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Anti-adenovirus serotype 5 antibodies are capable of neutralizing adenovirus serotype 5-based vaccines. In mice and guinea pigs,

intranasal delivery of adenovirus serotype 5-based vaccine bypasses induced adenovirus serotype 5 preexisting immunity, result-

ing in protection against species-adapted Ebola virus challenge. In this study, nonhuman primates were vaccinated with adeno-

virus serotype 5-based vaccine either intramuscularly or via the airway route (intranasally/intratracheally) in the presence or

absence of adenovirus serotype 5 preexisting immunity. Immune responses were evaluated to determine the effect of both the

vaccine delivery route and preexisting immunity before and after a lethal Ebola virus (Zaïre strain Kikwit 95) challenge. Intra-

muscular vaccination fully protected nonhuman primates in the absence of preexisting immunity, whereas the presence of pre-

existing immunity abrogated vaccine efficacy and resulted in complete mortality. In contrast, the presence of preexisting immu-

nity to adenovirus serotype 5 did not alter the survival rate of nonhuman primates receiving the adenovirus serotype 5-based

Ebola virus vaccine in the airway. This study shows that airway vaccination with adenovirus serotype 5-based Ebola virus vaccine

can efficiently bypass preexisting immunity to adenovirus serotype 5 and induce protective immune responses, albeit at lower

efficacy than that using an intramuscular vaccine delivery route.

Ebola virus (EBOV) is a pathogen that causes hemorrhagic fe-
ver, resulting in mortality rates as high as 90% among infected

humans (1). While there have been relatively few incidences of
human EBOV infection worldwide, this virus presents a signifi-
cant concern to public health authorities due to its high mortality
rate, lack of prophylactic or therapeutic interventions, and poten-
tial use as a biological weapon (2). In recent years, several vaccine
platform candidates have proven efficacious against lethal EBOV
infection in several animal models. These include virus-like par-
ticle preparations (3–6), vesicular stomatitis virus (7–11), human
parainfluenza virus type 3 (12–14), and replication-deficient hu-
man adenovirus serotype 5 (AdHu5) vectors (15–18) expressing
an EBOV gene(s).

Adenovirus causes mild respiratory disease, gastroenteritis,
and conjunctivitis in humans (19). However, replication-deficient
AdHu5-based vectors are an attractive vaccine platform, as they
induce a strong innate and adaptive immune response (19). Re-
combinant adenoviruses expressing the EBOV glycoprotein (GP)
mixed with AdHu5 expressing the EBOV nucleoprotein (NP) of-
fered complete protection in nonhuman primates (NHP) against
lethal EBOV challenge (18, 20). Such successes have encouraged
the development of more replication-deficient adenovirus-based
vaccine strategies and have led to a phase I clinical trial (http:
//clinicaltrials.gov/show/NCT00374309).

Despite the promising attributes associated with the adenovi-
ral-based vaccine platforms, an inherent drawback exists if prior
exposure and subsequent immune response to AdHu5 leads to
preexisting immunity (PEI). Approximately 90% of sub-Saharan
African and southeast Asian populations and an estimated 35% of
the North America population have anti-AdHu5 antibodies capa-
ble of neutralizing AdHu5-based vaccines (21, 22). It is possible to
circumvent PEI to AdHu5 by either increasing the adenoviral vac-
cine dose (23), by using rare human serotypes, such as AdHu12,

AdHu35 (24), and AdHu6 (25), or by using adenoviruses from

other species, such as simian (26), bovine (27), and porcine. Al-

ternatively, it is possible to bypass AdHu5 PEI by altering the route

of vaccine delivery from the conventional intramuscular (i.m.)

injection which typically stimulates systemic responses (10, 20,

28) to an airway route of vaccination capable of inducing both

mucosal and systemic immune responses in both the mouse and

guinea pig animal models (29–33).

The first-generation AdHu5-GP vaccine was previously shown

to protect mice, guinea pigs, and NHP from an otherwise lethal

challenge of Zaire EBOV when administered i.m. (20, 34).

AdHu5-GP was also efficacious in the mouse animal model when

administered intranasally (i.n.) in the presence or absence of

AdHu5-induced PEI (15, 16). A more potent second-generation

Ad-based EBOV vaccine (Ad-CAGoptZGP) demonstrated im-

proved T and B cell responses as well as protection in mice at doses

of up to 100-fold lower than that needed with the first-generation

AdHu5-GP vaccine (17). Upon further vaccine development, Ad-

CAGoptZGP was combined with an AdHu5-expressing alpha in-

terferon (Ad-IFN-�), providing both an antiviral activity to

EBOV and adjuvant effect to Ad-CAGoptZGP. Ad-CAGoptZGP/

Ad-IFN-� elicited complete protection in both mice and guinea
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pigs when administered 30 to 60 min after lethal challenge with
adapted EBOV (postexposure treatment) (35).

