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Abstract
Ebola virus (EBOV), a member of the Filoviridae that can cause severe hemorrhagic fever
in humans and nonhuman primates, poses a significant threat to the public health. Cur-

rently, there are no licensed vaccines or therapeutics to prevent and treat EBOV infection.

Several vaccines based on the EBOV glycoprotein (GP) are under development, including

vectored, virus-like particles, and protein-based subunit vaccines. We previously demon-

strated that a subunit vaccine containing the extracellular domain of the Ebola ebolavirus

(EBOV) GP fused to the Fc fragment of human IgG1 (EBOVgp-Fc) protectedmice against

EBOV lethal challenge. Here, we show that the EBOVgp-Fc vaccine formulatedwith QS-

21, alum, or polyinosinic-polycytidylic acid-poly-L-lysine carboxymethylcellulose (poly-

ICLC) adjuvants induced strong humoral immune responses in guinea pigs. The vaccinated

animals developed anti-GP total antibody titers of approximately 105−106 and neutralizing

antibody titers of approximately 103 as assessed by a BSL-2 neutralization assay based on

vesicular stomatitis virus (VSV) pseudotypes. The poly-ICLC formulated EBOVgp-Fc vac-

cine protected all the guinea pigs against EBOV lethal challenge performed under BSL-4

conditions whereas the same vaccine formulatedwith QS-21 or alum only induced partial

protection. Vaccination with a mucin-deletedEBOVgp-Fc construct formulatedwith QS-21

adjuvant did not have a significant effect in anti-GP antibody levels and protection against

EBOV lethal challenge compared to the full-lengthGP construct. The bulk of the humoral

response induced by the EBOVgp-Fc vaccine was directed against epitopes outside the

EBOV mucin region. Our findings indicate that different adjuvants can eliciting varying lev-

els of protection against lethal EBOV challenge in guinea pigs vaccinated with EBOVgp-Fc,

and suggest that levels of total anti-GP antibodies elicit by protein-based GP subunit vac-

cines do not correlate with protection.Our data furthersupport the development of Fc

fusions of GP as a candidate vaccine for human use.

PLOSONE | DOI:10.1371/journal.pone.0162446 September 13, 2016 1 / 21

a11111

OPENACCESS

Citation:Konduru K, Shurtleff AC, Bradfute SB,
Nakamura S, Bavari S, Kaplan G (2016) Ebolavirus
Glycoprotein Fc Fusion Protein Protects Guinea Pigs
against Lethal Challenge.PLoS ONE 11(9):
e0162446. doi:10.1371/journal.pone.0162446

Editor:Moriya Tsuji, Rockefeller University, UNITED
STATES

Received:May 6, 2016

Accepted:August 23, 2016

Published:September 13, 2016

Copyright: This is an open access article, free of all
copyright, and may be freely reproduced, distributed,
transmitted,modified, built upon, or otherwise used
by anyone for any lawful purpose. The work is made
available under the Creative CommonsCC0 public
domain dedication.

Data Availability Statement:All relevant data are
within the paper.

Funding: This work was supported by Interagency
Agreements (IAAs) with CBER/FDA (GK) from the
National Institutes of Allergy and InfectiousDisease
(NIH IAAY1-AI-0664-01) and the Defense Threat
ReductionAgency (DTRA IAA 11005IA-3333-Basic)
and intramural funds from FDA (GK) and USAMRIID
(SB). SN was supported by an appointment to a
Research Participation Program administered by the
Oak Ridge Institute for Science and Education
through a FDA-U.S. Department of Energy
interagency agreement. The funders had no role in

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0162446&domain=pdf
https://creativecommons.org/publicdomain/zero/1.0/


Introduction
The Filoviridae is a family of zoonotic, filamentous, negative-strand RNA, enveloped viruses
consisting of three genera: Ebolavirus and Marburgvirus, which can cause severe hemorrhagic
fever in humans and nonhuman primates (NHPs) with high morbidity and mortality rates up
to 90% [1–3], and Cuevavirus, which is pathogenic in bats and was recently discovered in
Spain [4]. The rapid viral replication, immune suppression, multi-organ failure, vascular dys-
function, and progression to hemorrhagic fever are hallmarks of filovirus infection in primates
[5, 6]. Filoviruses are BSL-4 pathogens classified as “Category A” bioterrorism agents, and cur-
rently there are no licensed therapeutics or vaccines to treat and prevent filovirus infection.
Marburgvirus is antigenically stable and has a single species with two viruses,Marburg virus
(MARV) and Ravn virus (RAVV), whereas Ebolavirus is more diverse and consists of five spe-
cies, Zaire, Sudan, Taï Forest, Reston, and Bundibugyo ebolavirus each one with a single virus,
Ebola virus (EBOV), Sudan virus (SUDV), Tai Forest virus (TAIFV), Reston virus (RSTV),
and Bundibugyo virus (BDBV) [7]. RESTV is not pathogenic in humans but causes severe
hemorrhagic fever in NHPs. In addition to primates, markers of natural ebolavirus infection
have been detected in pigs, bats, dogs, duikers and perhaps some rodents (for a review, see [8]).
It is likely that infected animals transmit EBOV to humans via contact with infected carcasses,
exposure to aerosol or bat excreta within caves, or direct contact and aerosols from pigs [9–11].

The recent filovirus epidemic caused by a new isolate of EBOV, the Makona strain (EBOV/
Mak), started in Guinea in 2013, spread to several countries in West Africa including Liberia
and Sierra Leone, and claimed thousands of lives is declared the outbreak officially over in
2015 after a coordinated effort of local and international organizations [12, 13]. The magnitude
and complexity of this EBOV epidemic underscores the urgent need to develop and approve
efficacious vaccines and therapeutics against filoviruses.

The EBOV genome of approximately 19 kb that contains 7 genes: nucleoprotein (NP),
VP35, VP40, glycoprotein (GP), VP30, VP24, and the polymerase (L) [14]. Transcriptional
editing of the GP gene results in the expression of three partially overlapping proteins that
share the first N-terminal 295 amino acids: sGP, GP, and ssGP ([15] and references therein).
The GP is a type-I transmembrane glycoprotein that is cleaved into disulfide-linkedGP1 and
GP2 subunits. The mature GP forms homotrimers that are presented as spikes on the surface
of infected cells and virions, and are responsible for receptor binding, viral entry, and immu-
nity [16, 17]. Immunization with GP is sufficient to protect animals against ebolavirus lethal
challenge in the mouse, guinea pig, and NHPmodels. Several GP-based vaccine candidates are
currently under development such as virus-vectored vaccines [18, 19] and virus-like particles,
which confer protection from lethal challenge in animal models including NHPs [20–29].

EBOV infection in humans elicits cellular and humoral immune responses (for a review, see
[30]) that are early and vigorous in survivors. Fatal cases are associated with immune dysregu-
lation and high viremia [31, 32]. Most vaccine candidates including vesicular stomatitis virus
(VSV) and adenovirus vectored-vaccines induce moderate to high levels of anti-GP antibodies
in NHPs (for a review, see [33]), which correlate with protection against lethal challenge in the
rodent and NHPmodels [34–37]. Vaccine candidates including parainfluenza and Newcastle
virus vectored-vaccines [38] and virus-like particles (VLPs) [21] induce significant levels of
neutralizing anti-GP antibodies in NHPs. Because neutralizing antibodies are generated during
ebolavirus infection in humans [39] and passive transfer of neutralizingmonoclonal [40, 41]
and polyclonal [42] antibodies protected NHPs against lethal ebolavirus challenge, vaccines
that elicit neutralizing antibodiesmay add an additional layer of protection against ebolavirus
infection. Adjuvants and immune modulators may also play a significant role in enhancing
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cellular, humoral, and neutralizing immune responses capable of protecting against ebolavirus
infection.

