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Ebola virus (EBOV) causes lethal disease in up to 90% of EBOV-infected humans. Among vaccines, only the
vesicular stomatitis virus platform has been successful in providing postexposure protection in nonhuman pri-
mates. Here, we show that an adjuvanted human adenovirus serotype 5 (Ad5)–vectored vaccine (Ad5–Zaire
EBOV glycoprotein) protected 67% (6 of 9) and 25% (1 of 4) of cynomolgus macaques when administered
30 minutes and 24 hours following EBOV challenge, respectively. The treatment also protected 33% of rhesus
macaques (1 of 3) when given at 24 hours. The results highlight the utility of adjuvanted Ad5 vaccines for rapid
immunization against EBOV
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To date, the outbreak of Ebola virus (EBOV) infection
centered around Guinea, Sierra Leone, and Liberia dur-
ing 2014–2015 has lasted approximately 1 year, with
9976 deaths from 24 282 cases [1]. Despite ongoing ef-
forts to contain the outbreak via contact tracing, com-
munity education, and quarantine, as well as recent
advancements in monoclonal antibody–based therapy
against EBOV [2], the outbreak is still not under control
and has been estimated by the World Health Organiza-
tion to eventually cost almost $1 billion to fully contain
[3]. This number highlights the importance of vaccine
development as an important strategy to prevent new
infections.

Advances over the past 15 years in EBOV vaccine de-
velopment have resulted in several platforms that have
successfully demonstrated protection in nonhuman pri-
mates (NHPs). These include EBOV-like particles,
human parainfluenza virus type 3, rabies virus,

adenovirus serotype 5 (Ad5) with and without a DNA
prime, Ad26 prime with an Ad35 boost, Venezuelan
equine encephalitis virus replicons, and vesicular stoma-
titis virus (VSV)–vectored vaccines [4]. To date, only the
VSV-vectored vaccine has been successful at eliciting
rapid protection in animals, as evidenced by the survival
of 4 of 8 EBOV-infected NHPs that were given the vac-
cine 30 minutes after a lethal EBOV challenge [5].

Several compounds have also demonstrated post-
exposure efficacy in the past decade. In addition to
antibody-based therapies, potential options include
recombinant nematode anticoagulant protein c2
(rNAPc2), recombinant human activated protein C; en-
capsulated EBOV-specific small, interfering RNA; and
positively charged phosphorodiamidate morpholino olig-
omers [6]. However, only vaccination is likely to be able
to elicit robust immune responses capable of long-term
protection against EBOV, and as such the development
of a vaccine that is able to rapidly elicit protective immune
responses after vaccination remains an important goal.

Ad5 vectors are a popular platform for experimental
vaccines because they are well characterized and have
been tested against a variety of infectious diseases,
human conditions, and cancers. In EBOV studies, a sin-
gle administration of Ad5–Zaire EBOV glycoprotein
(ZGP) demonstrated sustained protection in NHPs
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Table 1. Survival Outcomes of Cynomolgus and Rhesus Macaques Administered Adjuvanted Adenovirus Serotype 5 (Ad5)–Zaire Ebola
Virus Glycoprotein (ZGP) After Ebola Virus Challenge

Macaque
ID

Macaque
Type Treatment

Treatment Initiation,
Time After Exposure Outcome

A1 Cynomolgus One dose of 2 × 1010 IFU of Ad5-ZGP, followed by 3 × 109 PFU of
Ad5–IFN-α intramuscularly; 0.44 µg/kg universal type I IFN was
administered intramuscularly once daily on days 5–21 days after
infection

30 min Survived

A2 Cynomolgus One dose of 2 × 1010 IFU of Ad5-ZGP, followed by 3 × 109 PFU of
Ad5–IFN-α intramuscularly; 0.44 µg/kg universal type I IFN was
administered intramuscularly once daily on days 5–21 after
infection

30 min Survived

A3 Cynomolgus One dose of 2 × 1010 IFU of Ad5-ZGP, followed by 3 × 109 PFU of
Ad5–IFN-α intramuscularly; 0.44 µg/kg universal type I IFN was
administered intramuscularly once daily on days 5–21 after
infection

30 min Died 13 days
after infection

A4 Cynomolgus One dose of 2 × 1010 IFU of Ad5-ZGP, followed by 3 × 109 PFU of
Ad5–IFN-α intramuscularly; 0.44 µg/kg universal type I IFN was
administered intramuscularly once daily on days 5–21 after
infection, along with 30 µg/kg rNAPc2

