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An Adenovirus-Based Vaccine with a Double-Stranded RNA Adjuvant
Protects Mice and Ferrets against H5N1 Avian Influenza in Oral
Delivery Models
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An oral gene-based avian influenza vaccine would allow rapid development and simplified distribution, but efficacy has previ-
ously been difficult to achieve by the oral route. This study assessed protection against avian influenza virus challenge using a
chimeric adenovirus vector expressing hemagglutinin and a double-stranded RNA adjuvant. Immunized ferrets and mice were
protected upon lethal challenge. Further, ferrets immunized by the peroral route induced cross-clade neutralizing antibodies,
and the antibodies were selective against hemagglutinin, not the vector. Similarly, experiments in mice demonstrated selective

immune responses against HA with peroral delivery and the ability to circumvent preexisting vector immunity.

vian influenza vaccines currently in clinical development are

designed for administration by injection and are often man-
ufactured by the traditional egg-based technology that is used for
annual influenza vaccines (1). The current mortality rate of avian
influenza is approximately 60%. While human-to-human trans-
mission has not been substantially documented, recent studies
suggest that the development of mammalian-transmissible strains
is not impossible (2, 3). An oral vaccine that could be delivered in
pill form and is manufactured in cell culture has many potential
advantages for controlling pandemic influenza, including faster
vaccine production against evolving viral strains and easier distri-
bution without the need for skilled medical personnel. One option
for creating such a vaccine is to use a replication-deficient adeno-
virus (Ad) carrying an antigen of choice. Adenovirus-based vac-
cines can be manufactured rapidly, are less sensitive to changes in
antigen sequence than influenza virus grown in eggs, and can have
substantial long-term stability. Orally delivered adenoviral vac-
cines have a long safety record of use in the U.S. military; enteri-
cally coated wild-type adenovirus strains 4 and 7 were used from
the 1970s until the late 1990s for peroral (p.o.) vaccination of basic
trainees as protection against severe respiratory infection (re-
viewed by Tucker et al. [4]). In addition, oral administration of
adenovirus-based vaccines has been shown to be effective even in
the presence of preexisting systemic immunity (5).

Despite the attractiveness of using recombinant adenovirus
(rAd) as an oral delivery vector, previous studies have reported
inefficient vaccine performance (5-8). Antigen recognition within
the intestinal microenvironment has been difficult to achieve but
can potentially be improved by increasing the innate immunos-
timulatory response through the use of adjuvants (9). The adju-
vant we have tested for this purpose is double-stranded RNA
(dsRNA). Toll-like receptor 3 (TLR3) is one of the major receptors
for pathogenic dsRNA and can be found on the endosomes of
dendritic cells (10) and on intestinal epithelial cells (11). In this
paper, we evaluate whether oral delivery of a rAd type 5 (rAd5)
vector that expresses both the hemagglutinin (HA) gene of influ-
enza virus and a dsRNA hairpin adjuvant induces immune re-
sponses and is protective in both mouse and ferret lethal-chal-
lenge models of influenza. Further we have investigated whether
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this technology can be used to deliver antigens without inducing
vector immunity.

MATERIALS AND METHODS

Cell lines. HEK293 (Molecular Medicine Bioservices, Carlsbad, CA) and
HeLa (ATCC) cells were propagated in Dulbecco’s modified Eagle me-
dium (DMEM) plus GlutaMax (Invitrogen, Carlsbad, CA) supplemented
with 10% bovine serum (BS) and antibiotics (10 units/ml penicillin, 10
pg/ml streptomycin).