We are currently developing a GP subunit vaccine based on the extracellular domain of GP
fused to the Fc fragment of human IgG1 (EBOVgp-Fc). In mammalian cells, EBOVgp-Fc
undergoes the complex posttranslational modifications of native GP such as furin cleavage,
disulfide bonding of the GP1 and GP2 subunits, glycosylation, and trimer formation [43]. Mice
immunized with EBOVgp-Fc developed robust humoral and cellular responses, including high
levels of total and neutralizing anti-GP antibodies and GP-specific CD8+ T-cells that produced
INF-γ. The EBOVgp-Fc vaccinatedmice were protected against EBOV lethal challenge [43].
Here, we analyzed the EBOVgp-Fc vaccine in the EBOV guinea pig challenge model. Guinea
pigs vaccinated with EBOVgp-Fc adjuvanted with QS-21, alum, or polyinosinic-polycytidylic
acid-poly-L-lysine carboxymethylcellulose (poly-ICLC) developed strong humoral and neu-
tralizing responses that conferred different degrees of protection against lethal challenge with
EBOV performed under BSL-4 conditions. The poly-ICLC adjuvanted EBOVgp-Fc vaccine
protected 100% of the guinea pigs against EBOV lethal challenge whereas EBOVgp-Fc formu-
lated with QS-21 or alum only protected 60–70% of the animals. Our data show that a subunit
vaccine containing purifiedGP fused to Fc is highly effective in protecting guinea pigs against
EBOV lethal challenge and underscores the significant role of the adjuvant in achieving com-
plete protection. These results further support the development of GP fused to Fc as a candi-
date filovirus vaccine.

Materials andMethods

Cells
Chinese hamster ovary (CHO) dihydrofolate reductase negative cells (ATCC, CRL-9096) sta-
bly transfected with cDNA of the EBOVgp-Fc fusion protein (CHO/EBOVgp-Fc) [43] were
grown in Iscove’s Dulbecco’s modifiedEagle medium supplemented with 10% fetal bovine
serum (FBS). Monkey kidney Vero E6 cells (ATCC, CRL-1586) were grown in Eagle’s minimal
essential medium (EMEM) supplemented with 10% FBS. Human embryonic kidney 293
(HEK293) cells (Invitrogen, Inc.) were maintained in Dulbecco’s modifiedEagle medium
(DMEM) supplemented with 10% FBS. Baby hamster kidney (BHK-21) cells (ATCC, CCL-10)
were grown in DMEM supplemented with 5% FBS. BSR-T7 cells, which are BHK-21 cells that
express bacteriophage T7 RNA-polymerase [44] (kindly provided by Dr. K. Conzelmann, Pet-
tenkoffer Institute, Munich, Germany), were grown in DMEM supplemented with 5% FBS and
1 mg/ml geneticin (Invitrogen, Inc.).

Plasmids
A plasmid containing the cDNA of the Mayinga EBOVGP (GenBank accession no.
AF272001), pVR-1012-ZEBOV-GP [45], was kindly provided by G. Nabel, Vaccine Research
Center, NIH. The GP cDNA in pVR-1012-ZEBOV-GP has eight adenosine residues at the
RNA editing site needed to produce the full-length EBOVGP. Plasmids coding for the cDNA
of the full-lengthVSV genome [pVSVFL(+)], envelope protein (VSVG) deleted virus genome
(pVSVΔG), nucleoprotein (pBS-N), phosphoprotein (pBS-P), and L polymerase (pBS-L) [46]
were kindly provided by J. Rose, Yale University. A plasmid containing the EBOVGP replacing
the VSV-G protein in the VSV genome, pVSV-EBOVgp, was describedpreviously and used to
rescue replication-competent virus [43]. The following plasmids were constructed for this
study using standard techniques of genetic engineering and synthetic oligonucleotides
described in Table 1. All constructs were verified by automated nucleotide sequence analysis.
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pVSV-EBOVgpΔmuc
To rescue replication-competent VSVG-deleted recombinant VSV (rVSV) containing a mucin-
deleted EBOVGP, we deleted the mucin-like region of the EBOVGP cDNA between amino acids
312–462 using overlapping PCR (Table 1). Briefly, a PCR fragment I coding for amino acids 1–311
of GP was amplified using pVR-1012-ZEBOV-GP as template and synthetic oligonucleotidesA
and B. Similarly, a PCR fragment II coding for amino acids 307–311 followed by 463–676 of GP
was amplified from pVR-1012-ZEBOV-GP using primers C and D. PCR fragments I and II were
annealed, and an EBOVgpΔmuc fragment was amplified using primers A and D. The EBOVgpΔ-
muc fragment was cut with NheI enzyme at the 5’ and 3’ ends, and cloned into the unique NheI
site in pVSVΔG. The correct orientation constructwas termed pVSV-EBOVgpΔmuc.

pEF-EBOVgpΔmuc-Fc
We construct a plasmid to express the extracellular domain of the mucin-deleted EBOVGP
fused to the Fc fragment of human IgG1 in cell transfectants. To do so, we used the EBOVgpΔ-
muc fragment described above and same strategy to construct the plasmid coding for the
EBOVgp-Fc fusion protein [43]. The resulting plasmid, which was termed pEF-EBOVgpΔ-
muc-Fc, coded for amino acids 1–311 and 463–637 of the EBOVGP followed by the FLAG tag
peptide DYKDDDDK and the Fc fragment of IgG1.

pVSV-EBOVgp-GFP
To rescue rVSV containing the EBOVGP and GFP genes (Fig 1), we generated a cDNA frag-
ment coding for both genes separated by a VSV transcription stop/start signal sequence [47]
using overlapping PCR (Table 1). Briefly, EBOVGP cDNA was amplified from pVR-
1012-ZEBOV-GP using synthetic oligonucleotides A and D-noNheI to produce PCR fragment
III. Primers E and F were used to amplify PCR fragment IV containing the GFP cDNA (Gen-
Bank accession no. U57607.1). PCR fragments III and IV were annealed and amplified using

Table 1. Oligonucleotidesused in plasmid constructions.

Name Polarity Use and characteristics Oligonucleotide sequence (5’ to 3’)a

A + Amplification PCR fragment I coding for amino acids
1–311 of GP

GCTAGCAGTATG GGCGTTACAGGAATATTGCAGTTA

B - Amplification PCR fragment I coding for amino acids
1–311 of GP

TACAACTGTGAAAGACAACTCTTCACT

C + Amplification PCR fragment II coding for amino acids
307–311 and 463–676 of GP

TCTTTCACAGTTGTAAACACTCATCACCAAGATACCGGA

D - Amplification PCR fragment II coding for amino acids
307–311 and 463–676 of GP

GCTAGCCTAAAAGACAAATTTGCATATA CAGAA

D-
noNheI

- Amplification PCR fragment III coding for amino acids
1–311 of GP

CTAAAAGACAAATTTGCATAT ACAGAA

E + Amplification PCR fragment IV coding for the GFP
cDNA. Oligonuceotide contains 15 nucleotides
complementary to 5’end of primerD-noNheI, the VSV
transcription stop/start signal sequence, and
nucleotides from the N-terminusof GFP

TGCAAATTTGTCTTTGCTAGGTATG AAAAAAACTAACAGATATCACG CTCG
AGAATTAATTAGT ATGGTGAGCAAGGGCGAGGAGCTGTTC

F - Amplification PCR fragment IV coding for the GFP
cDNA. Oligonucleotide contains nucleotides from the
C-terminusof GFP followed by a stop codon.