30 min Died 11 days
after infection

A5 Cynomolgus One dose of 2 × 1010 IFU of Ad5-ZGP, followed by 3 × 109 PFU of
Ad5–IFN-α intramuscularly; 0.44 µg/kg universal type I IFN was
administered intramuscularly once daily on days 5–21 after
infection, along with 30 µg/kg rNAPc2

30 min Survived

A6 Cynomolgus One dose of 2 × 1010 IFU of Ad5-ZGP, followed by 3 × 109 PFU of
Ad5–IFN-α intramuscularly; 0.44 µg/kg universal type I IFN was
administered intramuscularly once daily on days 5–21 after
infection, along with 30 µg/kg rNAPc2

30 min Survived

A7 Cynomolgus One dose of 4 × 109 IFU of Ad5-ZGP/kg, followed by 2 × 109 PFU/kg
of Ad5–IFN-α intramuscularly; 0.44 µg/kg universal type I IFN was
administered intramuscularly once daily on days 5–21 after
infection

30 min Survived

A8 Cynomolgus One dose of 4 × 109 IFU of Ad5-ZGP/kg, followed by 2 × 109 PFU/kg
of Ad5–IFN-α intramuscularly; 0.44 µg/kg universal type I IFN was
administered intramuscularly once daily on days 5–21 after
infection

30 min Died 13 days
after infection

A9 Cynomolgus One dose of 4 × 109 IFU of Ad5-ZGP/kg, followed by 2 × 109 PFU/kg
of Ad5–IFN-α intramuscularly; 0.44 µg/kg universal type I IFN was
administered intramuscularly once daily on days 5–21 after
infection

30 min Survived

B1 Cynomolgus Phosphate-buffered saline 30 min Died 7 days after
infection

B2 Cynomolgus Phosphate-buffered saline 30 min Died 7 days after
infection

C1 Cynomolgus One dose of 4 × 109 IFU of Ad5-ZGP/kg, followed by 2 × 109 PFU/
kg of Ad5–IFN-α intramuscularly; 0.44 µg/kg universal type I IFN
was administered intramuscularly once daily on days 5–21 after
infection

24 h Died 7 days after
infection

C2 Cynomolgus One dose of 4 × 109 IFU of Ad5-ZGP/kg, followed by 2 × 109 PFU/kg
of Ad5–IFN-α intramuscularly; 0.44 µg/kg universal type I IFN was
administered intramuscularly once daily on days 5–21 after
infection

24 h Died 7 days after
infection

C3 Cynomolgus One dose of 4 × 109 IFU of Ad5-ZGP/kg, followed by 2 × 109 PFU/kg
of Ad5–IFN-α intramuscularly; 0.44 µg/kg universal type I IFN was
administered intramuscularly once daily on days 5–21 after
infection

24 h Died 9 days
after infection

C4 Cynomolgus One dose of 4 × 109 IFU of Ad5-ZGP/kg, followed by 2 × 109 PFU/kg
of Ad5–IFN-α intramuscularly; 0.44 µg/kg universal type I IFN was
administered intramuscularly once daily on days 5–21 after
infection

24 h Survived

D1 Cynomolgus Phosphate-buffered saline 24 h Died 7 days after
infection

D2 Cynomolgus Phosphate-buffered saline 24 h Died 7 days after
infection
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that were challenged 21 weeks after immunization [7]. Preexist-
ing immunity is a valid concern in sub-Saharan Africa because
>90% of residents are seropositive for Ad5 antibodies [8],which
may impact vaccine efficacy. However, studies have shown that
airway delivery of Ad5-ZGP is still efficacious in NHPs under
such circumstances [9]. In a previous study, we determined
that Ad5-ZGP combined with an Ad5-interferon α (IFN-α) ad-
juvant elicited a synergistically elevated immune response,
which resulted in rapid, postexposure protection against
EBOV challenge in rodents [10]. The aim of this study was to
assess the efficacy of Ad5-ZGP with various adjuvants in NHPs
under postexposure conditions. Additionally, we evaluated spe-
cific cellular and humoral immune responses following vaccina-
tion/challenge and their relative importance to survival.

METHODS

The construction and production of the Ad5-ZGP vaccine was
described previously [11]. Ad5–IFN-α was provided by Defyrus
(Toronto, Canada), and the other products were obtained
through commercial means. All humoral and cell-mediated
immunity assays were performed as described in a previous pub-
lication [9]. All animal procedures were approved by the Institu-
tional Animal Care Committee at the National Microbiology
Laboratory of the Public Health Agency of Canada, according
to the guidelines of the Canadian Council on Animal Care.

