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Ebola virus (EBOV) is among the deadliest pathogens known to man causing infrequent outbreaks of
hemorrhagic disease. In humans, the case fatality rates in the outbreaks can reach 90%. During the
West African epidemic almost 30,000 people were infected and of these over 11,000 fatalities were
reported. Currently, we are facing an uncontained larger outbreak in the Democratic Republic of the
Congo. Even though EBOV was discovered in 1976, extensive efforts to develop countermeasures, partic-
ularly therapeutics and vaccines, started late and there is still no FDA-approved product available.
Nevertheless, one candidate vaccine, the rVSV-ZEBOV, is being used in clinical trials during the current
outbreak with the hope of ending the human transmission chains. However, adverse reactions to admin-
istration of some EBOV vaccines have been reported; therefore, we have developed a safe and efficacious
formulation of insect-cell derived adjuvanted protein vaccines. Vaccine candidates containing the EBOV
glycoprotein with or without matrix proteins VP24 and VP40 formulated with one of three different adju-
vants were tested in guinea pigs for immunogenicity and efficacy against lethal EBOV challenge. The
results demonstrated that these vaccine candidates engendered high titers of antigen-specific antibodies
in immunized animals and two of these vaccine candidates afforded complete or nearly complete protec-
tion against lethal challenge. Interestingly, we found a sex bias in partially protected immunized groups
with male guinea pigs succumbing to disease and females surviving. In summary, we developed a safe
and immunogenic adjuvanted subunit vaccine uniformly protective against EBOV disease in guinea pigs.
� 2019 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).
1. Introduction

Initially discovered in 1976 when two simultaneous outbreaks
of acute hemorrhagic fever occurred in the former Zaire (Zaire ebo-
lavirus) (now the Democratic Republic of the Congo) and southern
Sudan (Sudan ebolavirus) [1,2], members of the genus Ebolavirus
have been the cause of sporadic outbreaks in humans throughout
the years [3]. These initial outbreaks resulted in 318 cases and
280 deaths (Zaire) [1] and 284 cases and 151 deaths (Sudan) [2],
respectively. Until today, a total of five species have been charac-
terized within the genus, with at least four of the members causing
severe disease in humans with case fatality rates of up to 90% [1,4].
Ebolaviruses are enveloped negative-sense RNA viruses within the
order Mononegavirales and the family Filoviridae with a genome
comprised of 7 genes. The glycoprotein (GP) is found in trimeric
spikes on the surface of the envelope, while associated with the
membrane are the matrix proteins VP24 and VP40. The nucleopro-
tein (NP) and viral proteins 30 and 35 (VP30, VP35) associate with
the viral RNA and form the nucleocapsid and become part of the
replication complex along with the viral RNA-dependent RNA poly-
merase [5].

Ebolaviruses are the causative agents of Ebola virus disease
(EVD) which is characterized by an acute febrile illness that
includes fever, chills, myalgia, nausea and diarrhea and can lead
to coagulopathy, changes in vascular permeability and release of
host inflammatory cytokines resulting in organ damage, bruising,
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clotting failure and intestinal bleeding [3]. Starting in December
2013, the largest documented epidemic of Ebola virus (EBOV)
began in Guinea [6] and resulted in 28,646 cases with 11,323 fatal-
ities throughout Guinea, Sierra Leone and Liberia by its end in
March 2016 [7]. The outbreak highlighted the need for effective
vaccines and therapeutics to prevent and treat EVD and led to
accelerated clinical development programs for various medical
countermeasures. Although no vaccines have been approved by
the FDA, several candidates are in or have concluded phase 2/3
clinical trials [8]. Despite the efficacy and clinical advancement of
several EBOV vaccine candidates, several obstacles remain. While
the rVSV-ZEBOV vaccine has been reported to be highly efficacious
in prevention of EVD [9], adverse events can be associated with this
live-attenuated vaccine [9,10].

