs induced anti-EBOV GP binding antibody responses with endpoint
antibody titers of 1 � 105 (Fig. 3A). EBOV VLP-induced binding antibodies were cross-
reactive with heterologous SUDV GP, Bundibugyo virus (BDBV) GP, and Marburg virus
(MARV) GP but at much lower titers (Fig. 3A). Similarly, SUDV GP-Gag VLPs induced
strong anti-SUDV GP antibody responses with titers of 1 � 105 and lower cross-
reactivity with heterologous GPs (Fig. 3B). We next evaluated the coadministration of
monovalent EBOV and SUDV VLPs, which is a potential strategy to enhance breadth.

FIG 3 Humoral immunogenicity of Ebola VLPs in rabbits. (A to D) Serum samples collected from rabbits immunized with monovalent or
bivalent Ebola VLPs were tested for binding antibodies by ELISA using recombinant EBOV GP, SUDV GP, BDBV GP, and MARV GP as the
coating antigens. Shown on the y axis are the average of optical density values from representative experiments repeated thrice. (E to H)
Levels of anti-Ebola neutralizing antibodies in immune sera were measured by using an Ebola neutralization assay. HIV-1ΔEnv pseudo-
virions expressing EBOV GP, SUDV GP, BDBV GP, TAFV GP, or MARV GP were preincubated for 1 h with increasing dilutions of the sera
before adding onto the TZM-bl cells expressing luciferase in an HIV-1 tat-dependent manner. Forty-eight hours later, luciferase activity was
measured and the percent neutralization calculated. The broken gray line in each panel represents the IC50 value (50% neutralization).
Results are shown as means � standard deviations (SD) of triplicates from representative experiments repeated thrice. Symbols in panel
E: *, P value between EBOV versus SUDV; ***, P value between EBOV versus MARV. Symbol in panel F: ***, P values between SUDV versus
other pseudovirions. Symbols in panels G and H: ***, P values between MARV versus other pseudovirions. (I to L) ADCC-mediating
antibodies in immune sera were measured against target cells expressing either EBOV GP or SUDV GP, with CD16 overexpressing NK-92
effector cells in a luciferase-based Ebola ADCC assay as described in Materials and Methods. Results are shown as means � SD from three
independent experiments. The broken gray line in each panel represents the cutoff of the Ebola ADCC assay used. *, **, and *** represent
P values of �0.05, �0.01, and �0.001, respectively.
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The coadministration of equal amounts of EBOV GP-Gag and SUDV GP-Gag VLPs
induced strong antibody responses that were directed against both EBOV GP and SUDV
GP. These antibodies showed moderate cross-reactivity with BDBV GP and lower
cross-reactivity with MARV GP (Fig. 3C). Bivalent EBOV/SUDV GP-Gag VLPs represent
another approach to generate breadth, with both glycoproteins expressed on a Gag
core. Interestingly, immunization with bivalent EBOV/SUDV GP-Gag VLPs induced
antibodies that reacted strongly not only with EBOV GP and SUDV GP but also with
BDBV GP with endpoint antibody titers of 1 � 106, indicating an increase in both titer
and breadth (Fig. 3D). These antibodies cross-reacted with MARV GP but at a much
lower titer.

Sera from rabbits immunized with monovalent VLPs, mixed VLPs, or bivalent VLPs
next were tested for their ability to neutralize Ebola viruses in a pseudovirus-based
neutralization assay. Remarkably, antisera induced by EBOV GP-Gag VLPs neutralized
not only EBOV GP pseudovirions but also those with BDBV GP and Tai Forest virus
(TAFV) GP effectively (50% inhibitory concentration [IC50] of 1:960 for EBOV versus 1:480
for BDBV and TAFV). Neutralization of SUDV GP pseudovirions was significantly less
effective (IC50 of 1:120, P � 0.05, EBOV versus SUDV, two-tailed paired t test), and little
to no neutralization was observed with MARV GP pseudovirions (P � 0.001, EBOV
versus MARV) (Fig. 3E). Sera from SUDV GP-Gag VLP-immunized rabbits neutralized only
SUDV GP pseudovirions (IC50 of 1:1,920) with very little cross-neutralization of pseudo-
virions bearing GPs from other filoviruses (P � 0.001, SUDV versus other pseudovirions)
(Fig. 3F). Antisera induced by the coadministered EBOV GP-Gag and SUDV GP-Gag VLPs
neutralized pseudovirions with individual GPs from all four pathogenic Ebola viruses,
with IC50 values of �1:960. No neutralization was observed against pseudoviruses
bearing MARV GP (P � 0.001, MARV versus other pseudovirions) (Fig. 3G). Notably, sera
from rabbits administered the bivalent EBOV/SUDV GP-Gag VLPs also strongly neutral-
ized pseudovirions with GPs from all four Ebola viruses, with IC50 values of �1:1,920 for
EBOV, BDBV, and TAFV and 1:480 for SUDV. The somewhat lower neutralization titers in
anti-bivalent Ebola VLP sera observed against SUDV compared with monovalent SUDV
VLP immunization may be attributable to the lower content of SUDV GP on the bivalent
Ebola VLPs. Again, no neutralization was noted against pseudoviruses bearing the more
distantly related MARV GP (P � 0.001, MARV versus other pseudovirions) (Fig. 3H).