NHPs were challenged with a uniformly lethal dose of 1000
plaque-forming units of EBOV (Ebola virus H.sapiens-tc/COD/
1995/Kikwit-9510621; GenBank accession number AY354458)
and then treated at the indicated times with the corresponding
regimens (Table 1). Blood specimens and oral, nasal, and rectal
swab specimens were analyzed by reverse transcription

quantitative polymerase chain reaction for the presence of
EBOV after challenge, using methods described by a previous
publication [2]. Levels of total ZGP-specific immunoglobulin
G (IgG) antibody were assayed, and EBOV-specific cellular im-
mune responses from NHP peripheral blood mononuclear cells
were quantified by IFN-γ enzyme-linked immunosorbent spot
analysis 14 or 15 days after infection.

RESULTS

Six of 9 NHPs (67%) survived the challenge when treated 30
minutes after exposure, whereas 1 of 4 (25%) survived challenge
when treated 24 hours after infection (Table 1). The 3 nonsur-
viving NHPs treated 30 minutes after challenge had a delayed
time to death of 13, 11, and 13 days after infection, surviving
nearly twice as long as the control animals, which died 7 days
after infection. In contrast, the 3 nonsurviving cynomolgus ma-
caques treated 24 hours after challenge died 7, 7, and 9 days
after infection, which is similar to times of death for the control
animals (Table 1). Nonsurviving, treated rhesus macaques died
11 and 16 days after infection, which is longer than the control
animals (Table 1). Moribund NHPs displayed signs consistent
with that of EBOV disease, including reduced activity, fever,
lowered food and water intake, and early signs of subcutaneous
hemorrhage, contributing to clinical scores above the ethical
threshold for mandatory euthanasia (Supplementary Figure 1).
Surviving NHPs had fully recovered from EBOV disease by 20
days after infection (Supplementary Figure 1).

In control animals and moribund animals treated 24 hours
after challenge, viremia reached 104–108 genome equivalents/
mL of blood. Oral, nasal, and rectal swab specimens also tested
positive for EBOV RNA (Supplementary Table 1). In moribund

Table 1 continued.

Macaque
ID

Macaque
Type Treatment

Treatment Initiation,
Time After Exposure Outcome

E1 Rhesus One dose of 4 × 109 IFU of Ad5-ZGP/kg, followed by 2 × 109 PFU/kg
of Ad5–IFN-α intramuscularly; 0.44 µg/kg universal type I IFN was
administered intramuscularly once daily on days 5–21 after
infection

24 h Died 11 days
after infection

E2 Rhesus One dose of 4 × 109 IFU of Ad5-ZGP/kg, followed by 2 × 109 PFU/kg
of Ad5–IFN-α intramuscularly; 0.44 µg/kg universal type I IFN was
administered intramuscularly once daily on days 5–21 after
infection

24 h Died 17 days
after infection

E3 Rhesus One dose of 4 × 109 IFU of Ad5-ZGP/kg, followed by 2 × 109 PFU/kg
of Ad5–IFN-α intramuscularly; 0.44 µg/kg universal type I IFN was
administered intramuscularly once daily on days 5–21 after
infection

24 h Survived

F1 Rhesus Phosphate-buffered saline 24 h Died 8 days after
infection

F2 Rhesus Phosphate-buffered saline 24 h Died 9 days
after infection

Abbreviations: ID, identification code; IFN, interferon; IFN-α, interferon α; IFU, infection-forming units; PFU, plaque-forming units; rNAPc2, recombinant nematode
anticoagulant protein c2.
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animals treated 30 minutes after challenge, only viremia was de-
tected upon euthanasia. In contrast, EBOV was not detected in
blood specimens or in oral, nasal and rectal swab specimens
from surviving NHPs (Supplementary Table 1).

All surviving cynomolgus macaques treated 30 minutes or 24
hours after EBOV challenge had elevated anti-ZGP IgG levels by
14 days after infection, and levels remained elevated until the ter-
mination of the experiment 28 days after infection (Figure 1A).
ZGP-specific IgG was not detected in nonsurviving NHPs A4

and A8 but was detected in animal A3 by 7 days after infection
(Figure 1A). For nonsurviving and control animals in the 24-
hour treatment groups, ZGP-specific IgG was not detected,
with the exception of animal E2 (Figure 1A and 1B). Surviving
animals in the 24-hour treatment groups developed elevated
anti-ZGP IgG levels by 14 days after infection, which remained
elevated 28 days after infection (Figure 1A and 1B).