Recombinant Drosophila S2 cell derived viral proteins have been
successfully used in the development of vaccines against various
flaviviruses [11–14] and have been shown to protect a wide range
of animal models from these diseases including nonhuman pri-
mates (NHPs) [12–14]. Previous work done in mice has shown
the potential of a properly adjuvanted recombinant subunit EBOV
vaccines to be immunogenic and protective against lethal chal-
lenge with mouse adapted EBOV (ma-EBOV) [15]. This study
showed that both GPI-0100 (saponin-based) and CoVaccine HTTM

(nanoemulsion) adjuvants are capable of eliciting higher humoral
and cell-mediated immune responses than unadjuvanted proteins
or formulations using other adjuvants such as ISA51 and Ribi
R-700. The study also demonstrated that formulations using mul-
tiple viral proteins (GP, VP24 and VP40) induce stronger antibody
responses to whole irradiated EBOV when compared to GP, VP24,
or VP40 alone, as expected. Challenge with ma-EBOV demon-
strated uniform protection in mice receiving GP with CoVaccine
HTTM or all three viral proteins with either CoVaccine HTTM or GPI-
0100. High levels of protection (70–90%) were seen in mice that
received GP alone, with GPI-0100 or all three proteins without
adjuvant [15]. VP24 was also shown to induce protection via
cell-mediated immunity demonstrating potential for this as an
additional vaccine antigen. Here we show the efficacy of recombi-
nant EBOV GP, VP24 and VP40 produced from insect cells with
three different adjuvants in the EBOV guinea pig model. In contrast
to mice, this animal model recapitulates some of the coagulopathy
seen in NHPs and humans, and therefore, helps to further develop
and refine protective vaccine formulations [16,17].
2. Materials and methods

2.1. Protein expression and purification

Expression and purification of recombinant subunit proteins
was conducted as described previously [15]. In addition to
single-step purification yielding a >90% pure EBOV GP preparation,
the same material was subjected to size-exclusion chromatogra-
phy using a Superdex 200 column (GE Healthcare, Piscataway,
NJ) equilibrated in phosphate-buffered saline (PBS) to separate tri-
mer and high molecular weight (HMW) fractions generating three
distinct protein lots: HMW, trimer and a mixed population col-
lected between the two. Monomeric GP was discarded and not
used for animal studies as it is presumed to not be in the proper
conformation.
2.2. Ethics and biosafety statement

All work with animals was conducted in compliance with the
Animal Welfare Act and other Federal statutes and regulations
relating to animals and experiments involving animals and
adhered to the principles stated in the Guide for the Care and
Use of Laboratory Animals, NRC Publication, 1996 edition. All pro-
cedures were reviewed and approved by the appropriate Institu-
tional Animal Care and Use Committees at Lovelace Biomedical
and Environmental Research Institute (LBERI) and the Rocky
Mountain Laboratories (RML), DIR, NIAID, NIH. All work with EBOV
was conducted in the animal biosafety level 4 (ABSL4) facility at
the Rocky Mountain Laboratories, DIR, NIAID, NIH in Hamilton, MT.

2.3. Guinea pig immunogenicity – Vaccine formulation and
immunization of guinea pigs

For the immunogenicity studies, Hartley guinea pigs were
immunized using three different adjuvants with different modes
of action; 1, an emulsion-based adjuvant, CoVaccine HTTM (an emul-
sion of squalane with immunostimulatory sucrose fatty acid sul-
phate esters and an adjuvant of BTG International Ltd, London,
United Kingdom) [18] was used at a dose of 1 mg; 2, a saponin-
based, immunomodulatory adjuvant, GPI-0100 (Hawaii Biotech,
Inc., Honolulu, HI) [19,20] was used at a dose of 100 mg; 3, Alhydro-
gel� 85 (‘‘Alum”; Brenntag, Reading, PA) was used at 1 mg per dose.
Groups of 8 or 16 male and female Hartley guinea pigs (>5 weeks
old) were obtained from Charles River Laboratories, acclimated for
14 days and vaccinated intra-muscularly (i.m.) three times in the
hind legs with individual subunit proteins at the indicated dose
and formulated with one of the selected adjuvants at 3-week inter-
vals. Vaccine formulations were prepared fresh for each vaccina-
tion from frozen antigen stocks, adjuvant stock solutions and
sterile PBS at PanThera Biopharma to reach the desired dose within
a final volume of 0.2 mL and were sent refrigerated to the facility
for immunizations within 3–4 days from preparation. Negative
control groups received equivalent doses of GPI-0100 adjuvant in
PBS only (also prepared fresh for each administration). Pre-
challenge serum samples were collected under anesthesia on study
days 0, 20, 38/39 and 56 for study 1 or days 0, 21, 42 and 63 for
study 2 to allow serological analysis of the vaccine induced
responses.