The goal of the present study was to assess if airway adminis-
tration of Ad-CAGoptZGP/Ad-IFN-� could induce protection
from EBOV challenge in NHP in the presence or absence of PEI to
AdHu5. Additionally, specific cellular and humoral immune re-
sponses were monitored following airway vaccination with Ad-
CAGoptZGP/Ad-IFN-�, and the T and B cell responses were an-
alyzed in relation to survival after lethal EBOV challenge.

MATERIALS AND METHODS

Construction of adenoviral vaccine. Construction and production of
Ad-CAGoptZGP vaccine was described previously (17). Particle number
and infectivity were determined by optical density and immunodetection
of the hexon protein of AdHu5 (Adeno-X rapid titer kit; Clontech, Moun-
tain View, CA). Adenovirus preparations were quantified for both infec-
tious (infection-forming units [IFU]), PFU, and total particle number.
Ad-IFN-� was provided by Defyrus Inc. (Toronto, Canada). Ad-
CAGoptZGP/Ad-IFN-� consists of 1 � 1010 IFU of Ad-CAGoptZGP
mixed with 1 � 109 PFU of Ad-IFN-�. Ad-CAGoptZGP and an AdHu5
vector expressing LacZ (Ad-lacZ) were constructed using the Adeno-X
expression system I (BD Biosciences, Palo Alto, CA), where E1/E3 dele-
tions render this human adenovirus serotype 5 replication incompetent.
Ad-IFN-� (Defyrus) is also a recombinant human adenovirus serotype 5
that is replication incompetent.

Animal model, sample collection, and challenge. Infectious work
was performed in the biosafety level 4 (BSL-4) laboratory at the National
Microbiology Laboratory, and it was approved by the Canadian Science
Centre for Human and Health Animal Care Committee, following the
guidelines of the Canadian Council on Animal Care. Fourteen healthy
female cynomolgus macaques (Macaca fascicularis), ages 5 to 25 years old,
were obtained from a Health Canada NHP colony. Tracheal intubations
were performed on NHP scheduled to receive the vaccine via the airway
route. The vaccine bolus was administered with a 5-ml syringe attached to
a catheter tube inserted into the endotracheal tube and delivered to the
lower lobes of one lung. One ml of the vaccine was also administered
directly into the nasal cavity. For EBOV challenge, animals were infected
i.m. at two sites with 1 ml in total of freshly prepared EBOV (strain Kikwit
95; passage 2 on VeroE6 cells) inoculum containing 1,000 50% tissue
culture infectious doses (TCID50) in diluent (minimum essential medium
containing 0.3% bovine serum albumin). Two injections were used to
minimize variation between animals. EBOV titers were confirmed (936
TCID50) by back-titration of the challenge preparation following admin-
istration of the virus.

Vaccination schedule. For group A, three NHP were vaccinated i.m.
28 days prior to challenge (day �28) in the deltoid muscle with a single
dose of Ad-CAGoptZGP/Ad-IFN-� diluted to a total volume of 1 ml in
phosphate-buffered saline (PBS). This group was the positive control to
confirm that the vaccine is efficacious in naïve (no induced PEI to AdHu5)
NHP using the conventional i.m. vaccination route. For group B, three
NHP were vaccinated i.n./intratracheally (i.t.) 28 days prior to challenge
(day �28) with a single dose of Ad-CAGoptZGP/Ad-IFN-� diluted with
PBS to a total volume of 6 ml (0.5 ml per nostril and 5 ml directly into the
lung). For group C, four NHP were each administered a single i.m. dose of
1 � 1010 IFU of Ad-lacZ (diluted to a total volume of 1 ml in PBS) in the
deltoid muscle 35 days prior to vaccination (day �63). Ad-lacZ was used
to induce PEI in NHP with the intent of generating a robust immune
response against subsequent exposures to AdHu5. This group was then
vaccinated i.n./i.t. 28 days prior to challenge (day �28) with a single dose
of Ad-CAGoptZGP/Ad-IFN-� diluted with PBS to a total volume of 6 ml
(0.5 ml per nostril and 5 ml directly into the lung). For group D, three
NHP were administered a single dose of 1 � 1010 IFU of Ad-lacZ i.m. in
the deltoid muscle 35 days prior to vaccination (day �63). Ad-lacZ was
diluted to a total volume of 1 ml in PBS. This group was then vaccinated
i.m. 28 days prior to challenge in the deltoid muscle with a single dose of

Ad-CAGoptZGP/Ad-IFN-� diluted to a total volume of 1 ml with PBS.

For group E, one control NHP was administered a single dose of 1 � 1010

IFU of Ad-lacZ i.m. in the deltoid muscle 28 days prior to EBOV challenge

(day �28).