Adenovirus propagation and characterization. Adenovirus subtype 5
vectors with E1 and E3 deleted were produced using the AdEasy (Qbiogene,
Carslbad, CA) kit as described in the manufacturer’s handbook. The shuttle
vector pShuttle-CMV (Qbiogene, Quebec, Canada), expressing HIV gp120
(NIH AIDS Reference and Reagent Program), codon-optimized HA (A/
Indo/05/2005 (A/Indo), synthesized by CelTek, [Nashville, TN]), and
Venezuelan equine encephalomyelitis (VEE) virus structural genes E3, E2,
and 6K (12), was constructed by standard molecular methods. A separate
vector expressing the dsRNA species lucl under the cytomegalovirus (CMV)
promoter was made by overlapping oligonucleotide primers GAAACGATA
TGGGCTGAATAC and a short 6-bp spacer between them that forms the
loop of the hairpin. A shuttle vector expressing both lucl and HA was also
made. The shuttle vectors were linearized with Pmel and transferred into
an adenoviral genome by homologous recombination in bacterial strain
BJ5183-AD1 (Stratagene, La Jolla, CA). Recombinants were selected
based on Xbal/Spel restriction digests and kanamycin selection. The re-
combinant adenoviral constructs were then Pacl digested and transfected
into HEK293 cells by calcium-phosphate transfection (13). The next day,
the cells were split into four 60-mm plates and grown for 5 to 10 days until
viral plaques became apparent. Individual plaques were isolated and
screened for viral growth in HEK293 cells. After plaque selection, the
infected monolayers were harvested, freeze-thawed 4 times at —80°C and
37°C, and centrifuged, and the supernatant was harvested. One milliliter
of this primary viral stock was used to infect 5 X 10° cells in a T-75 flask.
The virus was further expanded in three T-175 flasks before the final
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FIG 1 Vaccination with dsRNA improves systemic antibody responses to transgene after p.o. administration of rAd. (A) A rAd vector was constructed to express
dsRNA with the CMV promoter to drive expression (rAd-HA-dsRNA). (B) Antibody titers (IgG) against avian influenza virus HA following a single vaccination
in mice with either rAd-HA-dsRNA or rAd5-HA vector with no adjuvant. The titers were measured at week 4. (C) Anti-HA IgG responses of rAd-HA-dsRNA and
rAd5-HA after p.o. delivery (OD versus dilution). Dilutions between 50 and 4,050 had P values of <0.05 when comparing the vectors with or without adjuvant.
The titers were measured at week 7. n = 6 for all groups except rAd-HA-dsRNA i.m., where n = 10. The error bars indicate standard errors.

quaternary infection using 6 to 40 T-175 flasks. Cells were harvested by
centrifugation at 500 X gfor 5 min and resuspended in 10 ml of PBS. A cell
lysate was prepared by 4 cycles of freeze-thawing, and the supernatant was
clarified by centrifugation at 1,500 X g for 10 min and then by filtration
through a 0.4-pm syringe filter. The virus was then purified by ion-ex-
change chromatography using a ViraBind adenovirus purification kit
(Cell Biolabs, Inc., San Diego, CA). When larger amounts of vector were
required, as was the case for the ferret studies, the vectors were purified
using the Adeno X kit from Clontech (Mountain View, CA). The vector
was resuspended in 25 mM Tris, pH 7.5, 2.5 mM MgCl,, 1 M NaCl, and
glycerol was added to 10% (vol/vol). The viral titer (infectious units/ml)
was determined using a QuickTiter adenovirus immunoassay kit (Cell
Biolabs, Inc.). Replication-competent adenovirus (RCA) was determined
by infecting A549 cells with purified vectors and monitoring for cyto-
pathic effects (CPE). An E1A PCR method was used as an additional level
of confirmation (14).