GCTAGCCTAGTTATCTAGAT CCGGTGGATC

aNhe I restriction sites in bold and underlined.

doi:10.1371/journal.pone.0162446.t001
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primers A and F, the PCR product was digested at the 5’ and 3’ ends with NheI enzyme and
cloned into the unique NheI in pVSVΔG. The correct orientation construct was termed
pVSV-EBOVgp-GFP.

pVSV-EBOVgpΔmuc-GFP
To rescue rVSV contained the mucin-deleted EBOVGP and GFP, we generated a mucin-deleted
EBOVGP cDNA followed by the GFP cDNA (Fig 1) as described for the construction of
pVSV-EBOVgp-Fc but using pVSV-EBOVgpΔmuc to amplify the mucin-deleted EBOVGP.

Transfection and rescue of recombinant VSV (rVSV)
Replication competent rVSV in which the VSV-G protein was replaced by the EBOVGPΔmuc,
EBOVGP plus GFP, or EBOVGPΔmuc plus GFP were generated using the VSV reverse genet-
ics system [43, 48] and termed rVSV-EBOVgpΔmuc, rVSV-EBOVgp-GFP, and rVSV-E-
BOVgpΔmuc-GFP, respectively. Briefly, BSR-T7 cells were co-transfectedwith
pVSV-EBOVgpΔmuc, pVSV-EBOVgp-GFP, or pVSV-EBOVgpΔmuc-GFP and pBS-N,
pBS-P, and pBS-L using Lipofectamine 2000 (Invitrogen, Inc.) as a facilitator. After 48 h of
incubation at 37°C, 50% confluent BHK-21 cell monolayers were infected with the superna-
tants of the transfected cells. All the rescued rVSV induced cytopathic effect in Vero E6 cells.
Virus stocks were titrated in Vero E6 cells and stored at −80 C. Vero E6 monolayers infected
with rVSV-EBOVgp-GFP or rVSV-EBOVgpΔmuc-GFP produced GFP, which was detected
using an inverted fluorescencemicroscope.

Production and purificationof Fc fusion proteins
The FLAG-Fc control protein and the EBOVgp-Fc, a protein containing the extracellular
domain of EBOVGP tagged with a DYKDDDDK (FLAG) peptide at the N-terminus and

Fig 1. Schematic representation of recombinant vesicular stomatitis viruses (rVSV) containing the
EBOV GP and green fluorescentprotein (GFP).The VSV genome codes for the nucleoprotein (N),
phosphoprotein (P), matrix (M), glycoprotein (G), and polymerase (L) genes. Viruseswere rescued in
BSR-T7 cells co-transfected with plasmids coding for N, P, and L, and plasmids containing the wild-type VSV
(wt VSV) genome or constructs that replace the VSV-G gene for the full-lengthEBOV GP (rVSV-EBOVgp),
mucin-like domain deleted EBOV GP (rVSV-EBOVgpΔmuc), EBOV GP followed by GFP (rVSV-EBOVgp-
GFP, or mucin-deleted EBOV GP followed by GFP (rVSV-EBOVgp-GFP). Themucin-deleted EBOV GP
contains amino acid residues 1–311 and 463–676 of EBOV GP. A VSV transcription stop/startsignal (bold
characters) was molecularly cloned between the GP and GFP genes to drive the expression of GFP.

doi:10.1371/journal.pone.0162446.g001
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fused to the Fc and hinge fragment of human IgG1 were produced in CHO cell stable transfec-
tants as described [43]. A similar construct containing the EBOVmucin-deleted construct
EBOVgpΔmuc-Fc was produced in HEK293 cells transiently transfected with pEF-EBOVgpΔ-
muc-Fc using polyethylenimine PEI-Max MW 40,000 (Polysciences, Inc.) as a facilitator. To
do so, transiently transfectedHEK293 cells were grown overnight in DMEM containing 10%
FBS. Monolayers were washed with DMEM, and cells were grown in serum-freeOptiMEM
medium (Invitrogen, Inc.). Supernatants of the HEK293 transfected cells were harvested 2–3
times at 24 h intervals. EBOVgp-Fc, EBOVgpΔmuc-Fc, and FLAG-Fc were secreted to the cell
culture supernatant in serum-freemedium and purified by affinity chromatography in protein
A-agarose columns [43].

Ethics Statement
Research was conducted in compliance with the AnimalWelfare Act and other federal statutes
and regulations following the principles stated in the Guide for the Care and Use of Laboratory
Animals, 8th Edition, National Research Council, 2011. The animal facility is fully accredited
by the Association for Assessment and Accreditation of Laboratory Animal Care International.
The USAMRIID Institutional Animal Care and Use Committee (IACUC) approved the animal
protocol.

Animal studies
Male and female guinea pigs approximately 350–450 g of body weight were used in the vacci-
nation studies. Hartley strain Guinea pigs obtained from Charles River Labs were immunized
using vaccine formulated with QS-21 (provided by a cooperative research agreement with
Antigenics, Inc., now known as Agenus, Inc., Lexington,MA) as an adjuvant. Strain 13 guinea
pigs obtained from an inbred colony maintained at the United States Army Medical Research
Institute of Infectious Diseases (USAMRIID) were immunized using vaccine formulated with
alum (Super-Alum; Novartis, Basel, Switzerland) or poly-ICLC (Hiltonol; Oncovir, Washing-
ton, DC) as adjuvants.

Guinea pigs were vaccinated on day 0, 21, 42, and 63 intramuscularly (i.m.). For the animals
immunized using QS21 as an adjuvant, we used 100 μg/dose of EBOVgp-Fc, EBOVgpΔmuc-
Fc, or control FLAG-Fc and 25 μg/dose of QS-21. For the animals immunized using alum or
poly-ICLC as adjuvants, we used 50 μg/dose of EBOVgp-Fc, or control FLAG-Fc and 500 μg/
dose of alum or poly-ICLC. The same number of animals was included in all vaccinated groups
(8 guinea pigs/group). Because during the course of vaccination we determined that some ani-
mals were pregnant or died due to unrelated causes, these guinea pigs were not included in the
challenge studies. Blood samples were collected from the guinea pigs immediately before each
vaccination. For the anti-GP pilot study (Fig 2B), blood samples were also collected 14 days
after the 4th vaccination at day 91. The animals were challenged 14 days after the third boost at
day 91 by intraperitoneal inoculation of 1,000 plaque-forming units (pfu) EBOVMayinga
adapted to guinea pigs (EBOV/May-GPA) diluted in PBS [49]. Guinea pigs were weighed and
monitored for clinical signs as indicators of morbidity for approximately 24–26 days after chal-
lenge. All EBOV-infected guinea pigs were handled under maximum containment in a bio-
safety level-4 (BSL-4) laboratory at the USAMRIID, Frederick, MD. The dose and vaccination
regimen was based on our previous work in mice [43]. Animals were monitored at least once a
day and their status evaluated according to an Intervention Scoresheet approved by USAM-
RIID IACUC. Monitoring increased to three times in animals that scored three or four. Ani-
mals were euthanized by CO2 inhalation followed by confirmatory cervical dislocation.
Analgesics and anesthetics were not used in this study and animals were euthanized for
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humane purposes if they reached a score of five or more, which would be indicated if the ani-
mals exhibited ruffled fur, weakness, unresponsiveness, and/or difficultywalking. Surviving
animals were euthanized 26 days after challenge.