Anti-AdHu5 neutralizing antibodies. PEI against AdHu5 was as-

sessed by determining the amount of neutralizing antibodies (NAb) pres-

ent in serum or bronchiolar lavage (BAL) samples according to estab-

lished methods (15). Briefly, samples were inactivated at 56°C for 40 min

and then 2-fold diluted with Dulbecco’s modified Eagle medium

(DMEM), starting from a 1:20 dilution. Each dilution was mixed with an

equal volume of AdHu5 expressing Escherichia coli �-galactosidase (Ad-

lacZ) at a concentration of 100 transducing units/well and incubated for 4

h at 37°C. The mixture was then added to subconfluent VeroE6 cells in

96-well flat-bottom plates and incubated for 48 h at 37°C. Sample dilu-

tions which showed a 50% reduction in the number of cells that were

stained blue by visual inspection (per the in situ �-galactosidase staining

kit protocol [Agilent Technologies]) compared to controls were scored

positive for NAb presence. NAb data were reported as reciprocal dilution

values. Consent was obtained for all human serum samples (using the

Consent for Research Phlebotomy Form, modified from the Consent for

Serum Storage Form SES-F-064B-1 from the Public Health Agency of Can-

ada).

Anti-EBOV neutralizing antibodies. Serum and BAL samples were

prepared and serially diluted as described above. Each dilution was mixed

with equal volumes of recombinant EBOV expressing the enhanced green

fluorescent protein (EGFP) reporter gene (EBOV-EGFP) at a concentra-

tion of 100 transducing units/well and incubated at 37°C for 4 h as previ-

ously described (36). The mixture was then added to subconfluent VeroE6

cells in 96-well flat-bottom plates and incubated for 48 h at 37°C. Sample

dilutions which showed a 50% reduction in the number of fluorescing

cells compared to controls were scored positive for NAb presence.

Enzyme-linked immunosorbent assay (ELISA). Costar EIA/RIA 96-

well flat-bottom high-binding polystyrene microtiter plates were coated

overnight at 4°C with 30 �l/well of 1 �g/ml His-EBOV-GP capture anti-

gen. The His-EBOV-GP capture antigen was generated using truncated

EBOV glycoproteins (strain Zaire) as previously described (37). Plates

were blocked for 1 h with blocking buffer (5% milk powder–PBS [100

�l/well] at 37°C). Serum was serially diluted to 1:50, 1:100, 1:200, 1:400,

1:800, 1:1,600, 1:3,200, and 1:6,400 in 2% skim milk powder–PBS– 0.05%

Tween 20, and 30 �l of the dilution was added to each well and incubated

for 1 h at 37°C. The plates were washed eight times with Tris-buffered

saline (TBS)– 0.1%–Tween 20 (150 �l/well). A secondary antibody (goat

anti-monkey IgA�-horseradish peroxidase [HRP] conjugate [1:30,000 di-

lution; Fitzgerald], goat anti-monkey IgM�-HRP conjugate [1:2,500 di-

lution; KPL], or goat anti-human IgG [H�L] [1:2,000 dilution; KPL])

was added to the wells and then incubated for 1 h at 37°C. The plates were

washed eight times with TBS– 0.1%–Tween 20 (150 �l/well). Horseradish

peroxidase substrate {3% hydrogen peroxide solution with ABTS [2,2=-

azinobis(3-ethylbenzthiazolinesulfonic acid)]} was then added and incu-

bated at room temperature for 30 min. The plates were read using a VMax

Kinetic ELISA microplate reader (Molecular Devices), and the data were

analyzed using CellMaxPro software for the detection of ZGP-specific

IgG, IgA, and IgM antibodies. The data are reported as the optical density

at 405 nm (OD405).

Flow cytometry analysis. The frequency of CD4- or CD8-positive

cells producing IFN-� was assessed by flow cytometry. Whole blood col-

lected in EDTA-containing Vacutainer tubes was diluted with an equal

volume of PBS and layered on a Ficoll density gradient (GE Healthcare).

Peripheral blood mononuclear cells (PBMCs) were collected from the

interphase after centrifugation at 750 � g for 45 min. Cells were washed

with L-15 media (Invitrogen) and seeded at a density of 5 � 105 cells per

well in RPMI 1640 supplemented with 0.1 mM minimal essential medium

(MEM) nonessential amino acids (Invitrogen), 1 mM sodium pyruvate

(Invitrogen), 10 mM HEPES, 2 mM L-glutamine (Invitrogen), 55 �M

�-mercaptoethanol, 10% fetal bovine serum (FBS), 100 IU/ml penicillin,
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and 100 �g/ml streptomycin (enzyme-linked immunosorbent spot
[ELISpot] medium). PBMCs were incubated at 37°C in a 5% CO2 atmo-
sphere for 18 h with AdHu5 hexon or EBOV GP peptide pools to reach a
final concentration of 5 �g/ml in order to stimulate the IFN-� produc-
tion. PBMC were seeded at 1 � 106 cells per well in ELISpot medium. Cells
were stimulated overnight with 5 �g/ml of AdHu5 hexon or EBOV GP
peptide pools in the presence of 1 �l/ml of the protein transport inhibitor
GolgiPlug (BD Biosciences). Peripheral blood lymphocytes were then
stained with peridinin chlorophyll protein (PerCP)-Cy5.5-conjugated
mouse anti-human CD4 and allophycocyanin (APC)-conjugated mouse
anti-human CD8 antibodies (clones L200 and RPA-T8, respectively; BD
Biosciences), followed by a 20-min incubation in Cytofix/Cytoperm (BD
Biosciences). Intracellular IFN-� was detected after staining with a fluo-
rescein isothiocyanate (FITC)- or Alexa 700-conjugated mouse anti-hu-
man IFN-� antibody (BD Biosciences) diluted in Perm/Wash buffer (BD
Biosciences). At least 300,000 events were analyzed using a 4-color (under
BSL-4 conditions) or a 16-color flow cytometer (ACCURI or LSRII; BD
Biosciences).