Animal experiments. Animal research was approved by the Institu-
tional Animal Care and Use Committees (IACUC) at Vaxart and South-
ern Research Institute (Birmingham, AL). Six- to 7-week-old BALB/c
mice were acquired from Taconic (NY) and vaccinated perorally (p.o.),
similar to the method described by other investigators (15, 16). Briefly, 0.2
ml of 7.5% sodium bicarbonate was given by 24-gauge feeding tube (Fine
Science Tools, Foster City, CA), followed less than a minute later with rAd
in 0.2 to 0.3 ml of PBS. Intranasal (i.n). and intramuscular (i.m.) vaccina-
tions were performed similarly to those described by Moore etal. (17). For
the dosage, 1.0 X 107 TU per mouse was given unless specifically stated
otherwise. Plasma samples were acquired by cheek pouch lancet (Medi-
point, Mineola, NY) at several time points postvaccination. Lung washes
and splenocytes were acquired postmortem. Lung wash samples were per-
formed by inserting an 18-gauge needle into the trachea and washing 0.3
ml of PBS plus 1% bovine serum albumin (BSA) into and out of the lung.
Any lung wash samples with visible red blood cell (RBC) contamination
were removed from analysis. Five- to 8-month-old castrated male Fitch
ferrets seronegative by hemagglutinin inhibition (HAI) for human circu-
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lating influenza and H5N1 (Triple F Farms, Sayre, PA) were fasted be-
tween 1 and 4 h to allow ample time for the gastric emptying that is
necessary for visualizing landmarks. The bronchoscope was gently ad-
vanced through the oral cavity and down the esophagus to the esophageal
gastric sphincter. Air insufflation was used to distend the esophagus, al-
lowing passage of the bronchoscope. Air insufflation was also useful in the
dilation and opening of the esophageal gastric sphincter to allow the bron-
choscope to enter the stomach. When the bronchoscope reached the
stomach, the stomach was insufflated with sufficient air to allow proper
visualization of the gastric anatomy. Care was taken to avoid overfilling
the stomach with gas. The endoscope was then reflected approximately
150° back upon itself (toward the animal’s right axillary region) until the
pyloric sphincter was visualized. The bronchoscope was then advanced
through the sphincter and as far into the duodenum/proximal intestine as
possible given the length of the bronchoscope. Insufflation with air and
rinsing through the channel with distilled water were used as necessary to
make visualization of the intestinal tract possible. Once the bronchoscope
was fully inserted, the vaccine could be delivered through the channel.
Ferrets were given 4 X 10® IU of rAd vectors administered in 1 ml of PBS
at weeks 0 and 4. The channel was then rinsed with 1 ml PBS to ensure that
the entire volume of test article was delivered. After delivery of the test
article, the bronchoscope was slowly withdrawn from the animal, stop-
ping in the stomach to deflate as necessary.

ELISAs. Specific antibody titers to proteins were measured similarly to
methods described previously (18). Briefly, microtiter plates (MaxiSorp:
Nunc) were coated in 1X carbonate buffer (0.1 M at pH 9.6) with 1.0
pg/ml protein, either gp120 (Fitzgerald, Concord, MA) or influenza virus
HA (Protein Sciences, Meridian, CT). The plates were incubated over-
night at 4°C in a humidified chamber and then blocked in PBS plus 0.05%
Tween 20 (PBST) plus 1% BSA solution for 1 h before washing. Plasma
samples were serially diluted in PBST. After a 2-h incubation, the plates
were washed with PBST at least 5 times. Antibodies were then added,
either as a mixture of anti-mouse IgG1-horseradish peroxidase (HRP)
and anti-mouse IgG2a-HRP (Bethyl Laboratories, Montgomery, TX) or,

Clinical and Vaccine Immunology


http://cvi.asm.org

alternatively, anti-mouse IgA-HRP (Bethyl Laboratories) for mucosal
samples. Each secondary antibody was used at a 1:5,000 dilution. The
plates were washed at least 5 times after a 1-h incubation. Antigen-specific
mouse antibodies were detected with 3,3',5,5'-tetramethyl-benzidine
(TMB) substrate (Rockland, Gilbertsville, PA) using a microplate reader.
H,SO, was used as a stop solution, and the plates were read at 450 nm on
an Emax enzyme-linked immunosorbent assay (ELISA) plate reader. Fer-
ret antibody responses to HA were measured by ELISA using a protocol
similar to that used with mice, with the exception that the secondary
antibody was anti-ferret [gG-HRP (Bethyl Laboratories). Average anti-
body titers were reported as the reciprocal dilution giving an absorbance
value greater than the average background plus 2 standard deviations,
unless otherwise stated.

Total IgA was measured with a kit from Bethyl Laboratories before
normalizing and measuring specific IgA in the lung wash samples from
mice. Any samples without measurable IgA or with visible blood contam-
ination were discarded before specific IgA measurement. The mouse fecal
IgA samples were normalized on a weight-per-volume basis before mea-
suring the specific IgA-to-HA ratio as described previously (18). Briefly,
samples were processed by adding PBS plus 1% BSA at 1 mg/ml to the fecal
pellets and vortexing to mix them. After centrifuging and pelleting the
solid material, the sample optical density (OD) values were measured with
20% and 5% fecal material supernatant in PBST using ELISA plates coated
with HA at 1 pug/ml

For measuring anti-Ad titers, a protocol was adopted from another
publication (19). Briefly, 100 ul of adenovirus antigen (1 X 10'° particles/
ml) was mixed with carbonate buffer, and the plates were coated with the
mixture overnight at 4°C. Plates were washed four times with PBST and
blocked with 3% BSA in PBS (blocking buffer) for 1 to 3 h at room
temperature. Serum samples (1:100 and/or log dilutions) were diluted in
blocking buffer, and 100 pl was added to each well. After an overnight
incubation at 4°C, the plates were washed 4 times with wash buffer. Goat
anti-mouse IgG-HRP antibody (Bethyl Laboratories) at a 1:4,000 dilution
was added at 100 pl per well and incubated for 1 h at room temperature.
The plates were washed 6 times, and TMB was added to develop them.
Stop solution was added before reading the plates at 450 nm.