Fig 2. Anti-GPhumoral response in strain 13 guinea pigs vaccinatedwith EBOVgp-Fc or EBOVgpΔmuc-Fc adjuvanted withQS-21. (A)
Validation of the particle-to-TCID50 ratio and amount of GP incorporated in the virions used in the ELISA. Similar titers of rVSV-EBOVgp,
rVSV-EBOVgpΔmuc, rVSV-EBOVgp-GFP, rVSV-EBOVgpΔmuc-GFP, and negative control wt VSV were used to coat the 96-well ELISA plate. Human
anti-EBOV GPmAb KZ52 was titrated on the plates, and bound antibodieswere stainedwith HRP-labeled anti-human IgG antibodies. Data are mean
absorbance of duplicate wells, and bars represent standard errors of mean. (B) Kinetics of anti-GPantibody production in guinea pigs (n = 8) vaccinated
with EBOVgp-Fc. Serumsampleswere collected before the primary immunization (Pre), the 2nd vaccination at 21 days (1), the 3rd vaccination at 42
days (2), the 4th vaccination at 63 days (3), and at 77 days (4). Total anti-GP antibody titers were determined by an endpoint dilution virus particleELISA
in 96-well plates coated with rVSV-EBOVgp. (C) Total anti-GP antibodies in sera from guinea pigs vaccinated with EBOVgp-Fc (n = 8, blue squares),
EBOVgpΔmuc-Fc (n = 8, gray squares), or control FLAG-Fc (n = 7, red squares). Sera sampleswere collected at day 63 prior to the final (third) boost.
Total anti-EBOV GP antibodies in each animal were determinedby an endpoint dilution virus particleELISA. Themean for each group of vaccinated
guinea pigs is shown as a line. Sera from the vaccinated guinea pigs were titrated by duplicates on 96-well plates coated with rVSV-EBOVgp,
rVSV-EBOVgpΔmuc, and control wt VSV particles. (D) Analysis of anti-GPneutralizing antibodies by a BSL-2 fluorescence reduction neutralization test
(FRNT). rVSV-EBOVgp-GFP (left panel) or rVSV-EBOVgpΔmuc-GFP (right panel) recombinant viruseswere incubated with four-fold serial dilutions of
sera from the vaccinated guinea pigs. Vero E6 cell monolayers were infected with these neutralization reactions, and the number of GFP fluorescent
cells was assessed by flow cytometry 12 h after infection. The percent reduction in fluorescent cells compared to pre-immune serum treated viruswas
calculated as the% FRNT. The values are plotted in Geometricmean curve to measure FRNT50 titer. Differences in mean antibody titers were
determinedby ANOVA F-test between time points (B) and groups (C).

doi:10.1371/journal.pone.0162446.g002
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Analysis of humoral Immune responses
The levels of EBOV GP-specific immunoglobulin G (IgG) antibodies in vaccinated guinea
pigs were determined by a virus particle endpoint dilution ELISA [43] in 96-well plates
coated with VSV pseudotypes. Briefly, 96-well plates were coated with 105 TCID50 of
rVSV-EBOVgp or rVSV-EBOVgpΔmuc produced in Vero E6 cells using serum-freeOpti-
MEMmedium. Plates coated with wt VSV were used as the specificity control. After
blocked with PBS containing 5% bovine serum albumin (BSA), two-fold dilutions of the
guinea pig sera were titrated in duplicates on the virus coated plates. Plates were incubated
at 37°C for 1 h, washed and stained with horseradish peroxidase conjugated goat anti-
guinea pig IgG (Jackson ImmunoResearch Laboratories, Inc) and 3,3',5,5'—tetramethylben-
zidine SureBlue TMB substrate (KPL, Inc.). The colorimetric reaction was stopped with 1%
sulfuric acid and absorbance was read in an ELISA plate reader at 450 nm. Antibody titers
were defined as the highest dilution at which the mean absorbance of the sample was at
least two-fold greater than the mean absorbance of the same sera dilution in control wells
coated with wt VSV.

Anti-EBOVGP neutralizing antibodies were analyzed by a Fluorescence ReductionNeutral-
ization Test (FRNT). To do so, 2,000 pfu of rVSV-EBOVgp-GFP or rVSV-EBOVgpΔmuc-GFP
were treated with serum dilutions from the vaccinated animals in the presence of 5% guinea
pig serum complement. After incubation at 37°C for 1 h, Vero E6 cell confluent monolayers in
6-well plates were inoculated in duplicates with each neutralization reaction. After adsorption
for 1 h at 37°C, the inoculumwas removed, cells were washed, DMEM containing 10% FBS
was added, and plates were incubated for approximately 12 h at 37°C. Cells were detached by
treatment with 1 ml of 0.5 mM EDTA in PBS, washed two times with PBS 2% FBS, and fixed
with 2% paraformaldehyde. One million cells from each well were analyzed by flow cytometry
for GFP fluorescence using a FACSCanto II cytometer (BD Biosciences). The percent neutrali-
zation (% FRNT) of each serum sample was calculated by comparing the number of GFP posi-
tive cells in monolayers infected with virus samples treated with pre-immune versus vaccinated
serumusing the formula 100-(vaccinated/pre-immune) x100. The serumdilution that reduced
50% of the fluorescent cells was defined as FRNT50. It should be pointed out that there is a high
degree of correlation between the FRNT50 assay using rVSV-EBOVgp-GFP under BSL-2 con-
ditions and the plaque reduction neutralization test (PRNT) using wild type EBOV/May (Kon-
duru et al., submitted). To assure comparability between tested groups, we included internal
controls using antibodies of known titers, which reacted similarly in assays from the different
groups.

Statistical analysis
Virus titers were calculated using the ID50 program developed by John L. Spouge (National
Center for Biotechnology Information, NIH). Statistical significance between two groups was
determined by unpaired t-test, and also verified by an F-test to compare variances, using the
Prism version 6 program (GraphPad Software, Inc.). For more than two groups, the data was
analyzed by ANOVA to calculate F value with the degrees of freedom and p-value (GraphPad
software, Inc.). For multiple adjuvant groups, data was analyzed by ANOVA using the InStat
program (GraphPad software, Inc.), and comparison of two treatments was performed using
the Bonferroni test. All analysis of IgG responses were carried out on the log-scale. The
FRNT50 was obtained using a 4-parameter logistic regression. Kaplan-Meier survival analysis
was performedwith the Prism version 6 program and evaluated using theMantel-Cox test. Dif-
ferences are considered non-significant (NS) when p�0.05, significant (�) when p<0.05, and
highly significant (��) when p<0.01.
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Results