Statistical analysis. Data were analyzed for statistical differences by
performing two-tailed unpaired t tests. The differences in the mean or
raw values among treatment groups were considered significant when
P � 0.05.

RESULTS

Generation of AdHu5 immunity in NHP. Systemic anti-AdHu5
antibodies that are often present in the human population are
thought to be capable of neutralizing and negatively affecting
the efficacy of AdHu5-based vaccines (38). Ideally, induction
of an immune response to AdHu5 in NHP would be established
using replication-competent AdHu5 in a manner that mimics
community-acquired AdHu5 and subsequent immune re-
sponse in humans. However, this is not possible, as wild-type
AdHu5 does not replicate in macaques (39). In order to deter-
mine if altering the route of vaccination from i.m. to an airway
route (i.n./i.t.) can circumvent PEI in NHP, cynomolgus ma-
caques were administered 1 � 1010 IFU of Ad-lacZ intramus-

cularly (i.m.) to induce systemic PEI to AdHu5. The schedule
of inducing PEI is outlined in Fig. 1. Briefly, NHP were either
given 1 � 1010 IFU Ad-lacZ i.m. (group C and D) or remained
naïve to AdHu5 (groups A, B, and E).

Antibody and cellular immune responses to AdHu5 were mon-
itored following exposure of NHP to Ad-lacZ. Serum samples
collected from NHP at day �63 (prior to Ad-lacZ administra-
tion), day �28 (prior to vaccination with Ad-CAGoptZGP/Ad-
IFN-�), day 0 (prior to EBOV challenge), and day 34 (34 days after
EBOV challenge) were analyzed for anti-AdHu5 NAb levels. At
day �63, there were no detectable anti-AdHu5 NAb for any of the
14 naïve NHP (Fig. 2a). Day �28 serum collected from NHP
preexposed to AdHu5 had anti-AdHu5 systemic NAb titers of
533 	 185, 853 	 370, 320 	 0, and 853 	 370 for NHP in group
C and 3,413 	 1,478, 1,280 	 1,109, and 1,280 	 0 reciprocal
dilutions for NHP in group D (Fig. 2a). The average level of anti-
AdHu5 NAb for NHP with induced PEI (group C and D) was
1,219 	 1,030 reciprocal dilutions at day �28, which was compa-
rable to the average level of NAb to AdHu5 detected in 30 sero-
positive human patients and reported in the literature (Fig. 2b)
(32). NHP serum collected at day 0 (prior to EBOV challenge) was
assayed, and in all cases the levels of anti-AdHu5 NAb ranges were
equal or elevated for groups A, B, C, and D due to exposure to
Ad-lacZ or the vaccine or both (Fig. 2a). The control NHP had no
detectable anti-AdHu5 NAb level. In all NHP sampled at day 34,
the levels of anti-AdHu5 NAb remained elevated, suggesting sta-
ble circulation of systemic anti-AdHu5 NAb (Fig. 2a).

Bronchoalveolar lavage (BAL) samples collected from NHP at
days 0 and 34 were also analyzed for anti-AdHu5 NAb levels in
order to compare the systemic levels versus the levels of anti-
AdHu5 NAb in the airway. i.m.-vaccinated NHP did not have
detectable anti-AdHu5 NAb in their airway at either time point
(Fig. 2c). NHP vaccinated i.n./i.t. had anti-AdHu5 NAb levels of 0,
13 	 12, and 13 	 12 at day 0 and 20 	 20 or 13 	 12 at day 34

FIG 1 Schematic representation of NHP treatment, sample, and challenge schedule. The experimental schedules shown represent the timeline for the induction
of PEI in NHP by i.m. administration of 1 � 1010 IFU of Ad-lacZ on day �63 (black circle), vaccination with Ad-CAGoptZGP/Ad-IFN-� (light gray circle), and
i.m. challenge day with 1,000 TCID50 of EBOV (dark gray circle) on serum sample collection day �63, �60, �53, �49, �42, �28, �25, �21, �14, �7, 0, 3, 7,
14, 27, and 34 (all circles). The route of administration and the vaccine used are shown for each group in the lower panel.
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(Fig. 2c). NHP vaccinated i.n./i.t. with PEI had anti-AdHu5 NAb
levels of 7 	 12, 133 	 46, 0, and 133 	 46 at day 0 and 0, 7 	 12,
and 0 at day 34 (Fig. 2c). The control NHP had no detectable
airway anti-AdHu5 NAb level at day 0 (Fig. 2c).