ADCC responses have been demonstrated to confer protection against influenza
and simian immunodeficiency virus (SIV) in animal models (62–64) and may contribute
to vaccine-induced protection against Ebola (39, 65). We employed a recently described
Ebola ADCC assay that utilizes target cells expressing EBOV GP or SUDV GP on the cell
surface (66) to define ADCC activity of sera from VLP-immunized rabbits. Sera from
animals immunized with EBOV GP-Gag VLPs mediated killing of EBOV GP-expressing
targets, with significantly lower cross-reactivity against SUDV GP-expressing target cells
(P � 0.01, EBOV GP versus SUDV GP, two-tailed paired t test) (Fig. 3I). Sera from SUDV
GP-Gag VLP-immunized rabbits elicited ADCC-mediated killing of SUDV GP-expressing
cells only, without cross-reactivity against EBOV GP-expressing targets (P � 0.01, SUDV
GP versus EBOV GP) (Fig. 3J). Immunization with coadministered monovalent VLPs or
that with bivalent EBOV/SUDV GP-Gag VLP produced antisera that effectively mediated
killing of both EBOV GP- and SUDV GP-expressing target cells (Fig. 3K and L). Together,
these results indicated that while immunization with monovalent EBOV GP-Gag or
SUDV GP-Gag VLPs induce functional antibodies that are effective mainly against the
specific Ebola proteins, the breadth of these responses can be enhanced by either
mixing the two or by incorporation of both EBOV GP and SUDV GP on a single bivalent
VLP vaccine. We selected the bivalent Ebola VLP approach as the preferred immunogen
for further evaluation in rhesus macaques, reasoning that a single product generating
broad responses may be advantageous in terms of production costs and further
development.

Immunogenicity of bivalent EBOV/SUDV GP-Gag VLPs and functionality of
anti-Ebola GP antibodies generated in rhesus macaques. To study the spectrum of
immune responses induced by bivalent Ebola VLPs, rhesus macaques were immunized
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with VLPs (100 �g based on EBOV GP content) mixed with CpG and R848 adjuvants at
0, 4, and 12 weeks (days 0, 28, and 84). Although VLPs have some self-adjuvanting
properties, VLP-based vaccines administered without adjuvants demonstrate limited
immunogenicity and are generally coadministered with relevant adjuvants to augment
the immunogenicity and durability of the induced immune responses (67–70). CpG and
R848 were employed as adjuvants with Ebola VLP vaccines in our immunogenicity
studies in rhesus macaques, as this combination has been shown to elicit high titers of
binding, neutralizing, and ADCC-mediating antibodies against HIV-1 when using pro-
tein or VLP vaccines in this animal model (71–74). Binding anti-EBOV GP and anti-SUDV
GP antibody responses were undetectable at day 0 and rose to endpoint titers of
�1 � 104 2 weeks following the second immunization (Fig. 4B, day 42). These antibod-
ies cross-reacted with BDBV GP at a low titer, and there was no cross-reactivity to MARV
GP (Fig. 4A and B). As we had seen some low-level cross-reactivity versus MARV GP in
rabbits, this complete lack of cross-reactivity was not expected but may represent
species-specific differences in the dominant epitopes eliciting B cell responses. The
additional booster dose administered on day 84 only marginally enhanced the titers of
antibodies against different filo-GPs (Fig. 4C, day 98). We next assessed functional

FIG 4 Humoral immunogenicity of bivalent EBOV/SUDV GP-Gag VLPs in rhesus macaques. (A to C) Rhesus macaques were immunized with
bivalent EBOV/SUDV GP-Gag VLPs, and plasma samples collected on day 0 (A), day 42 (B), and day 98 (C) were tested for the presence
of anti-EBOV GP, SUDV GP, BDBV GP, and MARV GP binding antibodies by ELISA. Results are expressed as means � standard errors of the
means (SEM) of data obtained from 4 animals run in duplicate. (D to F) Plasma samples collected on day 0, day 42, and day 98 were tested
for the presence of anti-Ebola neutralizing antibodies using recombinant HIV-1oEnv pseudovirions bearing different Ebola/MARV GPs.
Results are expressed as means � SEM of data obtained from 4 animals run in duplicate. Broken gray lines represent IC50 values (plasma
dilution giving 50% virus neutralization). Symbols in panel E: **, lower, P values between EBOV versus MARV and SUDV versus MARV; **,
upper, ** P value between EBOV versus TAFV. Symbols in panel F: ***, P values between MARV versus other pseudovirions; **, P values
between EBOV versus TAFV. (G to I) Plasma samples collected on day 0, day 42, and day 98 were tested for the presence of ADCC killing
anti-EBOV GP and anti-SUDV GP antibodies using EBOV GP- or SUDV GP-expressing target cells and natural killer cells overexpressing CD16
as effector cells. Target cells expressing MARV GP were used as controls. Results from a representative experiment are shown as means
� SEM of data obtained from 4 animals. The broken gray line in each panel represents the cutoff of the Ebola ADCC assay used. *, **, and
*** represent P values of �0.05, �0.01, and �0.001, respectively.
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antibody responses in immunized macaques. Bivalent VLP immunization elicited neu-
tralizing antibody responses in macaques against all four pathogenic Ebola viruses but
not against MARV (P � 0.01, EBOV versus MARV and SUDV versus MARV, Wilcoxon
matched-pairs signed rank test), with IC50 values that ranged between 1:120 and 1:480
(EBOV and SUDV, 1:240; BDBV, 1:120; and TAFV, 1:480). The higher responses against
TAFV (P � 0.01, EBOV versus TAFV) in sera from this time point were unexpected (Fig.
4E, day 42). The second VLP booster enhanced the EBOV neutralizing titers (IC50, 1:480)
with little change in titers for the other Ebola viruses (P � 0.01, EBOV versus TAFV) (Fig.
4F, day 98), suggesting enrichment and maturation of antibodies specific for critical
epitopes of EBOV GP upon this booster immunization. In summary, of the neutralizing
antibody responses, bivalent VLPs elicited neutralization against all four pathogenic
Ebola species at reasonable titers.

ADCC responses were evaluated next against EBOV, SUDV, and control MARV
GP-expressing target cells. Antisera from bivalent VLP-immunized macaques elicited
ADCC-mediated killing of target cells expressing either EBOV GP or SUDV GP on their
surfaces, with the slightly higher killing of SUDV GP over EBOV GP-expressing target
cells (P � 0.05) (Fig. 4H, day 42). These values were only slightly enhanced following the
additional VLP boost (Fig. 4I, day 98). No ADCC-mediated killing was observed when
cells expressing MARV GP were used as the target cells in these assays (Fig. 4H and I).
These results indicate that functional antibodies mediating both virus neutralization
and ADCC against multiple Ebola species were elicited by immunization with bivalent
VLPs.