Neutralization assay. This protocol was adapted from Scallan, et al.
(20). Mouse serum or plasma was incubated at 56°C for 30 min to inac-
tivate complement and then diluted in naive mouse sera (Innovative Re-
search, Southfield, MI) in 10-fold increments starting at a 1:10 dilution.
Each dilution (50 wl) was then mixed with an equal volume of DMEM
with Ad expressing B-galactosidase (1 X 10* TU), incubated for 1 h at
37°C, and added to HEK293 cells in 96-well tissue culture plates (4 X 10*
cells/well). After a 1-h incubation at 37°C, 100 pl of DMEM with 20%
(wt/vol) BS was added to each well. The plates were incubated overnight at
37°C. The next day, the medium was removed, and the wells were washed
with 100 l of PBS. The cells were lysed with 100 wl of reporter lysis buffer
(Promega, Madison, WI). In order to aid cell lysis, the plates went through
2 rounds of freeze-thawing at 37°C and at —80°C. Then, 20 pl of o-nitro-
phenyl-B-p-galactopyranoside (4 mg/ml in PBS) was added to each well.
The plates were allowed to develop at 37°C before the reaction was
stopped by the addition of 20 wl of sodium bicarbonate. The optical den-
sity was read at 420 nm on a microplate reader. Neutralizing titers were
determined as the highest dilution at which (-galactosidase expression
was reduced by a minimum of 50%.

HAI and challenge studies. HAI titers to both clade II (A/Indo/05/
2005) and clade I (A/VN/1203/2004 [A/VN]) were measured in sera by
the Southern Research Institute (SRI) at 4 and 7 weeks using protocols
described previously (21). Wild-type A/Indo/05/2005, obtained by SRI
from the CDC, is a biosafety level 3 (BSL3) select agent and is handled by
SRIin appropriate BSL3 + facilities using approved protocols. SRI follows
all applicable rules of the Occupational Safety and Health Administration
(OSHA), Environmental Protection Agency (EPA), NIH Guidelines,
CDC and NIH’s current Biosafety in Microbiological and Biomedical
Laboratories (BMBL) edition, CDC/USDA Select Agent and Toxin Pro-
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FIG 2 Mucosal IgA responses to the HA transgene. (A) Anti-fecal IgA to HA.
Animals were vaccinated once before measuring anti-IgA antibody responses
to HA at week 4 using fecal samples normalized on a weight-per-volume basis.
OD values were measured and plotted using 20%, 5%, and 1% fecal superna-
tants. n = 10 per group. (B) Anti-HA IgA responses in lung washes following
vaccination. Mice were vaccinated a total of 3 times at 0, 4, and 10 weeks. The
animals were euthanized 2 weeks later, and total IgA was measured in the lung
wash samples before measuring specific IgA to HA using 50, 20, and 5 ng total
IgA per sample. Samples without IgA were discarded. As a positive control,
animals were i.n. vaccinated 3 weeks before harvest. n = 5 for p.o. vaccination,
and n = 4 for i.n. vaccination of naive mice. P = 0.22 between intranasal and
oral delivery. ND = not determined. The error bars indicate standard errors.

gram requirements, and the SRI Institutional Biosafety Committee (IBC)-
approved recommendations and additional health and safety require-
ments when handling select agents. Mice and ferrets were challenged at 23
and at 8 weeks, respectively, with 10 times the 50% lethal dose (LD5) of
A/Indo/05/2005 by administering the virus i.n.