2.4. Vaccine efficacy against EBOV challenge

Guinea pig-adapted (gpa-) EBOV [21] was propagated and
titrated on Vero E6 cells and used for the challenge part of this
study. Groups of 8–16 previously immunized Hartley guinea pigs
were transferred into the ABSL4 facility, acclimated to the new
environment and challenged intraperitoneally (i.p.) with 1000
LD50 (10 focus-forming units) of gpa-EBOV. Animals were observed
daily for signs of illness and lethality. Surviving animals were euth-
anized 28 days after challenge. Serum samples were collected from
each animal at their respective final study day.

2.5. Analysis of antibody responses by ELISA

Individual guinea pig serum samples were titrated for IgG
specific to the recombinant EBOV GP and VP40 by standard ELISA
technique using plates coated with purified recombinant antigen.
The titers presented are defined as the dilution of antiserum yield-
ing 50% maximum absorbance values (EC50) and were determined
using a sigmoidal dose response curve fitting algorithm (Prism,
Graphpad Software, San Diego, CA).

2.6. Statistical analysis

Determination of significant differences in EBOV GP-specific IgG
titers and weight changes post infection between animal
groups vaccinated with different vaccine formulations was done
using an unpaired t-test (Prism, Graphpad Software, San Diego,
CA). Significant differences in survival between immunized
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(or non-immunized control) groups subsequently challenged were
determined by the Fisher exact probability test (GraphPad Prism).
Kaplan-Meier survival curves were compared using the log-rank
(Mantel-Cox) test for significant differences (Graph Pad Prism).
For all tests p < 0.05 was considered significant.
3. Results

3.1. Vaccine immunogenicity in guinea pigs

Immunogenicity and efficacy of various candidate vaccine for-
mulations were assessed in groups of 7 or 8 Hartley guinea pigs
receiving three immunizations in 3-week intervals. Formulations
containing CoVaccine HTTM were designed to allow for comparison
of multi-antigen formulations as earlier work in mice showed
greater humoral responses to EBOV VP40 in comparison to GP
and VP24. Therefore, equal amounts of all three antigens (10 mg)
or an ‘‘antigen balanced” vaccine with 10 mg each of GP and
VP24, but only 2 mg of VP40 were used in this study. In addition,
antigen balanced vaccines were formulated that contained either
the trimeric GP or HMW GP fractions consisting of dimers of tri-
mers and larger aggregates prepared by an additional size-
exclusion chromatography step used to separate properly assem-
bled oligomers from monomeric GP. In the GPI-0100 and Alum
containing groups, animals were given vaccines with either 10 mg
of GP only, 10 mg each of GP + VP24, or 10 mg each of GP and
VP24 with 2 mg of VP40. An assessment of GP-specific IgG titers
using ELISA (Fig. 1A) showed that after the first dose titers in all
groups receiving the Alum-adjuvanted vaccines were higher than
in other adjuvant groups. In addition, in groups that received GP
only or GP + VP24 the titers were significantly higher than the cor-
responding GPI-0100 groups (Fig. 1A). This difference remained
consistent after dose 2, with titers in the Alum groups being higher
than for other adjuvant groups (Fig. 1B). After the third dose, titers
were similar for all adjuvant groups, although some differences
between groups were still seen (Fig. 1C). Animals in the GPI-0100
group that received all three antigens had significantly lower titers
than those in the corresponding Alum and CoVaccine HTTM groups.
Formulations containing GPI-0100 that used GP only or GP + VP24
had significantly lower titers than corresponding formulations
containing Alum. Control animals that received GPI-0100 alone
did not develop titers above the assay cut-off at any point (Fig. 1).
3.2. Protective efficacy in guinea pigs

