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Abstract

Pre-existing immunity to human adenovirus serotype 5 (Ad5) is common in the general population. Bypassing pre-existing
immunity could maximize Ad5 vaccine efficacy. Vaccination by the intramuscular (I.M.), nasal (I.N.) or oral (P.O.) route with
Ad5 expressing Ebola Zaire glycoprotein (Ad5-ZGP) fully protected naı̈ve mice against lethal challenge with Ebola. In the
presence of pre-existing immunity, only mice vaccinated I.N. survived. The frequency of IFN-c+ CD8+ T cells was reduced by
80% and by 15% in animals vaccinated by the I.M. and P.O. routes respectively. Neutralizing antibodies could not be
detected in serum from either treatment group. Pre-existing immunity did not compromise the frequency of IFN-c+ CD8+ T
cells (3.961% naı̈ve vs. 3.661% pre-existing immunity, PEI) nor anti-Ebola neutralizing antibody (NAB, 40610 reciprocal
dilution, both groups). The number of INF-c+ CD8+ cells detected in bronchioalveolar lavage fluid (BAL) after I.N.
immunization was not compromised by pre-existing immunity to Ad5 (146614, naı̈ve vs. 120616 SFC/million MNCs, PEI).
However, pre-existing immunity reduced NAB levels in BAL by ,25% in this group. To improve the immune response after
oral vaccination, the Ad5-based vaccine was PEGylated. Mice given the modified vaccine did not survive challenge and had
reduced levels of IFN-c+ CD8+ T cells 10 days after administration (0.360.3% PEG vs. 1.760.5% unmodified). PEGylation did
increase NAB levels 2-fold. These results provide some insight about the degree of T and B cell mediated immunity
necessary for protection against Ebola virus and suggest that modification of the virus capsid can influence the type of
immune response elicited by an Ad5-based vaccine.
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Introduction

The ability of human adenoviruses to induce strong innate and

adaptive immune responses makes them powerful adjuvants that

facilitate the immune response against an encoded antigen.

Recombinant adenoviruses have been shown to elicit significant

immune responses to bacterial (anthrax, plague), viral (Hepatitis C,

Rabies, SARS) and tumour-associated antigens [1–3]. While these

results are encouraging, immunity eventually develops against

virus capsid proteins. This severely reduces the immunogenicity of

adenovirus-based vaccines in mice, [4–8], primates [9] and

humans [10]. This problem is also significant since a large portion

of the Western world has marked levels of anti-adenovirus serotype

5 (Ad5) antibodies and is also prominent in regions of sub-Saharan

Africa and Southeast Asia, where many of these vaccines are

needed [11,12]. Thus, assessment of the impact of pre-existing

immunity on immune protection and alternative vaccination

strategies may be needed for successful use of many adenovirus-

based vaccines.

Several strategies have been developed to address the

prevalence of pre-existing immunity to Ad5 in the general

population. Increasing the vector dose or adopting a prime-boost

regimen in order to overcome pre-existing immunity to the virus is

a common approach [2]. There is mixed enthusiasm for this plan,

however, due to the documented toxicity associated with high

doses of adenovirus and the length of time required for prime-

boost regimens when only a prime could be sufficient [13,14].

‘Seroswitching’, using recombinant adenoviruses constructed from

chimpanzees or rare human serotypes with limited exposure rates

such as adenoviruses 35 and 11 can elicit potent immune responses

that are minimally affected by pre-existing immunity [7,8,15–21].

Hexon-chimeric adenoviruses can also avoid neutralization

[22,23]. Both approaches offer promise in the context of

addressing pre-existing immunity, but require further investigation

in response to concerns regarding safety and feasibility of large-

scale production. Covalent attachment of polyethylene glycol or

incorporation of the virus into polymer matricies can also

effectively protect Ad5 from neutralization [24–31]. Delivery of
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Ad5-based vaccines by mucosal routes can also circumvent the

effect of pre-existing immunity and induce a significant immune

response against an encoded antigen [32].

Recombinant adenoviruses are one of the few well-studied

vectors currently under development for vaccination against Ebola

virus infection. The first protocol for an Ebola vaccine employed a

prime-boost regimen consisting of naked DNA expressing either

Ebola glycoprotein (GP) or nucleoprotein (NP) and recombinant

Ad5 expressing Ebola GP to successfully protect non-human

primates against a lethal challenge of Ebola [33]. This has since

led to several Phase I clinical trials [34,35] in which each

component of the vaccine is administered by intramuscular

injection. To date, there have been only two reports describing

mucosal administration of an Ebola vaccine [36,37]. Nasal

administration of recombinant human parainfluenza virus type 3

(HPIV3) vectors expressing Ebola GP and/or NP to Guinea pigs

and rhesus monkeys conferred complete protection against a lethal

challenge with Ebola.

We have previously found that a single dose of a recombinant

adenovirus expressing Ebola Zaire GP given by either the oral or the

nasal route is capable of affording protection against lethal challenge

in naı̈ve mice and that mucosal immunization can stimulate a broad,

prolonged T cell-mediated immune response in both the systemic

and mucosal compartments [37]. The primary objective of this study

was to test the hypothesis that administration of an Ad5-based Ebola

vaccine by either the nasal or oral route can circumvent pre-existing

immunity and confer full protection upon challenge. Systemic and

mucosal T and B cell responses to Ebola GP were assessed in both

naı̈ve mice and those with pre-existing immunity. The influence of

PEGylation of the vaccine carrier on the immune response after oral

immunization is also described.

Materials and Methods

Construction, production and formulation of adenoviral
vectors

The E1/E3-deleted adenovirus vector expressing the Ebola Zaire

glycoprotein was created by cloning the open reading frame (ORF)

sequence of the glycoprotein in the plasmid pShuttle (Adeno-X

Expression system I, BD Clonetech, Palo Alto, CA) for subsequent

insertion in the E1 region of the human adenovirus serotype 5

genome. The human cytomegalovirus (CMV) promoter included in

the Adeno-X expression system was used to drive the expression of

the Ebola Zaire glycoprotein in the final recombinant adenovirus

serotype 5 construct. Authenticity of the final product was confirmed

by sequencing of the recombinant virus rescued by transfecting the

linearized DNA into 293 cells. Virus was sequentially amplified to

large-scale infections (56108 cells) and purified on an affinity column

(Adeno-X virus purification mega kit, BD Clonetech, Mountain

View, CA) according to the manufacturer’s instructions. Genome

structures of vectors were analyzed by restriction digestion of isolated

viral DNA and compared with those of the original molecular clones.