QS-21 adjuvanted EBOVgp-Fc and EBOVgpΔmuc-Fc vaccines induce
strong humoral responses in guinea pigs
We previously showed that EBOVgp-Fc elicited humoral and cellular immune responses that
protected mice against lethal challenge with EBOV [43]. Here, we analyzed the immunogenic-
ity of EBOVgp-Fc in guinea pigs. We also studied the contribution of the mucin region of GP
in protective responses by immunizing animals with the mucin-deletedGP construct
EBOVgpΔmuc-Fc. Groups of 7–8 strain 13 guinea pigs were vaccinated at days 0, 21, 42, and
63 with 100 μg of EBOVgp-Fc, EBOVgpΔmuc-Fc, or control FLAG-Fc using QS-21 as adju-
vant. Guinea pigs were bled before each boost, and total anti-GP antibodies were measured by
a virus particle ELISA in plates coated with rVSV-EBOVgp, rVSV-EBOVgpΔmuc, or control
wt VSV. It should be pointed out that we used a saturating amount of virus to coat the ELISA
plates and that higher concentration of virus did not increase the signal. To control for the par-
ticle-to-TCID50 ratio of the different viruses and the amount of GP incorporated into the virus
particles, we performed an ELISA using monoclonal antibody KZ52 (Fig 2A), which showed
that similar amounts of GP were present in the wells irrespective of the recombinant VSV con-
struct used to coat the wells. Our preliminary (Fig 2B) and historical [50] data indicated that
anti-filovirusGP antibody titers reach a peak before the 4th vaccination at day 63, and that
there are no significant differences in anti-GP antibody titers between day 63 and day 77 before
challenge. The rationale for the 4th vaccination is to increase T-cell immunity. To minimize
stress of the animals, we did not bleed the guinea pigs at day 77 before challenge, so we ana-
lyzed anti-GP antibody titers in the 3rd bleed obtained at day 63 before the last vaccination.
The animals vaccinated with EBOVgp-Fc or EBOVgpΔmuc-Fc developed anti-GP antibody
titers ranging from 1:40,000 to 1:640,000 whereas animals vaccinated with control FLAG-Fc
did not develop anti-GP antibodies (Fig 2C). Similar levels of total anti-GP antibodies were
produced in guinea pigs vaccinated with EBOVgp-Fc or EBOVgpΔmuc-Fc. Interestingly, sera
from the EBOVgp-Fc or EBOVgpΔmuc-Fc vaccinated guinea pigs reacted similarly against
rVSV-EBOVgp and rVSV-EBOVgpΔmuc. These results indicate that the bulk of the humoral
response in the vaccinated guinea pigs was directed against non-mucin epitopes in GP.

We analyzed the anti-GP neutralizing antibodies in the sera of vaccinated guinea pigs by
determining the effect of the sera in reducing the number of GFP fluorescent Vero E6 cells
infected with rVSV-EBOVgp-GFP or rVSV-EBOVgpΔmuc-GFP compared to pre-immune
sera as % FRNT. These replication-competent recombinant VSV particles contain the EBOV
GP or GPΔmuc replacing the VSV-G envelope on the viral surface and the GFP gene cloned
into the VSV genome (Fig 1). Therefore, neutralizing anti-GP antibodies that bind to rVSV-E-
BOVgp-GFP and rVSV-EBOVgpΔmuc-GFP prevent infection and the expression of GFP (Fig
2D). Antibodies from guinea pigs vaccinated with EBOVgp-Fc or EBOVgpΔmuc-Fc neutral-
ized rVSV-EBOVgp-GFP (left panel) and rVSV-EBOVgpΔmuc-GFP (right panel) in a similar
dose-dependentmanner. Guinea pigs vaccinated with EBOVgp-Fc and EBOVgpΔmuc-Fc had
FRNT50 titers 1442 and 1202 respectively against rVSV-EBOVgp-GFP, and titers 1187 and
1424 respectively against rVSV-EBOVgpΔmuc-GFP. Sera from guinea pigs vaccinated with
FLAG-Fc resulted in background levels of neutralization of approximately 20% and had no
FRNT50 titers. Taken together, these data indicated that EBOVgp-Fc and EBOVgpΔmuc-Fc
vaccines elicited strong humoral responses resulting in high levels of anti-GP total and neutral-
izing antibodies.
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QS-21adjuvantedEBOVgp-Fc or EBOVgpΔmuc-Fc vaccines partially
protect guinea pigs against lethal challenge with EBOV/May-GPA
To analyze the protective effect of the EBOVgp-Fc and EBOVgpΔmuc-Fc vaccines formulated
with the QS-21 adjuvant, the eight vaccinated guinea pigs per group were challenged two
weeks after the third boost with 1,000 pfu of EBOV/May-GPA (Fig 3). Animals were observed
for approximately 25 days post-challenge. The animals vaccinated with EBOVgp-Fc,
EBOVgpΔmuc-Fc, and FLAG-Fc had a maximumweight loss of approximately 10%, 5%, and
15%, respectively (Fig 3A). Five (63%) and six (75%) of the guinea pigs vaccinated with
EBOVgp-Fc and EBOVgpΔmuc-Fc, respectively, survived the EBOV/May-GPA lethal chal-
lenge (Fig 3B). In contrast, six out of the seven guinea pigs in the control group that received
the control FLAG-Fc vaccine succumbed to the EBOV/May-GPA challenge. Analysis of the
Kaplan-Meier survival curves revealed significant differences (P<0.05) between control
(FLAG-Fc) and vaccinated (EBOVgp-Fc or EBOVgpΔmuc-Fc) animals.

Fig 3. EBOV lethal challengeof strain 13 guinea pigs immunized withQS-21 adjuvanted EBOVgp-Fc
or EBOVgpΔmuc-Fc vaccines.Groups of guinea pigs vaccinated with QS-21 adjuvanted EBOVgp-Fc
(n = 8, blue squares), EBOVgpΔmuc-Fc (n = 8, gray squares), or FLAG-Fc (n = 7, red squares)were
challengedwith 1,000 pfu of EBOV/May-GPA two weeks after the third boost. (A)Weight loss after challenge
with EBOV/May-GPA. Guinea pigs were weighed daily for 24 days. Data are group averages and bars
indicate the standard errors of themean. (B) Kaplan-Meier survival curves are plotted as percent survival for
each vaccination group. Significant differences (*, P<0.05) between vaccinated (EBOVgp-Fc) and control
(FLAG-Fc) animals as determined by theMantel-Cox test. (C) Anti-GP total and neutralizing antibody titers of
guinea pigs immunizedwith the EBOVgp-Fc or EBOVgpΔmuc-Fc vaccines and challengedwith EBOV/May-
GPA grouped according to the outcome in animals that died (Dead) or survived (Survivors) the challenge.
Antibody titers were obtained using rVSV-EBOVgp-GFP (left panel) or rVSV-EBOVgpΔmuc-GFP (right
panel) recombinant VSV constructs. Themean for each group is shown as a line, total anti-GP antibody titers
(magenta squares), FRNT50 neutralizing antibody titers (green squares), and number of animals (n) per
group. Significance in antibody titers were determinedby unpaired t-test between groups; NS, not significant.

doi:10.1371/journal.pone.0162446.g003
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We further analyzed the anti-GP total and neutralizing antibody levels stratifying the data
according to the outcome of the challenge (Fig 3C). The BSL-2 virus particle ELISA and
FRNT50 titers obtained using rVSV-EBOVgp-GFP (left panel) revealed that there are no sig-
nificant differences in the levels of anti-GP total and neutralizing antibodies in survivors and
dead guinea pigs immunized with the EBOVgp-Fc or EBOVgpΔmuc-Fc vaccines. Similar
results were obtained when titrations were performed using rVSV-EBOVgpΔmuc-GFP (right
panel).