Four weeks after the 3rd vaccine dose, animals in all groups
were challenged with 1000 LD50 of gpa-EBOV. Amongst the groups
receiving formulations adjuvanted with CoVaccine HTTM, all antigen
balanced formulations were uniformly protective against lethal
challenge (Fig. 2A). Only the group that received equal amounts
of all three antigens plus CoVaccine HTTM resulted in 75% survival
(6/8). Animals in groups that received formulations with GPI-
0100 showed varying levels of protection, although no group was
uniformly protected using this adjuvant (Fig. 2B). The highest level
of protection was seen in animals that received GPI-0100 with GP
alone where 50% (4/8) of the animals survived the lethal challenge.
The lowest protection was seen in the group receiving all three
antigens, with only 25% (2/8) survival, while GP + VP24 showed
37.5% (3/8) protection against challenge. All non-surviving animals
succumbed to infection between days 8–12 post-challenge show-
ing no significant increase in time to death compared to control
animals that succumbed between days 7–10. Alum was shown to
be the most potent adjuvant for these antigens in guinea pigs, as
all of the animals in groups receiving formulations with Alum sur-
vived challenge (Fig. 2C). This is consistent with the rapid and
robust antibody responses observed (Fig. 1). Survival in all groups
vaccinated with either CoVaccine HTTM or Alum adjuvanted formu-
lations was statistically significant (p < 0.05) compared to the adju-
vant control group (0/8 survivors). Among the GPI-0100
adjuvanted vaccine groups, only the survival in the GP only group
was significantly different from the control group. Comparison of
the Kaplan-Meier survival curves (Fig. 2) confirmed the results of
the contingency analysis, yielding statistically significant differ-
ences between vaccinated and control animals.

The body weight of all animals was monitored daily following
gpa-EBOV challenge as changes in body weight correlate with dis-
ease development in this model. Only non-protected animals
showed significant weight loss after challenge indicating develop-
ment of EVD-like disease. To allow direct comparison between
groups, weight analysis was done by comparing the mean animal
weight per group at day 0 to the mean animal weight per group
at various days following challenge (Fig. S1). Due to the significant
difference in weight between males and females, weight analysis
was done separately for both sexes in each group. Animals receiv-
ing formulations containing CoVaccine HTTM maintained consistent
weights throughout the post-challenge period, with the exception
of a small loss in weight in the group that received equal amounts
of all three antigens with CoVaccine HTTM suggesting that the
antigen-balancing has been successful. This conclusion is sup-
ported by statistical analysis of the differences in weight changes
post infection between the groups vaccinated with 10 lg of each
antigen compared to 10 lg each of GP and VP24 plus 2 lg of
VP40 with CoVaccine HTTM. Comparing data from individual ani-
mals at day 16, differences in percent of day 0 weights were statis-
tically significant (p = 0.0071, unpaired t test, with mean values of
98.77% and 101.3%, respectively, for the 10/10/10 and 10/10/2
groups. Likewise, comparing data from individual animals for all
time points combined, statistical analysis yielded p < 0.0001,
unpaired t test, with mean values of 98.82% and 100.5%, respec-
tively, for the 10/10/10 and 10/10/2 groups.

Weight loss in animals receiving formulations containing GPI-
0100 can be seen in all groups starting at day 8 post-challenge
and it should be noted that males showed a greater weight loss
as all males succumbed to lethal challenge (Fig. S2). The group that
received GP with GPI-0100 showed consistent weight throughout
the experiment and also showed the highest level of protection.
The most consistent animal weights post-challenge were seen in
all groups receiving vaccine formulations with Alum as an adju-
vant, as expected with full protection observed in all of these ani-
mals. The lack of weight loss in any of the Alum adjuvanted groups
is an indicator of the quality of protection elicited by these vaccine
candidates, as none of the animals showed any signs of morbidity
or mortality following challenge. As expected, animals that were
protected from lethal challenge maintained a consistent weight
throughout the study, while those that were not protected lost
weight following challenge.