Particle number and infectivity of vectors were determined by

standard optical density reading and immunodetection of the hexon

protein, respectively, following infection of 293 cells with limiting

dilutions of each vector preparation according to the recommenda-

tions by the manufacturer (Adeno-X rapid titer kit, Clontech,

Mountain View, CA). Purified virus was administered in sterile

phosphate buffered saline (pH 7.4) and had particle to plaque

forming unit (pfu) ratios of 100:1 or less.

PEGylation of recombinant adenovirus
First generation recombinant adenovirus expressing Ebola Zaire

glycoprotein was prepared and purified as described above. The

protein content of the virus preparation was determined using

BioRad DC Protein Assay reagents (BioRad, Hercules, CA) and

bovine serum albumin as a standard in a microplate format.

According to established protocols, 10 mg of monomethoxypo-

ly(ethylene) glycol, activated by tresyl chloride (Sigma Aldrich, St.

Louis, MO), was added for each microgram of protein present

[38]. The coupling reaction was performed at 25uC with gentle

agitation. The reaction was stopped by the addition of L-lysine, in

a 10-fold excess with respect to the amount of PEG added.

Unreacted PEG, excess L-lysine, and reaction byproducts were

removed by buffer exchange over a second Econo-Pac 10DG

disposable chromatography column equilibrated with 100 mM

potassium phosphate-buffered saline (pH 7.4). PEGylated prepa-

rations were administered in sterile potassium phosphate buffered

saline (pH 7.4) and had particle to plaque forming unit (pfu) ratios

of 100:1 or less as determined by the Adeno-X rapid titer kit.

Characterization of these preparations revealed significant chang-

es in biophysical properties of the virus once the reaction was

complete such as the PEG-Dextran partition coefficient and peak

elution times during capillary electrophoresis (as described

previously [30,38]). Approximately 13,000 PEG molecules were

associated with each virus particle in the studies outlined here as

determined by a PEG-biotin assay [30].

Immunization of mice and challenge
B10.BR mice were immunized with 161010 particles of

recombinant virus per mouse either by intramuscular injection

(50 ml) in the right hindlimb, or by oral gavage (100 ml) using oral

feeding needles (18G, 2.25 mm dia., Popper & Sons, Inc, New

Hyde Park, NY). For nasal immunization, mice were anesthetized

with isoflurane. Once anesthesia was achieved, 161010 particles of

virus slowly delivered as a bolus into the nostrils using a standard

micropipette (Gilson, Middleton, WI) as previously described [39].

Pre-existing immunity to adenovirus serotype 5 was established

by injecting 561010 particles of adenovirus expressing beta-

galactosidase (AdlacZ) by intramuscular injection in the right

hindlimb 30 days prior to vaccination with Ad5-ZGP. This

protocol has been documented to activate T and B cells against

virus capsid proteins and elicit humoral immunity [8,11]. At the

time of vaccination, mice had an average anti-adenovirus

circulating NAB titer of 1:320, which falls within lower range of

average values reported in humans after natural infection [11].

Mice were challenged by intraperitoneal injection of 2006LD50 of

mouse-adapted Ebola virus, Zaire strain (MA-ZEBOV) in 200 ml

sterile saline [40]. After challenge, the animals were weighed daily

for 13 days and monitored for clinical signs of Ebola infection

using an approved scoring sheet. All procedures and the scoring

method were approved by the Institutional Animal Care

Committee at the National Microbiology Laboratory (NML) of

the Public Health Agency of Canada (PHAC) according to the

guidelines of the Canadian Council on Animal Care. All infectious

work was performed in the ‘Biosafety Level 4’ (BSL4) facility at

NML, PHAC.

Antibody detection assays
A) Anti-ebola neutralizing antibody (serum). Sera

collected from immunized mice were inactivated at 56uC for

45 minutes. Serial dilutions of each sample (1:10, 1:20, 1:40, etc,

in 50 ml of DMEM) were mixed with equal volumes of

recombinant Ebola Zaire expressing the enhanced green

fluorescent protein (EGFP) reporter gene (ZEBOV-EGFP, 100

transducing units/well, according to EGFP expression) and

incubated at 37uC for 90 minutes [41]. The mixture was then

added to subconfluent VeroE6 cells in 96-well flat-bottomed plates

Nasal Immunization for Ebola
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and incubated for 5–10 minutes at room temperature. Control

wells were infected with equal amounts of either ZEBO-EGFP

with media without serum or that containing non-immune serum.

100 ml of DMEM supplemented with 20% FBS was then added to

each well and plates were incubated at 37uC in 5% CO2 for 48 hr.

Cells were subsequently fixed with 10% buffered formalin for 24 h

and examined under a fluorescent microscope. Sample dilutions

which showed .50% reduction in the number of green cells

compared to controls scored positive for neutralizing antibody.

B) Anti-ebola neutralizing antibody (mucosal). For the

evaluation of the specific levels of IgG and IgA antibodies,

bronchoalveolar lavage (BAL) fluid was collected in situ with a 20-

gauge catheter inserted into the proximal trachea, flushing the

lower airways three times with 1 milliliter of L15 media (Sigma).

BAL from each animal was incubated at 56uC for 45 minutes.

Two-fold serial dilutions were added to 96 well plates pre-coated

overnight with 30 ng of ZEBOV-like particles per well and

incubated at 37uC for 1 hr. Goat anti-mouse secondary antibody

conjugated to horseradish peroxidase (HRP) was then added and

the plate was incubated for one additional hour at 37uC. The

ABTS Peroxidase Substrate System (KPL) was used for detection

and data collected using an ASYS UVM 340 ELISA plate reader

(Isogen Life Science) at OD405. All infectious in vitro work was

performed in the BSL4 laboratory at the NML, PHAC.

C) Anti-adenovirus serotype 5 neutralizing antibody

(serum). Pre-existing immunity against recombinant adenovirus

5 was assessed by determining the amount of neutralizing antibody

present in serum according to established methods [30]. In brief,

serum was incubated at 56uC for 30 minutes and then diluted in

DMEM in twofold increments starting from a 1:20 dilution. Each

dilution (100 ml) was mixed with an aliquot of a standard stock of

adenovirus type 5 expressing E. coli beta-galactosidase (106 pfu),

incubated for 1 hour at 37uC, and applied to HeLa cells in 96-well

plates (26104 cells/well). One hundred microliters of DMEM

supplemented with 20% FBS was then added to each well. Cells

were incubated at 37uC for 24 hours. Neutralizing antibody titers

were calculated as the highest dilution at which 50% of the cells

stained blue by visual inspection.