Anti-Ebola GP plasmablast responses elicited by bivalent Ebola GP-Gag VLPs in
rhesus macaques. Plasmablasts secreting total and Ebola GP-specific IgM, IgG, and IgA
antibodies next were enumerated using an enzyme-linked immunosorbent spot
(ELISpot) assay in which either polyclonal anti-monkey IgG-IgA-IgM antibodies or
recombinant EBOV, SUDV, BDBV, or MARV GP were used as coating antigens. As shown
in Fig. 5A, 5 days after the first boost there was an increase in the frequencies of total
IgG-secreting plasmablasts relative to baseline (P � 0.059, baseline versus day 33,
two-tailed paired t test), with values ranging between 608 and 5,265 per million
peripheral blood mononuclear cells (PBMCs). These values were increased slightly
following the second booster dose (P � 0.016, baseline versus day 89). The frequencies
of total IgA-secreting plasmablasts increased slightly after the booster immunization
but did not reach statistical significance compared with the baseline (Fig. 5A). EBOV GP-
and SUDV GP-specific IgG plasmablast responses were present following each VLP
boost, ranging between 95 and 297 cells and 27 and 243 cells per million PBMCs for
EBOV GP- and SUDV GP-specific plasmablasts, respectively (P � 0.018, baseline versus
day 33, and P � 0.028, baseline versus day 89, for EBOV GP; P � 0.082, baseline versus
day 33, and P � 0.056, baseline versus day 89, for SUDV GP) (Fig. 5B and C). Boosting
with VLPs also led to an increase in the frequencies of IgA-secreting EBOV GP- and
SUDV GP-specific plasmablasts with numbers between 68 and 176 and 41 and 95 per
million for EBOV GP- and SUDV GP-specific plasmablasts, respectively (P � 0.025,
baseline versus day 33 for EBOV GP, and P � 0.045, baseline versus day 33 for SUDV GP)
(Fig. 5B and C). Two out of the four animals also exhibited detectable numbers of
IgG-secreting plasmablasts against BDBV GP in blood (range, 54 to 122) (P � 0.07,
baseline versus day 33) (Fig. 5D). The number of anti-BDBV GP IgG-secreting plasmab-
lasts showed an upward trend after the second booster dose. Plasmablasts specific
for MARV GP were either undetectable or at very low levels (Fig. 5E). In summary,
Ebola-GP-specific plasmablast responses were readily detected and were generally
consistent with the binding and functional antibody responses shown in Fig. 4A to C.

Ebola GP-specific T cell responses elicited by bivalent EBOV/SUDV GP-Gag VLPs
in rhesus macaques. We anticipated that an Ebola VLP approach would generate low
but measurable cellular responses against Ebola GP antigens. Antigen-specific cellular
responses were evaluated in an intracellular cytokine staining (ICS) assay for IFN-� and
tumor necrosis factor alpha (TNF-�). Representative dot blots for CD4 and CD8 T cells
secreting IFN-� or TNF-� in response to restimulation with EBOV GP are shown in
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Fig. 6A and B, respectively. Summary data from four animals showing frequencies of
cytokine-secreting (IFN-� and TNF-�) CD4 and CD8 T cells in response to restimulation
with different Ebola GPs are shown in Fig. 6C and D. Note that the results shown in Fig.
6C and D represent the sum of all antigen-specific cytokine-secreting cells, whether
single or double. IFN-� and TNF-� CD4 T cell responses to Ebola GP were generally low
after the first 2 immunizations (Fig. 6A and C). However, CD4 T cells collected after the
second VLP boost showed detectable antigen-specific responses in all four animals
against EBOV GP and in 3 out of 4 animals against SUDV GP. All four animals also had
detectable cytokine-secreting CD4 T cells upon restimulation with heterologous BDBV
GP or TAFV GP (Fig. 6C). There was no detectable CD4 T response to MARV GP (Fig. 6C).
Ebola virus GP-specific CD8 T cell responses were also elicited at low but detectable
levels and were slightly higher than those of CD4 responses (Fig. 6B and D). CD8 T cells
from one animal also responded to MARV GP at a low level (Fig. 6D). There was an
overall trend toward higher frequencies of peripheral CD4 and CD8 T cells responding
to different Ebola GPs compared to the MARV GP control. These data indicate that the
nonreplicating VLP vaccine approach generates a low level of Ebola virus GP-specific
cellular immune responses.

Durability of Ebola-specific immune responses following Ebola-VLP immuniza-
tion. The durability of humoral and cellular responses is an important consideration in
evaluating candidate Ebola vaccines. Rhesus macaques immunized with bivalent Ebola
VLPs were monitored for 26 weeks after the second booster dose to define the
durability of Ebola-specific immune responses. Binding antibody titers against EBOV,
SUDV, and BDBV demonstrated a decline from peak titers over this time period. While
a significant decline in anti-EBOV GP antibody titers was observed starting at week 26
(P � 0.006, two-tailed paired t test), the decline was more rapid for anti-SUDV GP and
anti-BDBV GP antibodies, with antibody titers declining significantly at week 18 (P �

FIG 5 Frequencies of plasmablasts in PBMCs collected from rhesus macaques immunized with bivalent EBOV/SUDV
GP-Gag VLPs. Rhesus macaques were immunized with bivalent EBOV/SUDV GP Gag VLPs, and frequencies of IgM-,
IgG-, and IgA-secreting polyclonal (A), anti-EBOV GP (B), anti-SUDV GP (C), anti-BDBV GP (D), and anti-MARV GP (E)
plasmablasts were measured on day 0, day 33 (5 days after the first VLP booster), and day 89 (5 days after the
second VLP booster). Results are displayed as plasmablasts per million PBMCs. M, G, and A stand for IgM, IgG, and
IgA, respectively.
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0.029 for anti-SUDV GP and P � 0.015 for anti-BDBV GP). Anti-EBOV GP responses
remained positive at endpoint titers of �1 � 104 6 months after the last VLP boost, with
somewhat lower titers for SUDV GP and BDBV GP (Fig. 7A). Neutralizing antibody titers
(IC50) peaked after the booster VLP doses with titers ranging from 1:40 to 1:480 and
then declined significantly at week 18 (P � 0.01). At ten weeks after the second booster,
IC50 titers against individual viruses ranged from 1:30 to 1:60 (Fig. 7B). Of note, 1:30 is
the lowest plasma dilution that can be accurately determined by this assay, and lower
plasma dilutions lead to nonspecific cell killing. ADCC killing activity against EBOV GP-
or SUDV GP-expressing target cells was highest after the first immunization boost, with
endpoint titers as high as 1:1,280. As observed for neutralizing activity, ADCC killing
activity declined significantly by week 18 (P � 0.01, two-tailed paired t test) but
remained detectable in plasma up to week 26 (14 weeks after the last booster dose)
(Fig. 7C). IFN-�- and TNF-�-secreting CD4 and CD8 T cell responses declined rapidly
following the peak at week 14 (P � 0.05, week 14 versus week 22, two-tailed ratio
paired t test), although very low numbers of both antigen-specific CD4 and CD8 T cells
still could be detected as late as week 38 (Fig. 7D and E). These results indicate that
immunization with bivalent EBOV/SUDV GP-Gag VLPs induced high levels of anti-Ebola
GP antibody responses in rhesus macaques, and that binding antibodies were main-
tained with moderate durability of functional antibodies and rapid decline of cellular
immune responses over ensuing weeks.

FIG 6 Frequencies of cytokine-secreting (IFN-� and TNF-�) CD4 and CD8 T cells in PBMCs from rhesus
macaques. Rhesus macaques were immunized with bivalent Ebola VLPs as described in the text, and
PBMCs collected on day 0, day 42, and day 98 were frozen in liquid nitrogen. Cells were thawed, rested
overnight, and then stimulated for 12 h with recombinant EBOV GP, SUDV GP, BDBV GP, MARV GP (all
expressed in mammalian cells), or TAFV GP (expressed in bacterial cells) in the presence of secretion
inhibitor. Following stimulation, cells were washed and stained for surface CD3, CD4, and CD8. Cells were
fixed, permeabilized, and then stained for IFN-� and TNF-�. Frequencies of CD4 and CD8 T cells positive
for IFN-� and TNF-� were determined by FlowJo analysis. (A and B) Representative dot blots of CD4 and
CD8 T cells secreting IFN-� or TNF-� upon restimulation with EBOV GP. (C and D) Summary of CD4 and
CD8 T cells secreting IFN-� and/or TNF-� upon restimulation with different filovirus GPs obtained from
four animals.
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DISCUSSION

In this study, we evaluated a new type of Ebola VLP vaccine expressing EBOV GP,
SUDV GP, or both, present on a spherical HIV-1 Gag core. The expression of Gag
directed the formation of spherical particles that incorporated Ebola GPs in a dense
array on the lipid bilayer of the VLP. The design included the incorporation of both
EBOV GP and SUDV GP with the intent of broadening responses to all pathogenic Ebola
virus species that infect humans. Initial immunogenicity studies with monovalent VLPs
in rabbits were encouraging, indicating that VLP immunization elicits strong binding,
neutralizing, and ADCC responses. However, we noted that monovalent EBOV GP-Gag
VLP immunization elicited cross-reactive binding and functional antibodies against
BDBV and TAFV but with much lower responses against SUDV. Immunization with a
mixture of monovalent EBOV GP-Gag and SUDV GP-Gag VLPs or with bivalent VLPs
incorporating both EBOV GP and SUDV GP on a single particle generated higher
binding and neutralizing antibody titers against all pathogenic Ebola virus species.
Given simpler production and development processes for a single bivalent VLP product
compared with those of mixed monovalent VLPs, we pursued the further evaluation of
the bivalent VLPs in rhesus macaques. Immunization of rhesus macaques with bivalent
Ebola VLPs elicited strong anti-EBOV GP and anti-SUDV GP antibodies that also cross-
reacted with GP from BDBV. Neutralizing antibody responses and ADCC responses were
also cross-reactive, suggesting that the bivalent VLP approach can elicit immune
responses directed against multiple pathogenic Ebola virus species.

FIG 7 Durability of Ebola-specific immune responses in rhesus macaques. Plasma and/or PBMC samples were collected from the rhesus macaques, every 4
weeks for 6 months, after the last VLP booster dose. Plasma samples were analyzed for the presence of binding (A), neutralizing (IC50 values) (B), and
ADCC-mediating (C) anti-Ebola GPs antibodies and data plotted versus time. Results are expressed as means � SEM of data obtained from 4 animals. Plasma
samples from none of the animals neutralized �50% at 1:30 dilution (lowest dilution used in this assay) after week 22. Similarly, plasma samples from none
of the animals showed ADCC killing higher than the background levels after week 26. PBMC samples were analyzed for the presence of CD4 and CD8 T cells
secreting IFN-� and TNF-� upon restimulation with EBOV GP or SUDV GP. Data were plotted as percent frequencies of cytokine-secreting (IFN-� and/or TNF-�)
CD4 (D) and CD8 (E) T cells versus time (weeks). Results are expressed as means � SEM of data obtained from 4 animals. *, **, and *** represent P values
of � 0.05, �0.01, and �0.001, respectively, and are placed at the first time point after the peak response at which the antibody titers or cell frequencies showed
a statistically significant decline.
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Live vector-based vaccines against Ebola have advanced the farthest in human trials,
including the VSV-ZEBOV vaccine, which has been shown to provide protection in the
epidemic setting (2), and adenoviral vector-based regimens that are protective in the
NHP model and safe and immunogenic in humans (3, 5, 8, 17). The VSV-based approach
generates IgG-mediated protection against lethal filovirus challenge in rodents and
nonhuman primates (29, 75) yet elicits relatively modest binding antibody titers against
EBOV GP (endpoint titers in cynomolgus macaques of 102 to 103 prior to challenge
[76]). Adenoviral vectors, in contrast, appear to protect in nonhuman primate models
primarily via CD8� T cell responses (15), although IgG-mediated responses can serve as
a predictive correlate in macaques receiving recombinant adenovirus immunization. In
this analysis, a potential 100% antibody protective titer in macaques receiving an
adenovirus type 5 Ebola vaccine was predicted as 1:3,700 by IgG ELISA (77). The VLP
approach described here was designed primarily to elicit protective antibodies. A direct
comparison between VLPs described here and the vectors currently advancing in
human trials was not performed, and we recognize that only a challenge study will
establish the ability of Gag-based Ebola VLPs to generate protective immunity. Never-
theless, the titers of binding and neutralizing antibodies are comparable to or greater
than those reported with other approaches. VLPs generated endpoint titers by ELISA
of �1 � 104, which compare favorably with prechallenge levels reported in macaques
for VSV-ZEBOV (76) and are in the same range of titers seen with VP40-based Ebola virus
VLP vaccines that were also shown to be protective in nonhuman primates (22).