3.3. Effect of sex on immune responses to vaccination and protective
efficacy

During the analysis of the first efficacy study described above, it
became evident that in groups showing partial protection, a dis-
proportionate number of males succumbed to disease; therefore,
the data was further analyzed by sex (Figs. S3 and S4). When sur-
vival was analyzed by sex in all partially protected groups of the
experiment as well as in all experimental groups, differences in
survival between both sexes were significant. For partially pro-
tected groups p < 0.0001, and for all groups p = 0.0021 (Fisher exact
test, 2-tailed).

Thus, a follow-up study was performed with groups contain-
ing 8 animals of each sex to allow stronger statistical analysis.



Fig. 1. Immunogenicity in guinea pigs. Geometric mean titers (GMT + 95%CI) of EBOV GP-specific IgG determined using ELISA in serum from guinea pigs following the first
(A), second (B) and third (C) vaccine dose for each adjuvant and antigen formulation. Serum samples were collected 3 weeks following each vaccination. Statistical
significance was determine using an unpaired t-test (*p < 0.05, **p < 0.01, ***p < 0.001). The control group received GPI-0100 adjuvant only. The negative assay cutoff is
indicated by the dotted line.
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The formulations selected for this experiment were expected to
result in partial protection of the animals in each group comple-
mented by a positive (GP with Alum) and a negative (GPI-0100
only) control group. Based on the first study partial protection
was achieved in groups receiving 10 mg of GP with CoVaccine HTTM

or GPI-0100, or 10 mg of GP with 10 mg of VP24 and 2 mg of VP40
with GPI-0100. Furthermore, the chosen vaccine groups allowed
the direct comparison of the efficacy of EBOV GP alone with all
three adjuvants in this animal model. Three doses of each formula-
tion were given at 3-week intervals, and all animals were chal-
lenged with 1000 LD50 of gpa-EBOV 4 weeks after the 3rd dose.
As in the previous study, the IgG responses to the Alum adjuvanted
formulationwere significantly higher than the response using other
adjuvants following the first and second doses (Fig. 3). By the third



Fig. 2. Survival in guinea pigs. Kaplan-Meier survival curves of animals receiving vaccine formulations with CoVaccine HTTM (A), GPI-0100 (B), and Alum (C) following lethal
challenge with gpa-EBOV. Control animals received GPI-0100 without antigen. The same control group is shown in panels A-C. Comparison of survival curves by the log-rank
(Mantel-Cox) test showed that all vaccinated groups compared to the control group were significantly different (p < 0.0001, panel A; p < 0.05, panel B; p < 0.0001, panel C).
Comparisons between vaccinated groups in each panel were not significantly different.
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dose, EBOV GP-specific titers were similar in all groups, although
the GPwith either Alum or CoVaccine HTTM groups developed signif-
icantly higher titers than the GPI-0100 with GP vaccine group.

Full protection against lethal challenge was seen in all animals
that received Alum with GP (Fig. 4). In the group that received GP
with CoVaccine HTTM, 68% (11/16) of the animals were protected
from challenge (p = 0.0136 vs. controls; K-M curves p = 0.0182),
with females faring better than the males (87% vs. 50% survival),
although this difference was not statistically significant. Animals
receiving all three antigens with GPI-0100 showed 31% overall sur-
vival, with very little difference being seen between males and
females (37.5% vs. 25%). In the group that received GP with GPI-
0100 all animals succumbed to infection, although there was a
slight extension of time to death in females (Fig. 4).

To determine if the levels of EBOV GP-specific antibody titers
correlated with survival post-challenge, IgG titers between sur-
vivors and non-survivors were compared (Fig. 5). Titers from
groups that received Alum adjuvanted vaccines were excluded
from this analysis due to the very high titers elicited by these for-
mulations (Figs. 1 and 3) and due to an absence of non-survivors in



Fig. 3. Immunogenicity in guinea pigs. Geometric mean titers of EBOV GP-specific IgG determined using ELISA in serum from guinea pigs that received different antigen and
adjuvant vaccine formulations following each vaccine dose. Statistical significance was determined using an unpaired t-test (*p < 0.05, **p < 0.01, ***p < 0.001).