Frequency of INF-c positive cells
For the evaluation of INF-c positive CD8+ T cells 10 days post-

immunization, splenocytes were harvested and cultured (16106/

sample) for 5 hours at 37uC in 96-well round bottom microtiter

plates in DMEM supplemented with 10% FBS, 2-beta-mercapto-

ethanol (1026 M) and GolgiStop (1 ml/ml, BD PharMingen, San

Diego, CA). The TELRTFSI peptide which carries the Ebola Zaire

GP immunodominant MHC class I epitope for mice of the H-2k

haplotype (B10.BR) was used for stimulation at a concentration of

1 mg/ml [42]. Control cells were treated with either an unrelated

peptide or no peptide. After washing, cells were stained with 100 ml

of a FITC-anti mouse CD8a antibody (1:100 dilution, PharMingen)

at 4uC for 30 minutes. Cells were washed again, permeabilized in

16Cytofix/Cytoperm (PharMingen) for 20 minutes at 4uC, washed

with 16Perm/Wash (PharMingen) and stained with 100 ml of a PE-

anti mouse IFN-c antibody (1:100 dilution, PharMingen) in the same

buffer at 4uC for 30 minutes.

Quantitation of INF-c positive CD8+ T cells isolated from

splenocytes or mononuclear cells from bronchioalveolar lavage

(BAL), mesenteric lymph nodes (MLN) and Peyer’s patches (PP) 45

days after vaccination was performed using an ELISPOT assay

(ELISPOT Mouse Set, BD PharMingen, San Diego, CA)

according to the manufacturer’s instructions. Briefly, a 96-well

ELISPOT plate was coated with 5 mg/ml anti-mouse IFN-c
capture antibody. Cells pooled from 4 B10.BR mice per

experimental group were added to microwells along with the

TELRTFSI peptide (2 mg/well). Control cells were incubated

either without peptide or with the non-specific stimulator, SEB

(200 ng/ml). After incubation with a biotinylated anti-mouse IFN-

c detection antibody and Streptavidin-horseradish peroxidase

antibody, wells were counted using an ELISPOT reader (AID

EliSpot reader system, Cell Technology, Colombia, MD).

Statistical analysis
Data were analyzed for statistical significance by performing

unpaired T tests (two-tailed p value) or one-way analysis of

variance (ANOVA) when appropriate. The differences in the

mean or raw values among treatment groups were considered

significant when p,0.05.

Results

Effect of Mucosal Immunization on T and B Cell
Responses Against Ebola Glycoprotein in Mice with Pre-
Existing Immunity Against Adenovirus

In an effort to correlate markers of immunity with protection

against Ebola infection after mucosal immunization, T and B cell

specific immune responses against Ebola glycoprotein were analyzed

in mice in the presence or absence of pre-existing immunity (PEI) to

adenovirus 10 days after vaccination with a first generation

adenovirus serotype 5 vector expressing the Zaire Ebola glycoprotein

(Ad5-ZGP). Intracellular staining and flow cytometry (FACS)

revealed that Ebola glycoprotein peptide-specific activation of

CD8+ T cells, as measured by production of IFN-c, occurred in

naı̈ve animals immunized by the nasal route at a frequency of

3.961% (I.N., Figure 1A). Pre-existing immunity was induced by

intramuscular administration of recombinant Ad5 expressing a non-

relevant antigen, beta-galactosidase (AdlacZ), 30 days prior to

vaccination with Ad5-ZGP. At the time of vaccination, mice had an

average anti-adenovirus circulating NAB titer of 1:320. Pre-existing

immunity did not significantly alter activation of CD8+ T cells when

the vaccine was given intranasally (I.N.+PEI, 3.661%, p = 0.07).

Oral immunization lowered the response against Ebola glycoprotein

(P.O., 260.5%). Samples obtained from animals with pre-existing

immunity and vaccinated in the same manner were barely above the

positive threshold (three times the average background level

obtained from animals treated with the irrelevant virus, AdlacZ).

Samples obtained from naı̈ve animals immunized by the intramus-

cular route (I.M.) contained the largest population of IFN-c positive

CD8+ T cells (1062%). Animals treated with the AdlacZ vector

alone (AdlacZ-control) served as negative controls and produced

0.5% CD8+, IFN-c+ T cells in response to the Ebola glycoprotein-

specific peptide.

The B cell response against Ebola glycoprotein achieved by

administration of the vaccine was determined by incubating a

recombinant Ebola virus (Zaire strain) expressing green fluorescent

protein (ZEBOV-EGFP) with serum collected 25 days after

vaccination [8,37]. Neutralizing antibody (NAB) levels equivalent

to 40610 reciprocal dilution were detected in both naı̈ve animals

and those with pre-existing immunity after intranasal immuniza-

tion (Figure 1B). Samples from naı̈ve animals immunized by the

oral route contained NAB levels equivalent to 2065 reciprocal

dilution whereas anti-Ebola NAB could not be detected in samples

obtained from animals immunized by the same route with pre-

existing immunity (P.O.+PEI). NAB levels of 80610 were detected

in samples obtained from naı̈ve mice immunized by the

intramuscular route. Anti-Ebola NAB could not be detected in

samples from mice given the AdlacZ vector alone (AdlacZ

Control).

Nasal Immunization for Ebola
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Effect of Mucosal Immunization on Systemic and
Localized T-Cell Mediated Immune Responses Against
Ebola Glycoprotein in Mice with Pre-Existing Immunity

Since the mucosa is often the primary sight of exposure, long-

term, localized immune responses against Ebola virus are desirable

for providing optimal protection against infection. In this context,

T cell mediated immune responses were assessed by ELISPOT

from various tissue compartments specific to the route of

immunization 45 days after vaccination. The number of activated

IFN-c secreting mononuclear cells harvested from splenocytes was

significantly reduced by 38 and 59% in mice vaccinated nasally or

orally when compared to those immunized by intramuscular

injection (p#0.05, Figure 2A). In contrast, samples obtained from

the spleen of animals with pre-existing immunity that were

immunized by the I.N. route contained the highest number of

activated IFN-c secreting cells (8156190 spot-forming cells (SFC)/

million mononuclear cells (MNCs), Figure 2C) although this was

approximately 30% lower than that seen in naive animals

(1,3406146 SFC/million MNCs, Figure 2A). Pre-existing immu-

nity also significantly reduced the number of these cells produced

by animals immunized by the I.M. (210668 SFC/million MNCs)

and P.O. routes (71612 SFC/million MNCs) with respect to those

seen in naı̈ve animals (2,145612 (I.M.) and 8856168 (P.O.)),

p#0.05, Figure 2A). A very limited number of activated IFN-c
secreting mononuclear cells were detected in splenocytes of naı̈ve

animals immunized with the AdlacZ vector (50620 SFC/million

MNCs, Figure 2A) and those with pre-existing immunity to the

same virus (1261, AdlacZ, Figure 2C). Significant levels of INF-c
positive cells were detected in bronchioalveolar lavage fluid (BAL)

after intranasal immunization (146614 SFC/million MNCs,

p#0.05, Figure 2B). This was not significantly compromised by

pre-existing immunity to adenovirus (120616 SFC/million

MNCs, p#0.06, Figure 2D). A limited number of INF-c secreting

cells were detected in BAL from naı̈ve animals immunized by the

I.M. or P.O. routes (462 and 1165 SFC/million MNCs

respectively, Figure 2B) and were similar to that seen in samples

obtained from animals given the AdlacZ vector (1261, negative

control). Pre-existing immunity to adenovirus reduced these cell

populations further to values that were not statistically significant

(161 (I.M.), 562 (P.O.) and 261 (AdlacZ) SFC/million MNCs

(p = 0.08, Figure 2D)). INF-c positive cells were found in

mesenteric lymph nodes (MLN) and Peyer’s Patches (PP)