The current epidemic in the DRC illustrates the fact that Ebola remains a threat. The
pursuit of an effective killed or non-live Ebola vaccine is worthwhile, even with more
advanced live vector vaccines moving forward. Vaccines that are currently being
deployed to contain spread in an epidemic setting may not be acceptable for all
populations at risk, such as health care workers, travelers to epidemic regions who have
not yet been exposed, or individuals with compromised immune systems. Protection
against infection with species other than EBOV through vaccination has not yet been
established. The waning of protective immunity in vaccinated individuals is likely to
require boosting in the setting of reexposure in high-risk regions, and effective boost-
ing may require either a heterologous vector or a recombinant protein or VLP ap-
proach. Furthermore, killed or inactivated vaccines may have advantages even when a
protective live vector is available. For example, the inactivated (Salk) poliovirus vaccine
is safe in immunocompromised individuals and lacks the potential of reversion to
virulence, while the live oral (Sabin) vaccine is advantageous in terms of its ease of
administration and ability to stimulate mucosal immunity. The fact that both live and
killed vaccines now are being employed by the World Health Organization to achieve
the eradication of polio illustrates the principle that it is best to have a choice of tools
available in combating infectious diseases (78).

We note that Ebola vaccines deployed in the epidemic setting will need to rapidly
elicit protective immune responses. While we do not yet have data proving protection
from Ebola using Gag-GP Ebola VLPs, the immunogenicity data from rhesus macaques
presented here indicate that one VLP prime followed by one VLP boost elicits substan-
tial titers of functional antibodies. The plateau in antibody responses after 2 doses that
we observed is similar to that reported for a VP40-based VLP vaccine candidate (51). We
therefore propose that if used alone, a VLP approach will require two doses of vaccine,
similar to the dosing required for the ChAd3 prime/MVA boost and Ad26 prime/MVA
boost regimens moving forward in human trials currently (7, 9). The VLP approach also
could be employed as a booster following a live vector prime and result in broadening
of immune responses, a concept worthy of further study in animal models.

VLPs have potential advantages as vaccines. Human papillomavirus (HPV) vaccines
are VLPs produced by the production of recombinant L1 protein that self-assembles to
form empty capsid shells (79, 80). HPV vaccines have proven highly immunogenic and
protective in human trials (79). VLPs can mimic the native presentation of antigens and
present them effectively to antigen-presenting cells in a multivalent fashion (81–83),
potentially making them attractive as a platform for generating responses to many
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pathogens. Filamentous VLPs for Ebola virus have been established as a means of
protecting against Ebola viruses in mouse and NHP models (22, 50, 51, 84–86). They
have been proposed as a means of developing a pan-filovirus vaccine due to the ability
to incorporate multiple GPs and elicit cross-protective immunity (85). The work de-
scribed here builds on this previously published work. The use of a heterologous shell
from the HIV-1 Gag protein provides an alternative spherical VLP capable of incorpo-
rating multiple GPs, with potential advantages in production and purification that come
from a uniform product. Small (�200 nm) spherical VLPs are easy to purify, and
products are generally more stable than large and heterogeneous preparations (52).
These particles also may be taken up much more efficiently than the bulky filamentous
ones by antigen-presenting cells, such as macrophages and dendritic cells (53). In the
present study, a Gag core efficiently incorporated Ebola GPs and elicited functional
antibody responses in both the rabbit and NHP model, suggesting that this approach
is a promising one.

The durability of protective immune responses is an important parameter to con-
sider for Ebola vaccine development. While protective responses of relatively short
duration may be effective in protecting individuals at risk for EVD during an outbreak,
ideally protective immunity would extend beyond the outbreak to provide years of
protection. Healthcare workers who may be repeatedly at risk of Ebola exposure will
require prolonged protection. In the present study, EBOV GP, SUDV GP, and BDBV GP
binding antibodies were maintained in plasma samples collected as late as 6 months
after the last booster, although their endpoint titers decreased slowly over time. The
initial high levels of anti-Ebola-neutralizing and ADCC killing-mediating antibodies also
declined over time but showed reasonable durability for a nonreplicating VLP vaccine
approach. The extent of protection of this approach has not yet been established and
will need to be directly evaluated in an Ebola challenge model. However, we suggest
that bivalent VLP boosting following a live vector vaccination is of particular interest in
the future. This approach has the potential to expand both the breadth and durability
of immune responses generated by live vector vaccination.