Fig. 4. Survival in guinea pigs. Kaplan-Meier survival curves of animals receiving different vaccine formulations following lethal gpa-EBOV challenge stratified by sex.
Controls received GPI-0100 without antigen. Contingency analysis showed that differences between groups vaccinated (both sexes combined) with GP + CoVaccine
(p = 0.0032) or GP + Alum (p = 0.0002) compared to the control group were significant. Differences between the other vaccinated groups and the control group were not
significant. Differences in survival or survival curves between sexes within each group were not significant.
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these groups (Figs. 2 and 4). In the initial study, significant differ-
ences were found between the titers of survivors and non-
survivors after dose 2. These differences were even more marked
post-challenge (Fig. 5A). Very similar results were seen in this sec-
ond study, although the differences were not significant until after
the 3rd dose. Again, after lethal challenge the differences in EBOV
GP-specific titers between animals that survived the challenge and
those that did not is highly significant (Fig. 5B). The best protection
in guinea pigs was seen in all formulations using Alum as an adju-
vant. Equally high efficacy was also seen with a formulation con-
taining CoVaccine HTTM and all three antigens in the proper balance.
4. Discussion

The expression of conformationally correct recombinant indi-
vidual EBOV GP, VP24, and VP40 proteins using Drosophila S2 cells
has been previously described by our group [15]. The resulting
secreted GP contains N-linked glycosylations and is highly
immunogenic. Further purification of the immunoaffinity chro-
matography (IAC) purified EBOV GP using size-exclusion chro-
matography shows three distinct populations, constituting
monomeric GP, trimeric GP and HMW aggregates of GP. Trimeric
GP is the form typically found on the surface of the virion [22,23]
and, therefore, the preferred vaccine antigen. Based on native viral
structure, trimeric and higher oligomeric assemblies of GP are log-
ically the most relevant for vaccine production. Thus, they were
separated by size exclusion chromatography and each used for
vaccine formulation to compare the immunogenicity and efficacy
of these fractions with GP of mixed sizes in guinea pigs. The addi-
tional EBOV proteins VP24 and VP40 were added due to their abil-
ity to elicit strong cell-mediated and humoral responses in mice
and contribute to protection against viral challenge [15,24]. The
amount of VP40 was reduced in most of the formulations based
on observations of significantly higher humoral responses against
this antigen in comparison to GP and VP24 in an attempt to



Fig. 5. Correlation between immune response and survival. Geometric mean ELISA titers of EBOV GP-specific IgG in guinea pig serum samples following each vaccine dose
from animals in the first study (A) and the second study (B) stratified by survival. Blood was collected 3 weeks following each vaccination. Only titers from groups not using
Alum as an adjuvant were used since no animals in Alum-containing groups succumbed to infection. Statistical significance was determined using an unpaired t-test
(*p < 0.05, **p < 0.01, ***p < 0.001).

6948 A.T. Lehrer et al. / Vaccine 37 (2019) 6942–6950
properly balance the antigenic composition. Three different clini-
cally relevant adjuvants were selected for this study to determine
which elicited the best immunogenicity and highest protection. All
three selected adjuvants have previously been shown to be safe,
immunogenic and efficacious in subunit and other vaccines
[15,25–27]. ELISA titers following the initial dose showed the high-
est EBOV GP-specific titers for all animals receiving formulations
with Alum as an adjuvant (Fig. 1), which was not unexpected con-
sidering Alum’s ability to elicit strong humoral responses [26,27].
Titers in the groups containing GPI-0100 and CoVaccine HTTM rose
above the cut-off by the second dose and for the animals receiving
formulations with CoVaccine HTTM were not significantly different
from the Alum-adjuvanted animals after the third dose. No signif-
icant differences were found between animals receiving formula-
tions containing the HMW, trimeric or mixed GP suggesting no
difference in the quality of the immune response elicited by these
different oligomeric species (Fig. 1). However, and while not signif-
icant, GP-specific IgG titers were slightly lower for the HMW GP
group compared to the others (Figs. 1 and S5A).