(146611 and 2965 SFC/million MNCs, respectively) only after

oral vaccination with Ad-ZGP (Figure 2B). Pre-existing immunity,

however, reduced production of these cells to 18612 SFC/million

MNCs (MLN) and 1662 SFC/million MNCs (PP) (Figure 2D).

Effect of Mucosal Immunization on Localized and
Systemic Antibody Production Against Ebola
Glycoprotein

The NAB response was also monitored from bronchioalveolar

lavage fluid 45 days post-vaccination. NAB to ZEBOV-EGFP was

undetectable in samples obtained from control (AdlacZ) or I.M.

immunized mice, whereas levels of 40610 and 1065 reciprocal

dilution were detected in the BAL of nasally and orally vaccinated

animals, respectively (Figure 3). Those with pre-existing immunity

and immunized by the nasal route had NAB levels of 30610. NAB

was not detected in mice with pre-existing immunity to Ad5 and

immunized by either the intramuscular or oral route.

Further characterization of Ebola glycoprotein-specific immu-

noglobulin isotypes obtained from bronchioalveolar lavage fluid

revealed that pre-existing immunity correlated with a marked

decrease in the production of both IgG and IgA antibodies in mice

immunized by intramuscular injection (Figure 4A and 4B). IgG

and IgA levels were the lowest in that were vaccinated orally

regardless of whether they had pre-existing immunity (Figure 4A

and 4B). Immunization by the nasal route induced a strong IgG

response that was reduced by an average of 25% in the presence of

pre-existing immunity. The strongest IgA response was detected in

samples obtained from animals given the vaccine by the nasal

route. IgA levels, however, were also reduced by 25% in mice with

pre-existing immunity to Ad5.

Effect of Mucosal Immunization on Survival Against
Lethal Ebola Challenge in the Presence of Pre-Existing
Immunity

The most direct means of evaluating vaccine efficacy in mice is

to assess protection by monitoring weight loss and death rates after a

lethal challenge of Ebola [43]. Therefore, mice were immunized

with 161010 particles of Ad5-ZGP by the intramuscular (I.M.),

intranasal (I.N.) or oral (P.O.) route in the presence or absence of

Figure 1. Pre-Existing Immunity Against Adenovirus Does not
Compromise the Strength of the Cellular and Humoral Immune
Response Against Ebola Glycoprotein After Intranasal Immu-
nization. Naı̈ve mice (n = 10) were vaccinated with a single dose of
161010 particles of adenovirus expressing the Ebola Zaire glycoprotein
(Ad5-ZGP) by the intramuscular (I.M.), nasal (I.N.) or oral (P.O.) route.
Animals in which pre-existing immunity (PEI) was established by I.M.
injection of 561010 particles of adenovirus serotype 5 expressing beta-
galactosidase (AdlacZ) 30 days prior to vaccination were also
immunized in the same manner. At the time of vaccination, mice had
an average anti-adenovirus circulating NAB titer of 1:320. Animals given
a single dose of (AdlacZ) served as negative controls (AdlacZ Control).
(A) Frequency analysis of IFN-c secreting CD8+ T cells harvested from
splenocytes 10 days post-immunization (n = 4/group). The TELRTFSI
peptide, specific for the Ebola Zaire glycoprotein (0.4 mg/well), was
incubated with 16106 splenocytes and cells analyzed by flow
cytometry. (B) Neutralizing antibody (NAB) levels against ZEBOV-EGFP
were evaluated 25 days post-vaccination (n = 10/group). In both panels,
error bars represent the standard deviation of the data.
doi:10.1371/journal.pone.0003548.g001

Nasal Immunization for Ebola
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pre-existing immunity. At the time of vaccination, animals had an

average anti-adenovirus neutralizing antibody titer of 1:320

reciprocal dilution. Naı̈ve mice vaccinated by intramuscular

injection with saline (vehicle) served as controls for complete lethality

following challenge with mouse-adapted Ebola virus. Twenty-eight

days after vaccination, animals were challenged with 200 LD50 of

mouse-adapted (MA)-ZEBOV. Only mice immunized by the nasal

route survived the lethal challenge (Figure 5A). This was evident as

early as 5 days after challenge when controls and mice immunized by

the other routes began to lose weight (Figure 5B). All eventually

expired 7 days post-challenge (Figure 5A, some data not shown for

clarity). In contrast, naı̈ve mice given the vaccine survived challenge

regardless of the route of administration.

Effect of PEGylation on Improving the Immune Response
Achieved by Oral Vaccination

The studies outlined above strongly suggest that only intranasal

immunization can successfully afford protection against Ebola virus

in the absence and presence of pre-existing immunity. It was also

clear that additional strategies were needed to improve vaccination

by either the oral or intramuscular route in the presence of pre-

existing immunity. Covalent attachment of activated monomethox-

ypolyethylene glycol to the protein capsid of the Ad5-ZGP vector

was evaluated as a potential way to improve the immune response

after oral vaccination. Based upon previous observations, we

hypothesized that this modification would protect the virus from

neutralization by immune sera and improve survival in gastrointes-

tinal tract [26,27,30,44]. The frequency of Ebola glycoprotein

peptide-specific activation of IFN-c positive CD8+ T cells was not

significant in naı̈ve animals given the PEGylated virus (0.360.3%)

with respect to those given the unmodified virus (2.060.5%,

p = 0.09, Figure 6A). Similar results were also seen in the presence

of pre-existing immunity in either treatment group (0.460.2%

PEGylated vaccine, 1.760.5%, unmodified vaccine).