The induction of cellular immune responses against Ebola was not the primary goal
of this VLP approach, yet the vaccine induced clearly detectable clonal expansions of
EBOV GP- and SUDV GP-specific T cells, as evidenced by the detection of cytokine-
producing T cells upon restimulation with Ebola GPs in vitro. The frequencies of Ebola
GP-specific CD4 and CD8 T cells were roughly equivalent in magnitude to those
observed after immunization of rhesus macaques with adenovirus-based Ebola vac-
cines that mediate protection through T cell-dependent mechanisms (13, 14). The
induction of effector CD8 T cell responses was relatively slow in these animals, requiring
three immunizations to generate detectable immune responses. However, similar to
antibody responses, cell-mediated responses induced by bivalent VLPs were broadly
specific for all four pathogenic Ebola viruses, underlining the breadth of the responses
induced by this approach. The magnitude of EBOV GP- and SUDV GP-specific helper
CD4 T cells secreting IFN-� and/or TNF-� was also low but detectable after the first VLP
booster and increased significantly following the second VLP booster. Therefore, VLPs
elicited low levels of broadly cross-reactive CD4� and CD8� T cells against all Ebola
GPs. It will be of interest in future studies to determine if potentially protective cellular
responses generated by live vector approaches can be effectively boosted using Ebola
VLPs.

In summary, a bivalent, spherical Ebola VLP approach elicits potent and functional
antibody responses and detectable cellular responses against each of the four species
of Ebola that cause disease in humans. Bivalent VLPs have the potential to provide
protection against Ebola as a stand-alone regimen or to broaden and extend the
durability of protection offered by live vector vaccine approaches. Future studies are
needed to establish protection in relevant animal models and to directly examine VLP
boosting following priming with live vector vaccines.
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MATERIALS AND METHODS
Generation of Ebola GP-Gag VLP production cell lines. Schematics of all the plasmids used in this

study are shown in Fig. 1A. Plasmid pcDNA5/TO-puro EBOV GP (Mayinga) was created as described in
Singh et al. (66). Briefly, a codon-optimized EBOV GP (Mayinga) gene was synthesized by GenScript
(Piscataway, NJ) and placed under a tetracycline-controlled cytomegalovirus (CMV) promoter into
plasmid pcDNA5/TO-puro using BamHI and EcoRI sites. Similarly, plasmid pcDNA5/TO-puro SUDV GP
(Gulu) was created by cloning a codon-optimized SUDV GP (Gulu) gene obtained from Sino Biological
(Beijing, PRC) between the BamHI and EcoRI sites of pcDNA5/TO-puro. Plasmid pcDNA5/TO-neo SUDV GP
(Gulu) was created by cloning a codon-optimized SUDV GP (Gulu) gene between the BamHI and EcoRI
sites of pcDNA5/TO-neo. Plasmid pcDNA4/TO-zeo HIV-1 Gag was created by introducing the PCR
fragment of codon-optimized HIV-1 Gag into pcDNA4/TO (Invitrogen, Carlsbad, CA) plasmid containing
a Zeocin-resistant gene sequence. For the examination of transient expression, 293T cells (ThermoFisher
Scientific, Waltham, MA), cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Grand Island,
NY) supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO), 1� GlutaMAX
(Gibco), 100 IU/ml penicillin, and 100 �g/ml streptomycin (both Mediatech, Manassas, VA), were trans-
fected with the indicated plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Cells were
harvested 24 h later, and cell lysates were analyzed by Western blotting using specific antibodies against
EBOV GP or SUDV GP (both from IBT Bioservices, Rockville, MD) and HIV-1 Gag (183-H12-5C; NIH AIDS
Reagent Program).

To generate inducible stably transfected cells, 293F 6T/R cells (ThermoFisher Scientific) were cultured
in FreeStyle 293 expression medium (ThermoFisher Scientific) supplemented with 5.0 �g/ml blasticidin
(Invivogen, San Diego, CA). Cells were transfected with pcDNA4/TO-zeo HIV-1 Gag and either pcDNA5/
TO-puro EBOV GP or pcDNA5/TO-puro SUDV GP plasmids using Lipofectamine 2000. Forty-eight hours
later, cells were transferred into fresh medium supplemented with 5.0 �g/ml blasticidin, 10.0 �g/ml
Zeocin (Invivogen), and 1.0 �g/ml puromycin (Invivogen), and antibiotic-resistant cells were selected
over the next 3 to 4 weeks. Protein expression was elicited via the addition of 2.0 �g/ml doxycycline
(Sigma-Aldrich) for 24 h, and lysates were prepared from induced and uninduced cells for Western
blotting for EBOV GP or SUDV GP, HIV-1 Gag, and actin (Santa Cruz Biotechnology, Dallas, TX) using
specific antibodies as listed above. Bivalent VLP producer cells were constructed by transfection of 293F
6T/R cells with pcDNA4/TO-zeo HIV-1 Gag, pcDNA5/TO-puro EBOV GP, and pcDNA5/TO-neo SUDV GP
plasmids, followed by selection in appropriate antibiotic-supplemented media and protein analysis as
before.

Production and characterization of Ebola VLPs. 293F 6T/R stable cells were grown in 40 ml of
FreeStyle 293 expression medium, supplemented with relevant antibiotics, in 100-ml Erlenmeyer flasks.
Cells were grown in suspension cultures, on a shaker set at 125 rpm, inside a 37°C, 8% CO2 incubator.
When cell density reached �1.0 � 106/ml, cells were induced with 2.0 �g/ml of doxycycline (Sigma-
Aldrich), and cultures continued for another 40 h. Culture supernatants were harvested and cleared by
centrifugation at 5,000 � g at 4°C for 10 min, followed by filtration through a 0.45-�m filtration unit.
Cleared supernatants were layered onto sterile 20% sucrose cushions in ultracentrifuge-compatible tubes
and centrifuged at 30,000 rpm (110,500 � g) at 4°C for 1.5 h in an ultracentrifuge (SW32 Ti rotor; Beckman
Coulter, Atlanta, GA), and VLP pellets were resuspended in cold sterile phosphate-buffered saline (PBS),
pH 7.4. VLPs, along with the corresponding cell lysates, were probed by Western blotting for EBOV GP,
SUDV GP, and HIV-1 Gag using specific antibodies. For determining buoyant density, VLPs were layered
on the top of a 20 to 60% sucrose gradient and centrifuged at 35,000 rpm (151,200 � g) at 4°C for 16 h
(SW41 rotor; Beckman Coulter). Equal fractions were collected and probed for EBOV GP, SUDV GP, and
HIV-1 Gag using specific antibodies by Western blotting. The refractive index of the gradient fractions
was measured on a refractometer, and buoyant density was calculated.