Protection within the different adjuvant groups varied, with all
animals in the CoVaccine HTTM adjuvant groups being protected
against lethal challenge with the exception of animals that
received equal amounts of all three antigens (Fig. 2A). Antibody
titers were shown to be significantly higher in challenge survivors
compared to non-survivors (Fig. 5). Previous work showed that
VP40 is able to elicit extremely high, but not necessarily protective
antibody responses in mice [15]. Other studies have found that
VP40 plays a protective role, but that this role is based on its ability
to elicit a cell mediated response [24,28]. It is possible that forma-
tion of an immune response against VP40 interferes with the
development of a protective EBOV GP-specific response and high-
lights the importance of proper antigen formulation to produce a
balanced response. Our data support this hypothesis as we see a
significant decrease of EBOV GP-specific IgG in the GPI-0100 and
Alum groups when VP40 is present in the vaccine formulation
(Fig. S5B, C). However, there was no difference in protective effi-
cacy between the Alum groups as all the animals survived lethal
challenge (Fig. 2C). In contrast, it might have impacted the lower
survival rate in the GPI-0100 groups (Fig. 2B). Amongst the animals
receiving vaccine formulations with GPI-0100, low levels of protec-
tion were seen with only a maximum of 50% of the animals surviv-
ing challenge (Fig. 2B) and no survival seen in males despite
previous promising results with this adjuvant in mice [15,25].
The observed lower efficacy corresponds to the significantly lower
levels of EBOV GP-specific antibody titers that were seen in all
these animals (Fig. 1). We speculate that the adjuvant’s activity
as a surfactant may have caused significant degradation of the
EBOV GP prior to administration (3–4 days after formulation)
resulting in a lower quality of the immune response. In the animals
receiving Alum adjuvanted formulations uniform protection was
observed with all antigen combinations (Fig. 2C), corresponding
to the rapid and robust antibody responses seen in these animals.

Due to a documented difference in immune responses to infec-
tion and vaccination between sexes [29] as well as a noted trend in
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our initial experiments, with females faring better than males post-
challenge we conducted another sex-balanced immunogenicity
and efficacy experiment. In this study we also determined the effi-
cacy of EBOV GP alone with CoVaccine HTTM. The immunogenicity
results in this experiment were very similar to what was seen in
corresponding groups during the initial experiment, however, sur-
vival in the group that received GP alone with CoVaccine HTTM was
lower (68.7%) than was seen when CoVaccine HTTM was used with
all three antigens (Fig. 2A). This second experiment also further
highlighted the potent immunogenicity and efficacy of EBOV pro-
teins adjuvanted with Alum in guinea pigs since all animals in
these groups survived challenge.

Previous efforts to develop subunit-based filovirus vaccines
have met with mixed results. Research using GP fused to the FC
portion of human IgG1 showed that properly adjuvanted GP-Fc
was fully protective in guinea pigs [27]. In contrast to our own
findings, this manuscript reported that Alum as an adjuvant did
not uniformly protect when paired with their GP construct.
Baculovirus-expressed GP has been shown to induce both humoral
and cell-mediated immune responses but was also not able to
fully protect against lethal challenge in guinea pigs [30]. However,
it is unclear if an adjuvant was included in the vaccine formula-
tions used in this study. Both of these studies as well as others
have shown high levels of antibody production in response to vac-
cination in small animal as well as NHP models [15,27,30,31]
which have not consistently correlated to protection. In contrast,
our study was able to correlate EBOV GP-specific antibody levels
with protection against challenge, as animals surviving lethal
challenge showed significantly higher IgG titers than those that
did not (post-dose 2 through post-challenge time points)
(Fig. 5). This points to the important role that humoral immunity
plays in protection against EBOV infection; however, this does not
diminish the potential importance of cell-mediated immunity,
especially the cell-mediated responses elicited by VP24 and
VP40. Although EBOV antigen-specific cell-mediated immunity
was not explored further in this report, it has previously been
documented in other animal species by our group as well as
others [15,24,28].

Altogether, our recombinant subunit based vaccine candidate
has shown complete protection against EBOV challenge in two
small animal models, mice [15] and guinea pigs when using
proper antigen and adjuvant combinations. Studies in NHP models
are the next logical step to further assess efficacy, refine formula-
tions, and explore correlates of protection for EBOV subunit
vaccines.
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