While it has been postulated and mainly accepted that the hu-
moral immune response is responsible for, and leads to, AdHu5-
based vaccine neutralization (38), we also assessed the levels of
cellular immunity against AdHu5 as measured by flow cytometry.

FIG 2 Immune response following induction of AdHu5 PEI in NHP. (a) Serum anti-AdHu5 NAb. Serum samples were collected on day �63 (gray bars), day
�28 (white bars), day 0 (black bars), and day 34 (wave) and assayed for the presence of anti-AdHu5 NAb. The values represent the reciprocal dilutions for each
NHP assayed in triplicate; error bars represent the standard deviations. (b) Comparison of serum anti-AdHu5 NAb prior to vaccination (day �28) in induced
NHP to those from seropositive human samples. The values represent the reciprocal dilutions for each sample done in triplicate; error bars represent the standard
errors. P 
 0.7042 by two-tailed unpaired t test (NHP, n 
 7; human, n 
 30). (c) Anti-AdHu5 NAb in BAL samples. BAL samples were collected on day 0 (black
bars) and day 34 (white bars) and assayed for the presence of anti-AdHu5 NAb. The values represent the reciprocal dilutions for each NHP done in triplicate, and
error bars represent the standard deviations. (d) Cellular immunity against AdHu5 measured by flow cytometry. Cells were stimulated by ex vivo exposure to
AdHu5 hexon peptide pools 21 days after administration of AdHu5 vector expressing LacZ. Data represent the sum of the IFN-�-positive cells per million
lymphocytes counted for all of the peptides pools; error bars represent the standard errors. P 
 0.354 by two-tailed unpaired t test (group C, n 
 4; group D, n 


3). The background, unstimulated control is shown (CTR). In all instances, the star symbols represent NHP that succumbed to the EBOV infection.
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PBMCs were isolated from NHP in group C and group D on day
�42 (21 days after administration of Ad-lacZ). The PBMCs were
stimulated by ex vivo exposure to AdHu5 hexon peptide pools to
determine the number of IFN-�-secreting cells. Groups C and D
had 138.8 	 30.2 and 331.7 	 221.7 IFN-� producing lympho-
cytes per million, respectively (Fig. 2d). This difference was not
statistically significant (P 
 0.354) (Fig. 2d).

Immune response to vaccination. To determine systemic
NAb levels against ZGP following vaccination, serum samples
were collected from NHP at day �28 (prior to vaccination), day
�21, day �14, day �7, and day 0 (prior to EBOV challenge) and
assayed for NAb levels against ZGP. Background levels of anti-
ZGP NAb were observed up to day 0, and at this time point the
anti-ZGP NAb levels increased slightly to 16 	 4, 10 	 0, 13 	 1,
and 16 	 4 reciprocal dilutions for groups A, B, C, and D, respec-
tively (Fig. 3a). Levels of anti-ZGP NAb detected in the serum of
the control animal remained below 10 reciprocal dilutions.

It has been suggested that IgG plays a protective role against
EBOV infection (40–43). We hoped to determine if i.m. or i.n./i.t.
vaccination leads to differential IgG levels in NHP in the presence
or absence of PEI to AdHu5. IgG levels were assayed using a ZGP-
specific ELISA on sera collected at days �28 (prior to vaccina-
tion), �21, �14, �7, and 0 (prior to EBOV challenge). NHP
vaccinated i.m. (group A) had rising anti-ZGP IgG levels starting
21 days after vaccination (day �7) until day 0 (Fig. 3b). NHP
vaccinated i.m. with PEI (group D) had low but detectable IgG
levels 21 to 28 days after vaccination (day �7 to day 0) prior to
EBOV challenge. Interestingly, levels of IgG for group B (vacci-
nated i.n./i.t.) and group C (vaccinated i.n./i.t. but having PEI)
increased earlier, after day �14, than NHP from groups A (vacci-
nated i.m.) and D (vaccinated i.m. but having PEI) (Fig. 3b). No
substantial levels of ZGP-specific IgG were detected from the con-
trol animal. At day �7 or day 0 there were no significant differ-
ences of ZGP-specific IgG levels in NHP vaccinated i.n./i.t. in the
presence or absence of PEI (P 
 0.8232 and 0.9374, respectively).
Similarly, there was no significant difference in ZGP-specific IgG
levels in NHP vaccinated i.m. in the presence or absence of PEI at
day �7 (P 
 0.7134). However, there were significantly higher
levels of ZGP-specific IgG at day 0 for NHP vaccinated i.m. with-
out PEI (group A) compared to levels observed for NHP with PEI
(group D; P 
 0.0021). Systemic ZGP-specific IgM levels were also
evaluated following vaccination at the same time points. A ZGP-
specific IgM response characterized by a pattern comparable to
that of the IgG response was detected at earlier time points (ele-
vating following day �21), representing faster kinetics (Fig. 3c).