Electron microscopy. For negative electron microscopic studies, VLPs isolated after ultracentrifuga-
tion on 20% sucrose cushions were resuspended in cold PBS. Nickel grids of 300 mesh with Formvar-
supporting membrane (Electron Microscopy Sciences, Hatfield, PA) were glow discharged just before use
and VLP specimens dropped on the grids. Grids were cleaned, air dried, and subjected to negative
staining with 1% phosphotungstic acid (PTA) in distilled water, pH 7.4. Grids were cleaned, air dried, and
examined using a Hitachi H7650 transmission electron microscope in the Pathology Research Core at
Cincinnati Children’s Hospital Medical Center, Cincinnati, OH.

Immunization of rabbits for production of anti-Ebola VLP sera. New Zealand White rabbits
housed at CoCalico Biologicals, Inc. (Reamstown, PA), were utilized for initial studies of VLP immunoge-
nicity under a protocol approved by the Institutional Animal Care and Use Committee (IACUC). Rabbits
(n � 2 per vaccine group) were inoculated with VLP preparations equivalent to 10 �g of EBOV GP, SUDV
GP, or both (for the monovalent VLPs) or 10 �g of EBOV GP and 2 �g of SUDV GP (for the bivalent VLPs)
on day 0, with booster doses on day 21, day 42, and day 70. All doses included 200 �g of poly(I:C)
(InvivoGen) and 500 �g of CpG oligodeoxynucleotides (ODNs) (IDT, Coralville, IA) as adjuvants. Sera were
collected following a terminal bleed on day 84. Sera collected were heat inactivated at 56°C for 30 min,
aliquoted, and either used immediately in various assays or frozen at – 80°C for future use.

Immunization of rhesus macaques and immune analysis plan. Adult Indian rhesus macaques
(Macaca mulatta) were used in this study (body weight, 10 to 11 kg [average, 10.46 � 0.06 kg]; age, 10
to 11 years [averages, 10.54 � 0.07 years]). Animals were housed and maintained at the New Iberia
Research Center (NIRC) of the University of Louisiana at Lafayette in accordance with the rules and
regulations of the Committee on the Care and Use of Laboratory Animal Resources. The study was
reviewed and approved by the University of Louisiana at Lafayette IACUC prior to its initiation. All animals
were negative for SIV, simian T cell lymphotropic virus, and simian retrovirus. The immunization schema
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included priming of rhesus macaques with a VLP dose containing 100 �g of EBOV GP mixed with 500 �g
of CpG ODNs (IDT) and 800 �g of R848 (InvivoGen), followed by a booster dose on day 28. Blood was
collected on day 33 for antigen-specific and total plasmablast analysis and on day 42 for antibodies and
cellular immune analysis. To investigate the recall responses, animals received a second VLP booster dose
on day 84. Plasmablast responses were analyzed on day 89 and antibodies and cellular immune
responses on day 98. For isolation of plasma and PBMCs, peripheral blood was collected in CPT tubes
containing sodium citrate (BD Vacutainer) and processed according to the manufacturer’s instructions.
PBMCs were either cryopreserved in RPMI plus 20% FBS plus 7.5% dimethyl sulfoxide (DMSO) and stored
in liquid nitrogen or resuspended in complete RPMI medium for immediate use in plasmablast ELISpot
assays. Preimmunization plasma and PBMC samples were collected from each animal to be included as
controls in each assay.

Binding antibody measurement. Binding antibody titers against different Ebola GPs were deter-
mined by ELISA using recombinant proteins as coating antigens. Briefly, duplicate wells of ELISA plates
(Immuno plates; Thermo Scientific) were coated with 20 ng/well of each recombinant GP (recombinant
EBOV GP, SUDV GP, BDBV GP, and MARV GP; all from IBT Bioservices, Rockville, MD), blocked with 5%
skim milk for 1 h at 37°C, and incubated for 2 h at 37°C with different dilutions of serum/plasma.
Following washing with PBS-Tween 20, plates were incubated with a 1:5,000 dilution of horseradish
peroxidase (HRP)-conjugated secondary antibodies (Invitrogen) for 1 h at 37°C. Plates were washed and
reactions developed by adding tetramethylbenzidine (TMB) substrate (Thermo Scientific) for up to 15
min. Reactions were stopped by the addition of 4N H2SO4, and optical density (OD) was read at 450 nm
in an ELISA reader (Molecular Devices, San Jose, CA).

ELISpot assay. Total and Ebola-specific plasmablast responses in blood were determined by ELISpot
assay as previously described (87). Briefly, 96-well multiscreen HTS filter plates (Millipore, Burlington, MA)
were coated overnight at 4°C with 100 �l/well of 10 �g/ml goat anti-monkey IgG-IgA-IgM (H&L)
antibodies (Rockland, Limerick, PA) or 1.0 �g/ml recombinant EBOV GP, SUDV GP, BDBV GP, or MARV GP
(all from IBT Bioservices). Plates were washed with PBS– 0.05% Tween 20 (PBS-T) and blocked with
complete RPMI medium at 37°C for 2 h. Freshly isolated PBMCs were resuspended in complete RPMI
medium, plated in serial 3-fold dilutions in duplicates, and incubated overnight in a 5% CO2 incubator
at 37°C. Plates were washed with PBS followed by PBS-T and then incubated with either anti-monkey
IgM-, IgG-, or IgA-biotin-conjugated antibody (Rockland) diluted 1:1,000 for 1 h at 37°C. After washing,
the plates were incubated with HRP-conjugated Avidin D (Vector Labs, Burlingame, CA) diluted 1:1,000
at room temperature for 1 h and finally developed using the AEC substrate kit (BD Biosciences, San Jose,
CA). To stop the reaction, plates were washed extensively with water, followed by air drying. Spots were
imaged and counted using the immunospot ELISpot analyzer (Cellular Technology Limited, Shaker
Heights, OH). The number of spots specific for each Ig isotype was reported as the number of either total
polyclonal or antigen-specific spots per million PBMCs.