In contrast, NAB levels equivalent to 30610 reciprocal dilution

were detected in naı̈ve animals given the PEGylated vaccine

(Figure 6B). Samples obtained from animals given the unmodified

virus had levels of 2065 reciprocal dilution. Animals with pre–

existing immunity against adenovirus and treated with the

PEGylated preparation were also able to produce detectable

Figure 2. Pre-Existing Immunity Against Adenovirus Does Not Compromise the Systemic or Mucosal Cellular Response Generated
Against Ebola Glycoprotein After Intranasal Immunization. The frequency of IFN-c positive mononuclear cells was analyzed from the spleen
(panels A and C), the lung via bronchioalveolar lavage (BAL) and the intestine via the mesenteric lymph nodes (MLN) and Peyer’s patches (PP) (panels
B and D) 45 days post-immunization by ELISPOT. Samples were obtained from naı̈ve animals (Panels A and B) and those with pre-existing immunity
to adenovirus serotype 5 (Panels C and D). Cells were plated at 16105 or 16104 cells per well, stimulated with the TELRTFSI peptide and expression of
IFN-c detected with an anti-mouse IFN-c antibody. Cells isolated from BAL, MLN or PP of four mice were pooled and samples tested in duplicate. In
each panel, the number of spot-forming cells (SFC) per million mononuclear cells (MNCs) is shown on the y-axis. Please note - the scale of this axis
differs between panels to accent the differences between treatment groups. Error bars represent the standard deviation of the data. Animals
immunized with an irrelevant adenoviral vector (AdlacZ) served as negative controls. Positive results obtained from this group are indicative of
artificial cellular stimulation that may have occurred during processing and culturing of samples.
doi:10.1371/journal.pone.0003548.g002
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levels of NAB (1065 reciprocal dilution) whereas NAB was not

found in sera from mice given the unmodified vector orally.

Further characterization of Ebola glycoprotein-specific Ig isotypes

revealed that the PEGylated vector could possibly stimulate

production of IgG in the presence or absence of pre-existing

immunity with respect to levels found in animals given the

unmodified vector (Figure 6C). Modification of the virus induced a

slight increase of IgA in the presence of pre-existing immunity with

respect to that seen in naı̈ve animals given unmodified virus

(Vaccine, Figure 6D) and those with pre-existing immunity

(Vaccine+PEI). Despite this, animals with pre-existing immunity

to adenovirus and immunized with the PEGylated vaccine orally

did not survive after challenge with 200 LD50 of (MA)-ZEBOV.

Discussion

With mortality rates as high as 95%, Ebola infection occurs largely

by direct contact with blood, tissues or skin of patients, and through

mucosal exposure [45,46]. To date, few efforts have been made to

focus on the mucosa as the primary sight of exposure to Ebola virus

and priming it for participation in the host defense by vaccination

[47]. This is surprising given that the pulmonary, nasal and oral

immune systems which comprise the mucosal-associated lymphoid

tissues (MALT) are responsible for the production of approximately

80% of all immunocytes [48,49] and mucosal immunity is often the

first line of defense against pathogens coming in contact with

susceptible hosts. Many studies in rodents indicate that systemic

immunization produces strong anti-viral systemic responses while

mucosal vaccination can stimulate both the mucosal and systemic

immune systems and can confer long-term immunological memory

against a given pathogen despite the fact that the magnitude of these

responses are often reported to be somewhat reduced [37,48,50]. We

have found this to be the case in the studies outlined here since the

systemic cellular response and neutralizing antibody levels against

Ebola Zaire GP were consistently lower following nasal and oral

vaccination. Mucosal vaccination did, however, generate significant

cellular and antibody responses in the periphery (BAL, MLN or

Peyer’s patches) and a single intranasal immunization with Ad5-

ZGP conferred 100% protection even in the presence of pre-existing

immunity.

Administration of recombinant adenovirus-based vaccines to

the mucosa has also conferred sufficient protection against

challenge with a variety of pathogens in the presence of pre-

existing immunity to the vaccine carrier in mice and other pre-

clinical models of disease [5,19,32,51,52]. This served as a basis for

the present study. A single intranasal dose of a recombinant Ad5

vaccine expressing the Zaire Ebola glycoprotein conferred 100%

protection in both naı̈ve mice and those with pre-existing

immunity despite the fact that the strength of the immune

response generated by this route of administration was quantita-

tively lower than that seen in animals vaccinated by intramuscular

injection. It is also important to note that pre-existing immunity

induced by intramuscular injection did not severely compromise

the T cell-mediated response at either the systemic or mucosal

levels in these animals. The level of anti-Ebola GP antibodies in

the circulation and in the lung was also not significantly

compromised by pre-existing immunity to adenovirus. While

these results suggest that intranasal vaccination with an Ad-based

vaccine is indeed a promising strategy to overcome pre-existing

immunity, one might wonder how accurately our results translate

Figure 3. Intranasal Immunization Induces Production of
Neutralizing Antibodies in the Lung in the Presence of Pre-
Existing Immunity. Forty-five days after immunization, bronchioalve-
loar fluid was analyzed for the presence of neutralizing antibody by
measuring the reduction in infectious titer of ZEBOV-EGFP. The
reciprocal dilution plotted for each treatment group (n = 10) reflects
the dilution at which the ability of the ZEBOV-EGFP vector to infect
target cells was reduced by .50%. Data represent average values
obtained from each treatment group and error bars represent the
standard deviation of the data. NOTE - Data grouped on the left side of
the figure under the label ‘‘Serum’’ is reproduced from Figure 1B of this
manuscript and is included here for comparison. PEI - pre-existing
immunity to adenovirus serotype 5.
doi:10.1371/journal.pone.0003548.g003

Figure 4. Intranasal Vaccination Induces Anti-Ebola Specific Ig
Isotypes in Bronchioalveolar Lavage Fluid in the Absence and
Presence of Pre-Existing Immunity. Forty-five days after immuni-
zation, bronchioalveolar lavage fluid was analyzed for Ebola-specific IgG
(panel A) and IgA (panel B) antibodies by ELISA. The optical densities
obtained from each treatment group are presented to serve as a
measure of relative concentration. PEI - pre-existing immunity to
adenovirus serotype 5.
doi:10.1371/journal.pone.0003548.g004

Nasal Immunization for Ebola

PLoS ONE | www.plosone.org 6 October 2008 | Volume 3 | Issue 10 | e3548



to natural exposure to the wild type virus via the respiratory tract.

This is somewhat difficult to establish in the mouse model since the

ability of the wild-type adenovirus to replicate is limited [53]. In

addition, the amount of neutralizing antibody present in the nasal

cavity of those in the general population with pre-existing immunity

to adenovirus 5 has not been assessed to the degree that serum

neutralizing antibodies have, making it difficult to set a relative

parameter for one to target in pre-clinical animal models. Lack of

this data may be due to the invasive nature of the technique for

acquiring samples and/or the fact that antibody levels in the mucosa

of individuals with established pre-existing immunity to adenovirus

type 5 are quite low and transient in contrast to systemic levels of

anti-adenovirus neutralizing antibodies which are quite robust and

persist over time (unreported observations). Thus, for these studies,

we decided to induce pre-existing immunity against adenovirus by

intramuscular injection at a dose that has been shown to induce

production of systemic neutralizing antibodies at 1:320, a level

mostly below what was reported in humans with documented pre-

existing immunity [8,11,12]. Additional studies designed to assess the

amount of neutralizing antibody to AdHu5 in the lung over time

after intranasal administration of varying doses of AdHu5 are

currently underway in an effort to further define stringent conditions

under which pre-existing immunity can be established for experi-

mental testing.