Alum and poly-ICLC adjuvanted EBOVgp-Fc vaccines elicit strong anti-
GP humoral responses in guinea pigs
Because the QS-21 adjuvanted vaccines only induced partial protection in the challenged
guinea pigs, we hypothesized that a different adjuvant could enhance the protective efficacy of
our subunit vaccine. To test this hypothesis, we formulated our GP vaccine using alum or poly-
ICLC adjuvants, which have different physicochemical characteristics and immune targets
than QS-21. Since EBOVgp-Fc and EBOVgpΔmuc-Fc resulted in similar anti-GP antibody
responses and protection levels (no significant differences), we focused vaccine development
on EBOVgp-Fc because it contains the mucin region found in the natural forms of GP that
may play a protective role in the NHPmodel and in humans. Hartley strain guinea pigs were
vaccinated with 50 μg of EBOVgp-Fc or control FLAG-Fc adjuvanted with alum or poly-ICLC.
Total anti-GP antibodies in the sera collected at day 63 just before the last boost were analyzed
by the virus particle ELISA (Fig 4A). The EBOVgp-Fc vaccine adjuvanted with alum elicited
total anti-GP antibody titers of 1:320,000 to 1:1,280,000. The poly-ICLC adjuvanted vaccine
elicited titers that ranged from 1:80,000 to 1:640,000. The bulk of the antibody response was
against GP epitopes outside the mucin region because similar ELISA titers were obtained in
plates coated with the GP full-length (rVSV-EBOVgp) or mucin-deleted (rVSV-EBOVgpΔ-
muc) virus particles. As expected, the control FLAG-Fc adjuvanted vaccines did not elicit anti-
GP specific antibodies.

We also analyzed anti-GP neutralizing antibodies in the sera from the vaccinated guinea
pigs. To do so, rVSV-EBOVgp-GFP was treated with different dilutions of sera and neutraliza-
tion was evaluated by FRNT50 (Fig 4B). The EBOVgp-Fc with alum and poly-ICLC adjuvanted
vaccines had elicited FRNT50 titers 3136 and 3020 respectively. The control sera from
FLAG-Fc vaccinated animals formulated with the same adjuvants showed background levels of
neutralization of approximately 25% and had no FRNT50 antibody titers. These data indicated
that EBOVgp-Fc elicited high humoral antibody responses in guinea pigs regardless of the
adjuvant used in the formulation of the vaccine.

Complete protection of guinea pigs immunized with the poly-ICLC
adjuvanted EBOVgp-Fc vaccine
The guinea pigs vaccinated with alum or poly-ICLC adjuvanted antigens were challenged 2
weeks after the third boost with 1,000 pfu of EBOV/May-GPA. The weight loss in animals vac-
cinated with EBOVgp-Fc was approximately 10% compared to the approximately 20% in
guinea pigs vaccinated with FLAG-Fc vaccine (Fig 5A). The weight loss was less pronounced in
the animals that received the poly-ICLC adjuvanted EBOVgp-Fc.Whereas animals that
received the alum adjuvanted EBOVgp-Fc had higher loss of weight, one animal reached 20%
weight loss. The guinea pigs that received the EBOVgp-Fc vaccine and survived the challenge
regained some of the lost weight between days 15–25 post challenge. Mostly the animals started
to gain weight at the end stage of the experimental timeframe. Two animals in the poly-ICLC
group had gained weight to 100.8% at day-21 and 101.2% at day-25. Similarly two animals in
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the alum group had gained weight to 100.7% at day-17 and 101.7% at day-25. All the guinea
pigs that received the poly-ICLC adjuvanted EBOVgp-Fc vaccine survived the lethal challenge
(7/7) compared to the 67% (4/6) of the animals that received the alum adjuvanted EBOVgp-Fc

Fig 4. Anti-GPhumoral response in Hartley guinea pigs immunizedwith alumor poly-ICLC
adjuvanted EBOVgp-Fc vaccines.Guinea pigs were vaccinated with EBOVgp-Fc (n = 6 alum, n = 7 poly-
ICLC) or control FLAG-Fc (n = 6) using alum (triangles) or poly-ICLC (circles) as adjuvants. Sera samples
were collected at day 63 prior to the final (third) boost. (A) Analysis of total anti-EBOV GP antibodies by an
endpoint dilution virus particleELISA as in Fig 2C. (B) Analysis of anti-GPneutralizing antibodies by a BSL-2
FRNT. rVSV-EBOVgp-GFPwas incubatedwith four-fold serial dilutions of sera from each guinea pig
vaccinated with EBOVgp-Fc (blue) or FLAG-Fc (red) adjuvated with alum or poly-ICLC. Vero E6 cell
monolayers were infected with the neutralization reactions, and the number of GFP fluorescent cells was
assessed by flow cytometry and the FRNT50was calculated by Geometricmean curves as in Fig 2C.

doi:10.1371/journal.pone.0162446.g004
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vaccine (Fig 5B). The animals that received the control FLAG-Fc vaccine (6 animals with alum
adjuvant and 6 animals with poly-ICLC adjuvant) did not survive the EBOV/May-GPA chal-
lenge. Analysis of the Kaplan-Meier survival curves revealed highly significant differences

Fig 5. EBOV lethal challengeof guinea pigs immunizedwith EBOVgp-Fc vaccine using different adjuvants.
Groups of guinea pigs vaccinated with alum (triangles)or poly-ICLC (circles) adjuvanted EBOVgp-Fc (n = 6 alum or
n = 7 poly-ICLC, blue) or FLAG-Fc (n = 7, red) vaccines were challengedwith 1,000 pfu of EBOV/May-GPA three
weeks after the third boost. (A)Weight loss after challengewith EBOV. Guinea pigs were weighed for 25 days.
Data are group averages and bars indicate the standard error of themean. (B) Kaplan-Meier survival curves are
plotted as percent survival for each vaccination group. Highly significant differences (**, P<0.01) between
vaccinated (EBOVgp-Fc) and control (FLAG-Fc) animals as determined by theMantel-Cox test. (C) Comparison of
anti-GPhumoral responses in guinea pigs vaccinated with EBOVgp-Fc using different adjuvants. The Hartley
guinea pigs were used in the QS-21 experiments whereas strain 13 guinea pigs were used in the alum and poly-
ICLC experiments. Titers of total anti-GPantibody (magenta) and neutralizing antibodies (FRNT50, green) elicited
by the EBOVgp-Fc vaccine using QS-21 (data fromFigs 2 and 3), alum (data fromFigs 4 and 5B), or poly-ICLC
(data fromFigs 4 and 5B) are shown as squares for each vaccinated animal in a group. Guinea pigs that did not
survive the lethal challenge aremarkedwith gray squares. ANOVA and Bonferroni test were used to compare
antibody levels between two adjuvant groups. Highly significant (**, p<0.01) and non-significant (NS) differences
between two adjuvant groups are shown in the graph for anti-GP total (magenta) and neutralizing (green)
antibodies. (D) Anti-GP total and neutralizing antibody titers of guinea pigs immunized with the EBOVgp-Fc (n = 6)
vaccine adjuvanted with alum (left panel) or the EBOVgp-Fc (n = 8) or EBOVgpΔmuc-Fc (n = 8) vaccines
adjuvanted with QS-21 and challenged with EBOV/May-GPA. Animals were grouped according to the outcome in
animals that died (Dead) or survived (Survivors) the challenge. The animals immunizedwith the QS21-adjuvanted
EBOVgp-Fc or EBOVgpΔmuc-Fc vaccines were combined into the Dead (n = 5) and Survivors (n = 11) groups.
Antibody titers were obtained using the rVSV-EBOVgp-GFP recombinantVSV constructs. Themean for each
group is shown as a line, total anti-GP antibody titers (magenta squares), FRNT50 neutralizing antibody titers
(green squares), and number of animals (n) per group. Significance in antibody titers were determinedby unpaired
t-test between groups; NS, not significant.

doi:10.1371/journal.pone.0162446.g005
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(p<0.01) between control and vaccinated animals. The weight loss and survival rates indicate
that the poly-ICLC adjuvanted EBOVgp-Fc vaccine is highly effective in guinea pigs protecting
100% of the challenged animals with minimal morbidity.