The cumulative levels of IFN-γ produced in response to stim-
ulation by various ZGP peptide pools varied between individual
animals, ranging from 94 to 2134 IFN-γ–secreting lymphocytes
per million cells for animals A1, A2, A5, A6, A7, and A9, which
were treated 30 minutes after EBOV challenge (Figure 1C). The
level of IFN-γ produced by animal C4 was 970 IFN-γ–secreting
lymphocytes per million cells (Figure 1C). The rhesus macaque
E3 produced 2796 IFN-γ–secreting lymphocytes per million
cells (Figure 1C).

DISCUSSION

Untreated EBOV infections in humans result in mortality rates
reaching as high as 90%. Ideally, the best postexposure treatments
should be effective after the appearance of symptoms, and, owing
to the inherent time needed to establish a robust adaptive im-
mune response, adjuvanted Ad5-vectored vaccines cannot com-
pare with the speed of the postexposure protection provided by
antibody immunotherapy. However, the drawbacks with mono-
clonal antibodies include its large costs of production, the fact
that filoviruses are difficult to neutralize completely, and anti-
body-mediated enhancement of EBOV entry into cells [12]. A
rapidly effective vaccine may provide a viable alternative without
the associated problems. Furthermore, the results of these studies
show that the efficaciousness of an adjuvanted Ad5-ZGP regimen
is at least similar to that of VSV-vectored vaccines and that the
adjuvanted Ad5-ZGP regimen should be further investigated as
an alternative vaccine capable of providing rapid protection to
susceptible populations, including residents of EBOV-endemic
areas, primary healthcare workers and researchers working in
level 4 biocontainment facilities. We added the anticoagulant
rNAPc2 to animals A4–A6 in a bid to enhance the adjuvanted
Ad5-ZGP regimen. However, this treatment regimen was not su-
perior in terms of survival (Table 1). In addition, administering
adjuvanted Ad5-ZGP on the basis of animal weights did not alter
the protective efficacy of the treatment regimens, compared with
administering a fixed vaccine dose (Table 1).

A past report has established that total ZGP- and EBOV-
specific IgG levels are reliable correlates of protection for
Ad5-vectored vaccines, independent from the time of EBOV
challenge, and that cellular immune responses also play a role
in survival from EBOV infection [13]. Although ZGP-specific
IgG was detected in 2 nonsurviving animals of this study, it
may be that the level of antibodies produced and the strength
of the adaptive immune response in general were not sufficient

Figure 1. Adaptive immune response in cynomolgus and rhesus ma-
caques following Ebola virus (EBOV) challenge and treatment. A and B,
Zaire EBOV glycoprotein (ZGP)–specific immunoglobulin G (IgG) enzyme-
linked immunosorbent assays were performed on serum specimens ob-
tained from cynomolgus macaques (A) and rhesus macaques (B). Samples
were assayed in triplicate, and absorbance values at 405 nm (OD405) from a
1:800 dilution are shown. C, Number of interferon γ (IFN-γ)–secreting cells
per million cells in peripheral blood mononuclear cells obtained from sur-
viving animals 14 or 15 days after infection, after stimulation by ZGP pep-
tide pools, as measured by enzyme-linked immunosorbent spot assays.
Red, black, and blue indicate treated nonsurvivors, treated survivors, and
control animals, respectively.
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to alter the survival outcome, owing to advanced EBOV disease
and varying levels of viremia to control between individual an-
imals. Overall, these results reinforce the importance of the
adaptive immune responses in survival from EBOV disease.
The exact mechanisms of antibody-mediated protection remain
unknown, but they are likely working in concert with the innate
immune response through either antibody-dependent cellular
cytotoxicity, complement-dependent cytotoxicity, antibody-
mediated phagocytosis, and the inhibition of virus entry or
egress to keep EBOV viremia at manageable levels, whereas
the cell-mediated immune response is responsible for clearing
the virus from infected hosts.

NHP experiments are currently underway to investigate the
postexposure efficacy of adjuvanted Ad5-ZGP delivery through
the airway to address the issue of preexisting immunity. Further-
more, the current survival rate of 67% in the 30-minute treatment
group combined, with rates of 25% and 33% among cynomolgus
and rhesus macaques, respectively, in the 24-hour treatment
group means that further improvements to the vaccination regi-
mens are needed. We are currently addressing this by combining
adjuvanted Ad5-ZGP with ZGP-specific monoclonal antibodies
to investigate whether both candidates are able to work synergis-
tically, potentially resulting in an Ad5-based vaccine with im-
proved efficacy. In addition, this may also decrease the amount
of monoclonal antibodies required to achieve full protection
against EBOV in NHPs, thus yielding an affordable EBOV treat-
ment with high potential for clinical and regulatory approval.
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