To determine the effect of AdHu5 PEI on cellular immunity
following vaccination, the cellular immune response against ZGP
was measured by flow cytometry. PBMCs were isolated from all
NHP at day �14 (corresponding to day 14 postvaccination) and
then stimulated by ex vivo exposure to ZGP peptide pools to de-
termine the number of IFN-�-secreting lymphocytes. NHP from
groups A, B, C, and D had 713 	 86, 648 	 338, 343 	 145, and
166 	 50 IFN-�-positive cells per million lymphocytes, respec-
tively (Fig. 3d). Among the NHP vaccinated i.m., the number of
IFN-�-secreting lymphocytes was significantly lower (P 
 0.0054)
in animals with PEI (group D) than in animals without PEI (group
A). The NHP vaccinated i.n./i.t. with PEI (group C) generated a
lower average number of positive cells than group B NHP receiv-
ing the same treatment without PEI; however, the difference was
not statistically significant (P 
 0.3978).

Survival following lethal EBOV challenge. All NHP were
challenged with 1,000 TCID50 of Kikwit 95 EBOV intramuscularly
at day 0. This virus preparation, administered with identical dos-
ing and conditions, had been fully lethal in 13 control macaques
challenged in our laboratory in the previous 18 months (44). NHP
vaccinated i.m. in the absence of PEI (group A) all survived the
EBOV challenge. However, NHP vaccinated i.m. with AdHu5 PEI
(group D) all succumbed to the challenge (Fig. 4a). NHP admin-
istered the vaccine i.n./i.t. (group B) were partially protected, with
2 of 3 animals surviving the lethal challenge, while 3 out of 4
survived in the presence of AdHu5 PEI (group C) (Fig. 4a). The
control animal succumbed to infection at day 7 after EBOV infec-
tion. Prominent clinical signs typical of EBOV infection in NHP
result in some or all of the following features: fever, reduced ac-
tivity, lower food and water intake leading to weight loss, and
occasional early signs of subcutaneous hemorrhage, which are re-
corded daily and reflected in an overall clinical score. The range of
clinical scores at day 1 post-EBOV challenge ranged from 1 to 4
(Fig. 4b). The NHP from group A (vaccinated i.m.) were asymp-
tomatic for the duration of the experiment. All surviving NHP
reached an asymptomatic clinical state at day 18 postchallenge,
where the highest clinical score recorded by a survivor was 7 on
day 9 after challenge (Fig. 4b). All NHP that reached a clinical
score of 10 or higher ultimately reached the human endpoint and
were euthanized.

Immune response following EBOV challenge. All NHP had
low levels of anti-ZGP NAb following vaccination until 7 days
after EBOV challenge, when the levels increased and stabilized
between 43 and 164 reciprocal dilutions (Fig. 3a). The IgG levels
for all surviving NHP by challenge day (day 0) were elevated, and
by day 21 they reached the maximal detectable level and remained
approximately the same through day 34 (Fig. 3b). There were no
considerable differences in the levels of IgG for survivors post-
EBOV challenge. However, NHP that succumbed to the disease
had low IgG levels to day 7 after challenge, where most levels were
at or below the limit of detection of the assay (Fig. 3b). IgM levels
reached a maximum at day 14 postchallenge and remained ele-
vated for the duration of the experiment for survivors (Fig. 3c).
Nonsurvivors had levels of IgM around or below the detection
limit of the assay 7 days after challenge (Fig. 3c).

The cellular immune response following EBOV challenge was
measured by flow cytometry against ZGP. Lymphocytes were iso-
lated from NHP 14 days following EBOV challenge, stimulated by
ex vivo exposure to ZGP peptide pools, and then assayed by flow
cytometry for the number of IFN-�-secreting cells. Surviving
NHP did not have significantly different values, where groups A,
B, and C had 4,709 	 4,475, 381 	 88, and 749 	 519 IFN-�-
positive cells per million lymphocytes, respectively (Fig. 5).