Analysis of correlates of protection
To analyze correlates of immunity in our study, we performedANOVA of the anti-GP anti-
bodies elicited by the EBOVgp-Fc vaccine using the different adjuvants (Fig 5C). It should be
pointed out that the QS-21 challenge experiments were done using Hartley guinea pigs whereas
the alum and poly-ICLC experiments were done using strain 13 guinea pigs. This analysis
revealed that the QS-21 adjuvant elicited significantly lower levels of total (magenta squares)
and neutralizing (green squares) antibodies compared to alum (p<0.01) but both adjuvants
induced similar protection levels of approximately 65%. The same analysis showed that the
alum and poly-ICLC adjuvanted vaccines elicited similar levels of anti-GP total and neutraliz-
ing antibodies. However, the poly-ICLC adjuvanted vaccine induced 100% protection against
EBOV/May-GPA lethal challenge. Because all animals vaccinated with EBOVgp-Fc adjuvanted
with poly-ICLC survived the lethal challenge with EBOV/May-GPA, we could not compare
antibody levels in animals that survived or died as we did for the QS21-adjuvanted vaccine (Fig
5C). Therefore we focused our analysis on the antibody levels in survivors and dead animals
that were immunized with QS21- or alum-adjuvanted vaccines. In Fig 3C, we performed a
stratified analysis of antibody levels in guinea pigs immunized with the QS21-adjuvanted
EBOVgp-Fc or EBOVgpΔmuc-Fc vaccines but, because these two vaccines behaved similarly,
we combined the survivors (n = 11) and dead (n = 5) animals of both vaccines to increase the
number of animals in both groups. The stratified analysis of total and neutralizing anti-GP
antibodies according to the outcome also showed no significant differences in antibody levels
between survivors and dead animals (Fig 5D, right panel). A similar stratified analysis of the
antibody levels in guinea pigs immunized with the alum-adjuvanted EBOVgp-Fc vaccine also
showed no significant differences in antibody levels between survivors and dead animals (Fig
5D, left panel). Although non-significant in the within alum group, the small sample size may
not sufficient for robust analysis. Taken together, these data suggested that the adjuvant plays
an important role in eliciting complete protection and indicate that antibody levels do not cor-
relate with protection in this guinea pig model using our protein-based subunit GP vaccine.

Discussion
During vaccine development, EBOV candidate vaccines are sequentially tested in the mouse,
guinea pig, and NHP lethal challengemodels to determinewhether they can progress to clinical
trials. Several EBOVGP vaccine candidates are currently under development (for a review, see
[51]). EBOVGP vectored vaccine candidates based on VSV, rabies, human and chimpanzee
adenovirus, parainfluenza, VEEV, and vaccinia were efficacious in the three animal models
and some of them are currently undergoing clinical trials. Several other EBOV candidate vac-
cines not based on viral vectors, including VLPs and EBOVGP DNA have also shown efficacy
in the three lethal challenge animal models. Our EBOVgp-Fc vaccine differs from the vectored
vaccines in that it does not depend on replication of a viral vector to induce anti-EBOV
immune responses and may result in less severe adverse effects. Compared to other non-vec-
tored based EBOVGP vaccines, the EBOVgp-Fc vaccine is a well-characterized glycoprotein
that can be produced in large quantities, purified to homogeneity, and delivered by simple
immunization procedures.We have previously shown that the EBOVgp-Fc vaccine is highly
efficacious in the mouse lethal challenge model [43], and in this paper in the guinea pig lethal
challenge model.We are currently in the process of testing our vaccine candidate in the NHP
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challenge model, which is the most relevant model to human disease. Interestingly, the
EBOVgp-Fc vaccine induced very high levels of anti-EBOVGP total and neutralizing antibody
titers ranging from approximately 104.5 to 106 and 102.5 to 103.5, respectively, which is compa-
rable to the antibody titers induced by other vectored and non-vectored vaccine candidates.
Therefore, it is likely that the EBOVgp-Fc will also induce high anti-GP titers in NHPs that are
commensurate with protection against lethal EBOV challenge as seen with other vectored and
non-vectored EBOV candidate vaccines.

Here, we analyzed the importance of the adjuvant in conferring complete protection against
EBOV/May-GPA lethal challenge in guinea pigs immunized with a protein-based GP subunit
vaccine. In this study, we used the extracellular domain of EBOVGP fused to human IgG1 Fc,
which may confer stability and enhance immunogenicity of GP, but did not analyze the contri-
bution of the Fc fragment using constructs containing only the extracellular domain of GP.
The same Fc fragment was fused to all constructs in this study to allow comparison between
adjuvants. We vaccinated animals with the Fc fragment alone formulated with the different
adjuvants as control to rule out the possibility of nonspecific protection resulting from immune
responses against Fc. In animals immunized with EBOVgp-Fc, the use of poly-ICLC as an
adjuvant increased the protective effect of the vaccine conferring complete protection whereas
formulation with QS-21 or alum resulted in approximately 65% protection. It should be
pointed out that we used 100 μg/dose of EBOVgp-Fc vaccine in the QS-21 group and 50 μg/
dose in the alum and poly-ICLC groups. Because the QS21-adjuvanted vaccine elicited lower
antibody levels and protection than the alum- or poly-ICLC-adjuvanted vaccines, the dose of
EBOVgp-Fc was not responsible for the low performance of the QS21-adjuvanted vaccine.
However, the use of strain 13 guinea pigs in the QS-21 experiments compared to the Hartley
guinea pigs used in the alum and poly-ICLC experimentsmay have influenced the level of the
antibody response. Statistical analysis revealed that there are no significant differences between
the poly-ICLC, QS-21, and alum survival curves, so our data only points to the tendency of
poly-ICLC to induce complete protection, which confirmation will require further investiga-
tion. The physicochemical characteristics and immune targets of the adjuvants played a signifi-
cant role in inducing complete protection. Because limitations in space and number of animals
per experiment under BSL-4 conditions, we could not evaluate all the adjuvants at the same
time, and we did not compare the immunogenicity of GP constructs in the absence of an adju-
vant. We first evaluated the effect of QS-21 using the Fc fusion proteins containing the full-
length and mucin-deleted extracellular domains of GP. Our data showed that these two con-
structs induced similar antibody responses and protection levels, so we focused our study on Fc
fusion construct containing the full-length extracellular domain of GP and analyzed the effect
of the alum and poly-ICLC adjuvants.