Ebola neutralization assay. The Ebola neutralization assay used in this study was a pseudotyping
assay adapted from the TZM-bl HIV-1 neutralization assay (88, 89). Briefly, EBOV, SUDV, BDBV, TAFV, and
MARV pseudovirions were generated by transient transfection of 293T cells with recombinant HIV-1ΔEnv
containing plasmid and plasmid expressing one of the above-mentioned filovirus GPs. Forty-eight hours
later culture supernatants were collected, cleared of debris, and frozen at – 80°C. Fifty percent tissue
culture infectious dose (TCID50) values for each of the pseudovirions were calculated as described
previously (89). For the neutralization assay, TZM-bl cells (expressing luciferase in an HIV-1 tat-dependent
manner) were plated on a 96-well tissue culture plate at a cell density of 1.5 � 104 cells per well and
plates incubated overnight at 37°C and 5% CO2. The next day, pseudovirions were diluted to 50 TCID50,
incubated for 1 h at 37°C with rhesus plasma (final plasma dilutions, 1:30 to 1:3,840), and then added to
the corresponding wells of the plates containing TZM-bl cells. Wells with TZM-bl cells alone and those
with TZM-bl cells plus the respective pseudovirions in the absence of plasma served as controls. Plates
were incubated at 37°C and 5% CO2 for 48 h, and luciferase activity in each well was measured by adding
Britelite Plus luciferase substrate (PerkinElmer, Waltham, MA) and reading the plates immediately on a
plate luminometer (TopCount NXT luminescence counter; Perkin Elmer). Neutralization activity in each
well was calculated by comparing luciferase activity with that of the corresponding control wells.

Ebola ADCC assay. The Ebola ADCC assay was performed as previously described (66). Stable 293
Trex target cells with inducible expression of surface EBOV GP, SUDV GP, or MARV GP along with a
luciferase reporter were cultured in 75-cm2 flasks in DMEM supplemented with 10% Tet-approved FBS
(Clontech, Mountain View, CA), 1� GlutaMAX, 100 IU/ml penicillin, 100 �g/ml streptomycin, 5 �g/ml
blasticidin, 200 �g/ml Zeocin, and 3.0 �g/ml puromycin (complete selection medium). Upon reaching
75% confluence, cells were induced with 2.0 �g/ml doxycycline and cultured for the next 24 h. Cells were
harvested by trypsinization, washed twice, and resuspended in MyeloCult medium (StemCell Technol-
ogies, Vancouver, BC, Canada) containing 4.0 �g/ml doxycycline at a cell density of 5 � 105 cells/ml.
CD16-176V-NK-92 effector cells (received from Kerry Campbell, Fox Chase Cancer Center, Philadelphia,
PA) were cultured in 75-cm2 cell culture flasks in MyeloCult medium supplemented with 200 IU/ml of
recombinant human interleukin-2 (IL-2; R&D Systems, Minneapolis, MN). On day 3, cells were washed
twice and resuspended in MyeloCult medium at a cell density of 2 � 106 cells/ml. A total of 5 � 104 target
cells/100 �l/well of a 96-well round-bottom culture plates (Corning, Corning, NY) were mixed with
sequential 2-fold dilutions of anti-Ebola VLP serum/plasma samples diluted in 50 �l of MyeloCult
medium, and plates were incubated at 37°C in 5% CO2 for 10 min. Effector cells then were added to each
well at 1 � 105 cells/50 �l/well (target/effector ratio, 1:2) in a final volume of 200 �l/well. Plates were
centrifuged at 300 � g for 2 min and incubated for 4 h at 37°C in a 6% CO2 incubator. Following
incubation, plates were centrifuged at 300 � g for 5 min, and cells were washed twice with PBS and
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resuspended in 100 �l of MyeloCult medium. One hundred microliters of Britelite Plus luciferase
substrate was added to each well, cells were lysed, and plates were read immediately on a luminometer.
Percent ADCC killing was calculated using the following formula: % ADCC killing � [(luciferase
unitsno antibody control – luciferase unitsantibody) � 100]/(luciferase unitsno antibody control).

ICS. Frozen PBMCs were thawed and rested overnight in complete RPMI medium (RPMI supple-
mented with penicillin-streptomycin, GlutaMAX, NEM amino acids, sodium pyruvate, and 10% heat-
inactivated human AB serum) in a 37°C, 5% CO2 incubator. The next day, cells were transferred to the
wells of a 96-well tissue culture plate at a density of 2 � 105 cells/well. Cells were stimulated, in triplicate
wells, with individual filovirus recombinant GP (final concentration, 1.0 �g/ml; recombinant EBOV GP,
SUDV GP, BDBV GP, MARV GP [all from IBT Bioservices], and TAFV GP [Alpha Diagnostic International, San
Antonio, TX]). Cells with medium alone and those stimulated with phorbol myristate acetate (50 ng/ml)
plus ionomycin (1.0 �M) served as negative and positive controls, respectively. All wells received
GolgiPlug (BD) as the secretion inhibitor. Plates were incubated for 12 h in a 37°C, 5% CO2 incubator. Cells
from the triplicate wells were pooled, washed, and stained with anti-human CD3-BV605 (clone SP34-2),
CD4-allophycocyanin (APC)-Cy7 (clone SK3), and CD8-V500 (clone RPA-T8; all from BD Biosciences). Cells
were washed, fixed, and permeabilized using a fixation and permeabilization buffer set (BD). After
washing, cells were stained with anti-human IFN-�–fluorescein isothiocyanate (clone B27) and TNF-�–
APC (clone Mab11) antibodies (both from BioLegend). Data were acquired on a BD Fortessa II and
analyzed using FlowJo software (Tree Star, Inc. Ashland, OR).

Statistical analysis. Statistical analysis was performed using GraphPad Prism software (version 8).
Two-tailed t tests or nonparametric tests were used for all comparisons. P values of �0.05 were
considered significant. Individual tests employed are included in Results.
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