Data obtained from animals vaccinated by the oral route provided

several insights about the immunological requirements for protection

against Ebola in a mouse model. Immunization by this route induced

quantitatively lower T and B cell mediated immune responses against

Ebola glycoprotein with respect to that achieved by either

intramuscular or intranasal immunization. Despite this, every naı̈ve

animal immunized with a single oral dose of Ad-ZGP survived

challenge, giving better precision on the minimal threshold of

immunity required to achieve protection. As seen with intranasal

immunization, the T cell-mediated response was not compromised

by pre-existing immunity 10 days after oral vaccination. The number

of IFN-c secreting T cells in both mucosal and systemic

compartments of these animals at day 45, however, was significantly

reduced by pre-existing immunity. It is possible that the peak T cell

response at day 10 does not reflect the extent by which pre-existing

immunity decreases the Ad5-ZGP-induced T cell response. Alterna-

tively, it is also possible that the ELISPOT assay could detect subtle

variations that flow cytometery could not monitor accurately due to

differences in the sensitivity of each assay. Neutralizing antibody was

not detected in the serum of animals with pre-existing immunity

given a single oral dose of the vaccine. More importantly, none of

these animals survived challenge with mouse adapted Ebola.

We attempted to improve the immunogenicity of the adenovi-

rus-based vaccine by protecting it from the harsh environment of

the gastrointestinal tract and from neutralization by anti-

adenovirus antibodies by PEGylation. Interestingly, the T-cell

mediated immune response was significantly reduced and

antibody levels increased in naı̈ve animals given a single oral dose

of the PEGylated vaccine with respect to that seen in animals given

the same dose of unmodified Ad5-ZGP. It has been shown that

modification of virus capsids by PEGylation can significantly

dampen the T-cell mediated immune response against the virus

and stimulate the antibody response against a secreted antigen

[26,27,30,54]. Taken together, these data support the notion that

the exposition of the virus capsid proteins facilitates the immune

response against the encoded antigen. Optimization of PEGylation

chemistries and/or densities on adenovirus-based vaccine that

promote and strengthen protective immune responses following

oral immunization is currently underway.

Delivery of recombinant adenoviral vaccines to either the nasal

or intestinal mucosa is an attractive vaccination strategy for many

reasons. Vaccines administered in this manner will offer improved

safety with respect to disease transmission and needle-stick injuries

among health care workers, significant issues of concern in

developing countries where the demand for many vaccines is high

[55]. Mucosal administration of vaccines reduces the pain

associated with vaccination, eliminates the need for specialized

training programs for large vaccination campaigns and makes self-

administration of the vaccine possible. This route of administra-

tion may also significantly reduce systemic toxicity associated with

recombinant adenovirus despite the fact that it has been shown

that nasal immunization with recombinant adenovirus-based

vaccines can facilitate translocation of the virus to the central

nervous system [52]. Even though testing of other virus-based

vaccines such as influenza have reported similar findings and are

currently used in the clinic [56], studies designed to fully assess the

Figure 5. Intranasal Immunization with Recombinant Adenovirus
Expressing Ebola Glycoprotein Affords Protection Against
Lethal Challenge Even in the Presence of Pre-Existing Immunity.
Naı̈ve mice (n = 10) were vaccinated with a single dose of 161010 particles
of adenovirus expressing the Ebola glycoprotein (Ad5-ZGP) by the
intramuscular (I.M.), nasal (I.N.) or oral (P.O.) route. Animals in which pre-
existing immunity (PEI) was established by I.M. injection of 561010

particles of adenovirus 5 expressing beta-galactosidase (AdlacZ) were also
vaccinated in the same manner. Twenty-eight days later, mice were
challenged with 200 LD50 of mouse-adapted Ebola virus (Zaire strain).
Data represent survival (panel A) and loss of body weight (panel B) over
time and is reported as average body weight from each treatment group.
Mock - age matched, untreated, unchallenged mice included in this data
set to indicate normal weight variation over time. NOTE: Data for naı̈ve
mice immunized by the oral route (P.O.) and those with pre-existing
immunity and vaccinated by the I.M. route (I.M.+PEI) were not included in
this figure for visual clarity. All naive mice immunized orally survived
challenge while none in the I.M.+PEI group survived.
doi:10.1371/journal.pone.0003548.g005
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toxicological profile of adenovirus vaccine after nasal administra-

tion are also currently underway.

We have shown that nasal immunization with an Ad5-based

vaccine can induce a long-term protective immune response

against Ebola virus in a mouse model which is not impeded by pre-

existing immunity to adenovirus serotype 5. While these results are

extremely encouraging, further characterization of the immune

response against both the encoded antigen and the adenovirus

vector in larger, clinically relevant animal models is vital for both

understanding the biology of Ad vaccines and for the development

of an effective Ebola vaccine suitable to populations with different

requirements [57,58]. The issue of pre-existing immunity must

also be adequately addressed in order to develop efficient

recombinant adenovirus-based vaccines. While the majority of

the literature suggests that pre-existing immunity significantly

hamper the effective use of AdHu5 vaccine carriers, other

investigators have reported that pre-existing immunity did not

interfere with the potency of recombinant Ad5-based vaccines in

both pre-clinical models of disease and in humans [59,60]. Thus,

additional studies identifying clinically relevant conditions under

which to test Ad-based vaccine candidates are necessary to assess

the full impact of pre-existing immunity on vaccine potency,

including in different compartments. Better define the role of pre-

existing immunity on vaccine-induced immunity will further the

understanding of how individuals previously exposed to adenovi-

rus will respond to these immunization regimens.

Author Contributions

Conceived and designed the experiments: MC GPK. Performed the

experiments: MC AP KT MG JS GPK. Analyzed the data: MC AP YZ

GPK. Contributed reagents/materials/analysis tools: MC GPK. Wrote the

paper: MC. Provided access to BSL4 for challenge: HF.

References

1. Boyer JL, Kobinger G, Wilson JM, Crystal RG (2005) Adenovirus-based genetic

vaccines for biodefense. Hum Gene Ther 16: 157–168.

2. Gallo P, Dharmapurim S, Cipriani B, Monaci P (2005) Adenovirus as vehicle for

anticancer genetic immunotherapy. Gene Ther 12: S84–S91.