The adjuvants that we used in this study have very different characteristics. Poly-ICLC, a
synthetic polyinosinic:polycytidylic acid (poly-IC) double-stranded RNA stabilized with poly-
L-lysine to increase RNase-resistance, is recognized by the cytosolic RNA helicaseMDA-5 and
the endosomal TLR3 and activate the production of type I IFN that stimulates B, T, and den-
dritic cells [52]. QS-21, a saponin derived from the bark of the South American soap treeQuil-
laja saponaria, is an amphipathic glycoside that acts as a surfactant and binds to cholesterol in
biologicalmembranes resulting in pore formation [53]. QS-21 is a potent adjuvant that
increases the immunogenicity of pathogen and cancer vaccines by allowing cell entry of anti-
gens to antigen-presenting cells (APCs) and also functioning as an irritant (for a review, see
[54]). Alum (aluminum salts), the most commonly used adjuvant in human vaccines, adsorbs
antigen onto its surface by electrostatic forces. The mechanism of action of alum is unclear but
the efficient uptake of the adsorbed particulate antigen by APCs is among the proposed func-
tions of this adjuvant [55]. It is possible that the detergent properties of QS-21 and the highly
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charged surface of alum induced changes in critical epitopes of EBOVgp-Fc affecting the pro-
tective efficacy of this antigen.

Poly-ICLC, QS-21, and alum have different immune stimulatory effects. Poly-ICLC induces
the production of type I IFN that activates innate and adaptive immunity mechanisms result-
ing in strong antibody and T-helper 1 (Th1) responses [56]. QS-21 increases antigen presenta-
tion and has a pleiotropic effect that enhances antibody production, cytopathic T lymphocytes
(CTL), and Th1 and T-helper 2 (Th2) responses [54]. Alum induces Th2 cellular and strong
humoral responses but does not induce CTL [57]. Because Th1 and antibody responses play a
significant role in protection against ebolavirus infection [34], the Th2 response induced by the
alum adjuvant may have skewed the Th1 protective immune responses and be responsible for
the partial protection observed in the vaccinated guinea pigs. The partial protection induced by
the QS-21 adjuvant cannot be explained by the T helper characteristics of the immune response
since QS-21 induces strong Th1 responses. The complete protection induced by the poly-ICLC
adjuvanted EBOVgp-Fc vaccine could be due to the activation of specific components of the
cellular immune response and/or targeting of protective epitopes that are not stimulated by
alum or QS-21 adjuvants. Our work using the same protein-based antigen (EBOVgp-Fc) for-
mulated with different adjuvants (QS-21, alum, or poly-ICLC) provides an excellent experi-
mental model to identify correlates of immunity. Further work is needed to fully analyze the
immune responses in the partially (QS-21 and alum) and complete (poly-ICLC) protected ani-
mals to identify differences in the immune response that could be correlated with protection.

Total anti-GP IgG antibody levels elicited by VSV and adenovirus vectored EBOVGP vac-
cines correlated with protection against EBOV/May-GPA lethal challenge in guinea pigs and
NHPs [37]. However, correlates of protection in non-vectored GP vaccines have not been
explored in great detail. Our data showed that the QS-21 adjuvanted EBOVgp-Fc vaccine
induced a lower level of anti-GP antibodies compared to alum, and that the use of these two
adjuvants resulted in partial (63–67%) protection against lethal EBOV/May-GPA challenge.
The alum and poly-ICLC adjuvanted EBOVgp-Fc vaccines induced similar anti-GP total and
neutralizing antibody responses but only the poly-ICLC induced complete protection whereas
the alum adjuvanted vaccine protected 67% of the guinea pigs (4/6 animals) from lethal chal-
lenge with EBOV/May-GPA. Interestingly, the two guinea pigs in the alum group that died
had very high anti-GP antibody levels. Taking together, these results suggested that there is a
lack of correlation between protection and levels of anti-GP antibodies since the alum adju-
vanted EBOVgp-Fc vaccine, which induced higher total anti-GP antibodies, resulted in similar
levels of protection compared to the QS-21 adjuvanted vaccine. The stratified analysis of the
QS-21 and alum groups according to the outcome of the challenge showed no significant dif-
ferences in the levels of total and neutralizing anti-GP antibodies in survivors versus dead ani-
mal, which clearly indicated that there is no correlation between antibody levels and survival in
guinea pigs immunized with our EBOVgp-Fc vaccines. It should be pointed out that we did
not analyze the quality of the antibody response, which may also contribute to the difference in
the survival outcome. Analysis of the epitopes targeted by the poly-ICLC adjuvanted EBOVgp-
Fc vaccine compared to QS-21 and alum would help to determine whether poly-ICLC induced
responses against specific protective epitopes of GP. Further work analyzing the immune
responses in the partially (QS-21 and alum) and completely (poly-ICLC) protected animal
groups is needed to identify differences in the immune response that could be correlated with
protection.

The GP structure [58] suggests that the mucin region could mask epitopes in non-mucin
regions of GP. However, the guinea pigs immunized with the EBOVgp-Fc or EBOVgpΔmuc-
Fc vaccines adjuvanted with QS-21 produced similar levels of antibodies against non-mucin
epitopes as assessed by the virus particle ELISA (total anti-GP antibodies) and the FRNT
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(neutralizing antibodies). These results indicate that the bulk of the antibody response against
EBOVgp-Fc or EBOVgpΔmuc-Fc was directed against non-mucin epitopes. The EBOVgp-Fc
and EBOVgpΔmuc-Fc vaccines induced similar protection levels suggesting that in the guinea
pig model the mucin region of the EBOVgp-Fc vaccine does not play a significant role in elicit-
ing protective immune responses. The immunodominant effect of the non-mucin epitopes was
independent of the adjuvant because the EBOVgp-Fc vaccine formulated with QS-21, alum, or
poly-ICLC induced similar levels of total antibodies against GP constructs with or without the
mucin. Further research will be required to establish whether the immunodominant effect of
non-mucin GP epitopes is an intrinsic characteristic of our subunit vaccine, and whether this
immunodominant effect is restricted to guinea pigs or is also observed in mice and NHPs.

In humans and NHPs, the human IgG1 Fc fragment present in EBOVgp-Fc could enhance
the immunogenicity of the vaccine by interacting with Fcγ receptors on antigen presenting
cells [59–61]. The Fc tag may also increase the half-life and immunogenicity of the GP Fc
fusion proteins as did in other systems [59, 62, 63]. Several antigen-Fc fusion proteins have
been licensed and are being developed as therapeutics for human immune disorders and cancer
(for a review, see [64]). The technology required to produce large amounts of the IgG1 Fc
fusion proteins in mammalian cells using serum-free culture systems is readily available. Con-
sequently, the use of Fc fusion proteins for the development of filovirus vaccines offers many
advantages in terms of the adjuvant effect, stability, antigen production, etc., and a clear regula-
tory pathway for licensing.

In summary, we demonstrated that the poly-ICLC adjuvanted EBOVgp-Fc subunit vaccine
is highly immunogenic and completely protected guinea pigs against lethal EBOV/May-GPA
challenge. In mice, we previously showed that EBOVgp-Fc elicited anti-GP total and neutraliz-
ing antibodies as well as T-cell immunity that protected animals against lethal challenge with
mouse-adapted EBOV[43]. This guinea pig study in conjunction with our previous work in
mice shows that the EBOVgp-Fc is efficacious in two rodent models and suggests that this sub-
unit vaccine could also show efficacy in the NHPmodel, which more closely resembles the
human disease. EBOVgp-Fc is simple to produce, easy to purify, stable, and does not present
issues regarding viral-vector pre-existing immunity and safety. Further work in NHPs will be
required to determine whether the EBOVgp-Fc could be developed as a candidate vaccine for
human use.
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