DISCUSSION

Replication-deficient AdHu5-based vaccines have been shown to
induce a strong innate and adaptive immune response to both the
vector backbone and the transgene (19). However, PEI to the
AdHu5 vector backbone poses a major roadblock for widespread
development of this platform in vaccine research. By altering the
route of vaccination, a significant effect on the type and strength of
the immune response can be induced (30, 31). Vaccines adminis-
tered i.m. typically stimulate systemic responses, whereas mucosal
vaccination induces both systemic and mucosal immune re-
sponses, albeit at overall reduced levels (10, 20, 28, 45). Mucosal
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FIG 3 Immune response in NHP following vaccination and EBOV challenge. (a) Serum anti-EBOV NAb. Serum samples collected on days �28, �21, �14, �7,
0, 7, 14, 21, and 34 were assayed for the presence of anti-EBOV NAb. The values represent the reciprocal dilutions for each NHP done in triplicate and then
averaged for the groups, and error bars represent the standard deviations between the groups. (b) ZGP-specific IgG ELISA. Microtiter plates were coated with
His-EBOV-GP capture antigen. All serum samples were assayed in triplicate, and each sample was diluted 2-fold from 1:50 to 1:6,400. Goat anti-human IgG was
used as the secondary antibody. ZGP-specific IgG levels for the 1:1,600 serum dilution were shown as a representative set of data, and similar trends were observed
for the other dilutions. Error bars were excluded for clarity. For groups A and D versus group B and C (day �7), P 
 0.0123 by two-tailed unpaired t test. For
group C versus group B (day �7), P 
 0.8232 by two-tailed unpaired t test. For group C versus group B (day 0), P 
 0.9374 by two-tailed unpaired t test. For group
D versus group A (day �7), P 
 0.7134 by two-tailed unpaired t test. For group D versus group A (day 0), P 
 0.0021 by two-tailed unpaired t test. (c)
ZGP-specific IgM ELISA. The assay was preformed identically to the IgG ELISA, except goat anti-monkey IgM was used as the secondary antibody. Serum was
serially diluted, and data represent the 1:100 dilutions. Error bars were excluded for clarity. (d) Cellular immune response against EBOV GP as measured by flow
cytometry. The data represent the number of IFN-�-positive cells per million lymphocytes. Error bars represent the standard errors. For group D versus group
A (day �14), P 
 0.0054 by two-tailed unpaired t test (groups A, B, C, and D, n 
 3, 3, 4, and 3, respectively). For group C versus group B (day �14), P 
 0.3978
by two-tailed unpaired t test. The response of the unvaccinated NHP (CTR) is also shown.
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vaccination using AdHu5-based vaccine platforms have been
shown to confer protection from of a variety of pathogens in the
presence of AdHu5 PEI in several animal models (15, 32, 46–49).

Transmission of EBOV can occur through direct contact with
body fluids of infected individuals, and as such it likely involves
the mucosa as a route of natural exposure. For this reason there is
a growing effort to target the mucosa for EBOV vaccination (15,
50). In previous studies, we demonstrated that PEI induced to

AdHu5 could be circumvented in both mice and guinea pigs with
i.n. vaccine administration (15, 32). We also observed that despite
elevated systemic levels of anti-AdHu5 NAb in guinea pigs, the
levels of corresponding mucosal NAb were relatively low.

Ideally, NHP immunity to adenovirus would have been in-
duced following i.n. administration with a wild-type replication-
competent AdHu5 vector to better mimic induced natural immu-
nity in humans. However, adenoviruses are species specific, and
while wild-type AdHu5 replicates in humans and chimpanzees, it
does not replicate in macaques (39). Recently, an AdHu5 mutant
that replicates partly in macaques has been used in a few studies
related to simian immunodeficiency virus (SIV) for human im-
munodeficiency virus (HIV) vaccine development (39, 51). How-
ever, the AdHu5 host range required multiple administrations to
stimulate consistent and uniform immunity in these studies. This
is currently an incomplete but promising approach that will need
more development and characterization to better understand its
value in reproducing natural immunity to AdHu5 in humans
(52). A previous study also demonstrated that humans with ele-
vated levels of anti-AdHu5 neutralizing antibodies in serum sam-
ples (1:320 to �1:2,560 reciprocal dilutions) had anti-AdHu5
neutralizing antibody levels that were undetectable or just above
the limit of detection for samples taken from the nasal cavity (na-
sal washes) or deeper in the lungs (bronchoalveolar lavages) (32).
Overall, this indicates that natural mucosal immunity to AdHu5 is
not as robust and long lasting as systemic immune responses.
Therefore, the airway provides a promising route of immuniza-
tion with AdHu5-based vaccines even after prior natural exposure
to adenovirus serotype 5. The present study used a well-character-
ized approach with the use of a replication-deficient AdHu5 ex-
pressing an unrelated transgene, leading to controlled and uni-
form levels of immunity to AdHu5, as reported by several groups
(15–18, 53). Consequently, this work sought to assess airway vac-
cination with an AdHu5-based Ebola virus vaccine in the presence
or absence of immunity to homologous adenovirus in NHP. i.n./
i.t. administration of the vaccine was selected to mimic voluntary
nasal inhalation in humans.

In our study, 1 � 1010 IFU of Ad-lacZ was delivered i.m. to
induce systemic PEI to AdHu5. The level of detectable anti-

FIG 4 (a) Survival curve of NHP following EBOV challenge. Data represent
the percent survival of group A (filled circles; n 
 3), group B (open circles; n 


3), group C (open squares; n 
 4), group D (filled squares; n 
 3), and group
E (gray diamonds; n 
 1). Time represents days post-EBOV exposure. (b)
NHP clinical scores. The NHP were scored daily for clinical signs that are
typical of EBOV infections in NHP, including fever, reduced activity, lower
food and water intake leading to weight loss, and occasional early signs of
subcutaneous hemorrhage. Based on the severity of the clinical sign of disease,
the NHP were assigned an arbitrary score. Colored symbols represent NHP
that succumbed to the disease. Time represents days post-EBOV exposure.