3. Liniger M, Zuniga A, Naim HY (2007) Use of viral vectors for the development

of vaccines. Expert Rev Vaccines 6: 255–266.

4. Papp Z, Babiuk LA, Baca-Estrada ME (1999) The effect of pre-existing adenovirus-

specific immunity on immune responses induced by recombinant adenovirus

expressing glycoprotein D of bovine herpesvirus type 1. Vaccine 17: 933–943.

5. Xiang ZQ, Gao GP, Reyes-Sandoval A, Li Y, Wilson JM, et al. (2003) Oral

vaccination of mice with adenoviral vectors is not impaired by preexisting

immunity to the vaccine carrier. J Virol 2003 77: 10780–10789.

Figure 6. Oral Vaccination with PEGylated Adenovirus Improves the B-cell Mediated but Not the T-cell Mediated Immune Response
Against Ebola Glycoprotein. Naı̈ve mice and those with pre-existing immunity were vaccinated with 161010 particles of either unmodified (Vaccine) or
PEGylated (PEG-Vaccine) Ad5-ZGP by oral gavage. Pre-existing immunity (PEI) was induced by I.M. injection with 561010 particles of adenovirus expressing
beta-galactosidase (AdlacZ). (A) Frequency analysis of IFN-c secreting CD8+ T cells harvested from splenocytes 10 days post-immunization (n = 4/group).
(B) Neutralizing antibody (NAB) levels against ZEBOV-EGFP were evaluated 25 days post-vaccination (n = 10/group). (C) Profile of anti-Ebola-specific IgG
antibodies. (D) Profile of anti-Ebola-specific IgA antibodies. In all panels, error bars represent the standard deviation of the data.
doi:10.1371/journal.pone.0003548.g006

Nasal Immunization for Ebola

PLoS ONE | www.plosone.org 8 October 2008 | Volume 3 | Issue 10 | e3548



6. Yang ZY, Wyatt LS, Kong WP, Moodie Z, Moss B, et al. (2003) Overcoming

immunity to a viral vaccine by DNA priming before vector boosting. J Virol 77:
799–803.

7. Barouch DH, Pau MG, Custers JH, Koudstaal W, Kostense, et al. (2004)
Immunogenicity of recombinant adenovirus serotype 35 vaccine in the presence

of pre-existing anti-Ad5 immunity. J Immunol 172: 6290–6297.

8. Kobinger GP, Feldmann H, Zhi Y, Schumer G, Gao G, et al. (2006)

Chimpanzee adenovirus vaccine protects against Zaire Ebola virus. Virology

346: 394–401.

9. Casimiro DR, Chen L, Fu TM, Evans RK, Caulfield, et al. (2003) Comparative

immunogenicity in rhesus monkeys of DNA plasmid, recombinant vaccinia
virus, and replication-defective adenovirus vectors expressing a human

immunodeficiency virus type 1 gag gene. J Virol 77: 6305–6313.

10. Kresge KJ (2005) Clinical trials yield promising results from two adenovirus-

based vaccines. IAVI Rep 9: 24.

11. Nwanegbo E, Vardas E, Gao W, Whittle H, Sun, et al. (2004) Prevalence of

neutralizing antibodies to adenoviral serotypes 5 and 35 in the adult populations
of The Gambia, South Africa, and the United States. Clin Diagn Lab Immunol

11: 351–357.

12. Abbink P, Lemckert AA, Ewald BA, Lynch DM, Denholtz M, et al. (2007)

Comparative seroprevalence and immunogenicity of six rare serotype recom-

binant adenovirus vaccine vectors from subgroups B and D. J Virol 81:
4654–4663.

13. Hartman ZC, Appledorn DM, Amalfitano A (2008) Adenovirus vector induced
innate immune responses: Impact upon efficacy and toxicity in gene therapy and

vaccine applications. Virus Res 132: 1–14.

14. Osten P, Grinevich V, Cetin A (2007) Viral vectors: a wide range of choices and

high levels of service. Handb Exp Pharmacol 1788: 177–202.

15. Xiang Z, Li Y, Gao G, Wilson JM, Ertl HC (2003) Mucosally delivered E1-

deleted adenoviral vaccine carriers induce transgene product-specific antibody
responses in neonatal mice. J Immunol 171: 4287–4293.

16. Vogels R, Zuijdgeest D, van Rijnsoever R, Hartkoorn E, Damen I, et al. (2003)
Replication-deficient human adenovirus type 35 vectors for gene transfer and

vaccination: efficient human cell infection and bypass of preexisting adenovirus

immunity. J Virol 77: 8263–8271.

17. Kostense S, Koudstaal W, Sprangers M, Weverling GJ, Penders, et al. (2004)

Adenovirus types 5 and 35 seroprevalence in AIDS risk groups supports type 35
as a vaccine vector. AIDS 18: 1213–1216.

18. Holterman L, Vogels R, van der Vlugt R, Sieuwerts M, Grimbergen, et al.
(2004) Novel replication-incompetent vector derived from adenovirus type 11

(Ad11) for vaccination and gene therapy: low seroprevalence and non-cross-
reactivity with Ad5. J Virol 78: 13207–13215.

19. Hashimoto M, Boyer JL, Hackett NR, Wilson JM, Crystal RG (2005) Induction
of protective immunity to anthrax lethal toxin with a nonhuman primate

adenovirus-based vaccine in the presence of preexisting anti-human adenovirus

immunity. Infect Immun 73: 6885–6891.

20. Lemckert AA, Sumida SM, Holterman L, Vogels R, Truitt DM, et al. (2005)

Immunogenicity of heterologous prime-boost regimens involving recombinant
adenovirus serotype 11 (Ad11) and Ad35 vaccine vectors in the presence of anti-

ad5 immunity. J Virol 79: 9694–9701.

21. Zhi Y, Figueredo J, Kobinger GP, Hagan H, Calcedo R, et al. (2006) Efficacy of

severe acute respiratory syndrome vaccine based on a nonhuman primate
adenovirus in the presence of immunity against human adenovirus. Hum Gene

Ther 17: 500–506.

22. Youil R, Toner TJ, Su Q, Chen M, Tang A, et al. (2002) Hexon gene switch

strategy for the generation of chimeric recombinant adenovirus. Hum Gene

Ther 13: 311–320.

23. Roberts DM, Nanda A, Havenga MJ, Abbink P, Lynch DM, et al. (2006)

Hexon-chimaeric adenovirus serotype 5 vectors circumvent pre-existing anti-
vector immunity. Nature 441: 239–243.

24. Beer SJ, Matthews CB, Stein CS, Ross BD, Hilfinger JM, et al. (1998) Poly
(lactic-glycolic) acid copolymer encapsulation of recombinant adenovirus

reduces immunogenicity in vivo. Gene Ther 5: 740–746.