FIG 5 Cellular immune response following EBOV challenge. Cellular im-
mune response against EBOV GP was measured by flow cytometry, where the
data represent the number of IFN-�-positive cells per million lymphocytes.
Error bars represent the standard errors. The background measured with un-
stimulated cells never exceeded 50 IFN-�-positive cells per million lympho-
cytes.
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AdHu5 NAb in the NHP at the time of vaccination mimicked
systemic levels previously observed in 30 samples from seroposi-
tive humans. None of the NHP receiving the vaccine i.m. with
systemically induced AdHu5 PEI survived the lethal challenge,
despite the relatively high vaccination dose (1 � 1010 IFU Ad-
CAGoptZGP/1 � 109 PFU Ad-IFN-�). This highlights the impact
of existing immunity to AdHu5 on vaccine efficacy of a relatively
high dose of the AdHu5-based EBOV vaccine. In a previous NHP
pilot study, we established a suboptimal i.n./i.t. vaccine dose in
order to address the impact of PEI on i.n./i.t. vaccination with the
highest precision. The suboptimal dose was used to increase sen-
sitivity to detect a low impact from PEI. The dose employed in the
current study resulted in incomplete survival (2 out of 3 NHP)
without PEI, therefore providing conditions where just a slight
reduction in vaccine efficacy, presumably from the presence of
PEI, would result in a noticeable decrease in survival rate. No
significant difference was observed in survival between groups B
and C receiving the vaccine i.n./i.t. with or without PEI, with 3 out
of 4 (75%) and 2 out of 3 (67%) showing protection, respectively.
It has been reported that increasing the dose of Ad-based vaccine
can circumvent PEI, but this also can reach levels linked to toxicity
(15, 23, 53). If a higher dose was used in this study, full survival in
the absence and in the presence of PEI could have been attributed
to the system being oversaturated, resulting in circumvention of
AdHu5 immunity. While this dose was necessary to observe subtle
differences in NHP immune reactions to PEI, complete protection
could be achieved with higher doses of the vaccine administered in
the airway. Previously it was reported that toxic levels of adenovi-
rus in NHP were reached when administered systemically at con-
centrations of 1.1 � 1013 Ad particles/kg of body weight, indicat-
ing that systemic delivery of adenovirus at this concentration leads
to activation of the innate inflammatory response in a dose-de-
pendent manner (54). In the current study, all NHP were given
less than 1 � 1011 total Ad particles (versus per kg) by a nonsys-
temic delivery route (i.n.). One of the long-term goals is to achieve
protection with the lowest dose of Ad-based vaccine to minimize
toxicity. Of note, we have never observed toxicity following i.n./i.t.
administration, and to our knowledge this has never been re-
ported in the literature at the dose used in the current study.

To address how vaccination route and PEI influences the hu-
moral immune response, we compared the levels of EBOV-spe-
cific immunoglobulin levels. Systemic levels of IgG in i.n./i.t.-vac-
cinated NHP with or without PEI were comparable to those of
i.m.-vaccinated NHP without AdHu5 PEI. Of note, all NHP that
succumbed to infection had lower detectable levels of ZGP-spe-
cific IgG. i.n./i.t. vaccination also stimulated a significant IgG an-
tibody response at earlier time points compared to the i.m. route,
making the airway route of immunization advantageous when
rapid immune protection is desired (for example, for first re-
sponders to an outbreak). The cellular immune response to ZGP
following vaccination was elevated in NHP vaccinated i.m. or i.n./
i.t., and the difference between these vaccination routes was not
significantly different 14 days following vaccination. Overall, the
data suggest that i.n./i.t. vaccination elicited a cellular immune
response comparable to that of i.m. vaccination. However, the
presence of PEI significantly impacts the cellular response after the
i.m. vaccination, while i.n./i.t.-vaccinated NHP had a cellular
response mainly unaffected by the presence of PEI, which was also
reflected in the similar survival rates.

Previously in mice, guinea pigs, and human patients, it was

shown that nasal washes and BAL samples (15, 32) of individuals
previously exposed to AdHu5 had relatively low mucosal anti-
AdHu5 NAb despite elevated systemic levels. Similar to these find-
ings, the levels of anti-AdHu5 NAb detected in the BAL samples of
i.n./i.t.-vaccinated NHP with PEI were 10- to 100-fold lower than
the systemic levels, possibly explaining why vaccine efficacy was
not significantly reduced when administered by the i.n./i.t. route.
The lack of vaccine-neutralizing antibodies detectable in the re-
spiratory system even in NHP showing very high systemic levels
suggests that the airway delivery system for AdHu5-based vaccine
platforms is a promising option for adenovirus-based vaccine de-
livery, possibly including readministration. Mucosal vaccination
may also offer increased protection against aerosol exposure to
EBOV, a hypothesis we are actively exploring.
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