25. O’Riordan CR, Lachapelle A, Delgado C, Parkes V, Wadsworth, et al. (1999)

PEGylation of adenovirus with retention of infectivity and protection from
neutralizing antibody in vitro and in vivo. Hum Gene Ther 10: 1349–1358.

26. Croyle MA, Chirmule N, Zhang Y, Wilson JM (2001) ‘‘Stealth’’ adenoviruses
blunt cell-mediated and humoral immune responses against the virus and allow

for significant gene expression upon readministration in the lung. J Virol 75:

4792–4801.

27. Croyle MA, Chirmule N, Zhang Y, Wilson JM (2002) PEGylation of E1-deleted

adenovirus vectors allows significant gene expression on readministration to
liver. Hum Gene Ther 13: 1887–1900.

28. Sailaja G, HogenEsch H, North A, Hays J, Mittal SK (2002) Encapsulation of
recombinant adenovirus into alginate microspheres circumvents vector-specific

immune response. Gene Ther 9: 1722–1729.

29. Steel JC, Cavanagh HM, Burton MA, Kalle WH (2004) Microsphere-liposome

complexes protect adenoviral vectors from neutralising antibody without losses
in transfection efficiency, in-vitro. J Pharm Pharmacol 56: 1371–1378.

30. Croyle MA, Le HT, Linse KD, Cerullo V, Toietta, et al. (2005) PEGylated
helper-dependent adenoviral vectors: highly efficient vectors with an enhanced

safety profile. Gene Ther 12: 579–587.

31. Eto Y, Gao JQ, Sekiguchi F, Kurachi S, Katayama K, et al. (2005) PEGylated

adenovirus vectors containing RGD peptides on the tip of PEG show high
transduction efficiency and antibody evasion ability. J Gene Med 7: 604–612.

32. Santosuosso M, McCormick S, Xing Z (2005) Adenoviral vectors for mucosal

vaccination against infectious diseases. Viral Immunol 18: 283–291.
33. Sullivan NJ, Sanchez A, Rollin PE, Yang ZY, Nabel GJ (2000) Development of a

preventive vaccine for Ebola virus infection in primates. Nature 408: 605–609.
34. Martin JE, Sullivan NJ, Enama ME, Gordon IJ, Roederer M, et al. (2006) A

DNA vaccine for Ebola virus is safe and immunogenic in a phase I clinical trial.

Clin Vaccine Immunol 13: 1267–1277.
35. Sullivan NJ, Geisbert TW, Geisbert JB, Shedlock DJ, Xu L, et al. (2006)

Immune protection of nonhuman primates against Ebola virus with single low-
dose adenovirus vectors encoding modified GPs. PLoS Med 3: e177. Epub 2006

May 2016..
36. Bukreyev A, Yang L, Zaki SR, Shieh WJ, Rollin PE, et al. (2006) A single

intranasal inoculation with a paramyxovirus-vectored vaccine protects guinea

pigs against a lethal-dose Ebola virus challenge. J Virol 80: 2267–2279.
37. Patel A, Zhang Y, Croyle M, Tran K, Gray M, et al. (2007) Mucosal delivery of

adenovirus-based vaccine protects against Ebola virus infection in mice. J Infect
Dis 196: S413–S420.

38. Croyle MA, Yu QC, Wilson JM (2000) Development of a rapid method for the

PEGylation of adenoviruses with enhanced transduction and improved stability
under harsh storage conditions. Hum Gene Ther 11: 1713–1722.

39. Laddy DJ, Yan J, Corbitt N, Kobasa D, Kobinger GP, et al. (2007)
Immunogenicity of novel consensus-based DNA vaccines against avian

influenza. Vaccine 25: 2984–2989.
40. Bray M, Davis K, Geisbert T, Schmaljohn C, Huggins J (1998) A mouse model

for evaluation of prophylaxis and therapy of Ebola hemorrhagic fever. J Infect

Dis 178: 651–661.
41. Hoenen T, Groseth A, Kolesnikova L, Theriault S, Ebihara H, et al. (2006)

Infection of naive target cells with virus-like particles: implications for the
function of ebola virus VP24. J Virol 80: 7260–7264.

42. Rao M, Matyas GR, Grieder F, Anderson K, Jahrling PB, et al. (1999) Cytotoxic

T lymphocytes to Ebola Zaire virus are induced in mice by immunization with
liposomes containing lipid A. Vaccine 17: 2991–2998.

43. Gibb TR, Bray M, Geisbert TW, Steele KE, Kell WM, et al. (2001)
Pathogenesis of experimental Ebola Zaire virus infection in BALB/c mice.

J Comp Pathol 125: 233–242.
44. Cheng X, Ming X, Croyle MA (2003) PEGylated adenoviruses for gene delivery

to the intestinal epithelium by the oral route. Pharm Res 20: 1444–1451.

45. Johnson E, Jaax N, White J, Jahrling P (1995) Lethal experimental infections of
rhesus monkeys by aerosolized Ebola virus. Int J Exp Pathol 76: 227–236.

46. Jaax NK, Davis KJ, Geisbert TJ, Vogel P, Jaax GP, et al. (1996) Lethal
experimental infection of rhesus monkeys with Ebola-Zaire (Mayinga) virus by

the oral and conjunctival route of exposure. Arch Pathol Lab Med 120:

140–155.
47. Mohamadzadeh M, Chen L, Schmaljohn AL (2007) How Ebola and Marburg

viruses battle the immune system. Nat Rev Immunol 7: 556–567.
48. Kiyono H, Fukuyama S (2004) NALT- versus Peyer’s-patch-mediated mucosal

immunity. Nat Rev Immunol 4: 699–710.
49. Lefrançois L, Puddington L (2006) Intestinal and pulmonary mucosal T cells:

local heroes fight to maintain the status quo. Annu Rev Immunol 24: 681–704.

50. Neutra MR, Kozlowski PA (2006) Mucosal Vaccines: The Promise and the
Challenge. Nat Rev Immunol 6: 148–158.

51. Appaiahgari MB, Saini M, Rauthan M, Vrati J, Vrati S (2006) Immunization
with recombinant adenovirus synthesizing the secretory form of Japanese

encephalitis virus envelope protein protects adenovirus-exposed mice against

lethal encephalitis. Microbes Infect 8: 92–104.
52. Zhou D, Cun A, Li Y, Xiang Z, Ertl HC (2006) A chimpanzee-origin adenovirus

vector expressing the rabies virus glycoprotein as an oral vaccine against
inhalation infection with rabies virus. Mol Ther 14: 662–672.

53. Duncan SJ, Gordon FC, Gregory DW, McPhie JL, Postlethwaite, et al. (1978)

Infection of mouse liver by human adenovirus type 5. J Gen Virol 40: 45–61.
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