Statistical analysis. Where mentioned in the text, Student’s t test (one
tailed) was used to determine the significance, with the exceptions that
Fisher’s exact test was used to determine significance for challenge studies
and the Mann-Whitney U test was used for determining whether anti-
vector titers between groups were significant. P values of less than 0.05
were considered significant.
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FIG 3 rAd expressing dsRNA and HA elicits protective immune responses in mice. (A) IgG antibody GMT against HA from animals immunized at weeks (Wk)
0 and 4. Perorally and i.m.-immunized animals showed significant antibody responses to HA that did not diminish over 22 weeks. (B) After 23 weeks, animals
were challenged with A/Indo/05/2005 at 10 times the LD5; the rAd-HA-dsRNA-immunized animals showed an increased ability to survive lethal challenge
compared to animals immunized with a control vector that expresses only dsRNA or untreated animals. (C) rAd-HA-dsRNA-vaccinated animals maintained
their weight, whereas the control vector-treated and untreated animals got sick and lost significant weight. The symbols are the same as in panel B. n = 6 per
vaccinated group, n = 5 for the control group, and n = 8 for the untreated group. rAd-HA-dsRNA-immunized animals were significantly healthy (no weightloss
or death at day 13 postchallenge) compared to control and untreated groups by Fisher’s exact test (P = 0.002 and 0.0003, respectively). The error bars indicate

standard errors.

RESULTS

dsRNA enhances antibody responses to antigen produced by
rAd. In order to increase vaccine efficacy, we designed a dsRNA
ligand (lucl) encoded on the same viral vector as the antigen. As
an exogenously provided hairpin, the lucl dsRNA was previously
shown to induce type I interferons by stimulating TLR3 on appro-
priate expressing cells (22). The ligand lucl was incorporated into
Ad vectors using the CMV promoter to drive expression (rAd-
HA-dsRNA) (Fig. 1A). To compare antibody responses, an Ad
vector expressing the HA transgene, but without the expressed
dsRNA (rAd5-HA), was used. Each of these rAd vectors encodes
the influenza virus HA protein from clade 2, A/Indo/05/2005
avian influenza virus under the control of the CMV promoter.
Mice were vaccinated with a single oral gavage administration of
each rAd vector, and at 4 weeks postvaccination, the antibody
responses to HA were measured by an anti-HA IgG ELISA. As a
positive control, animals were vaccinated by i.m. injection of
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rAd5-HA. The results show that the antibody responses to HA
were greater with the adenoviral vector that expressed dsRNA lucl
(rAd-HA-dsRNA), inducing a >1.5-log-unit improvement in
antibody response over oral gavage of the rAd5-HA vector (Fig. 1B
and C). Significantly, oral gavage of rAd-HA-dsRNA induced
antibody responses similar to those of i.m.-injected rAd5-HA.
When injected into muscle, the dsSRNA-expressing vector did not
improve antibody titers over rAd5-HA (Fig. 1B). These results
suggest that rAd-HA-dsRNA has a benefit for p.o. administration,
not muscle administration.

Distal and local mucosal immune responses to transgene. In
order to determine whether mucosal IgA was being elicited to HA,
fecal samples and lung washes were taken. Mice were vaccinated
twice with the rAd-HA-dsRNA vector (4 weeks apart), followed by
a boost 2 weeks later. After an additional 2 weeks, fecal samples
were harvested and compared to samples from naive animals for
anti-IgA responses to HA. Several animals were found to have
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significant specific IgA to HA in their fecal samples compared to
the unimmunized animals (Fig. 2A). At the end of the experiment,
lung wash samples were taken. As a positive control for lung IgA,
animals were vaccinated once by i.n. vaccination, because this
method induces substantial local IgA. Plasma IgG results for
the i.n. vaccination demonstrated a measured titer of 1.0 X 10*
after 3 weeks compared to 1.0 X 10’ for p.o. vaccination. The
results show a substantial amount of antigen-specific IgA was
induced for both i.n. and p.o. vaccination (Fig. 2B). There was
no statistical difference between the two groups (P = 0.22).
These results demonstrate that p.o. administration of rAd-HA-
dsRNA can induce both distal and local mucosal responses to
the transgene.

Peroral delivery of the rAd-HA-dsRNA vector can elicit pro-
tection against lethal avian influenza challenge in mice. The
ability to elicit protective immunity in animals was tested with two
different animal models of oral vaccine delivery. In the first model,
mice were gavaged with 1 X 107 TU of rAd-HA-dsRNA at weeks 4
and 8 and challenged at week 23 with 1 X 10° 50% egg infective
doses (EIDs,) (approximately 10 times the LDs,) of A/Indo/05/
2005. As a control for nonspecific innate immune effects, a group
of mice was administered the vector expressing the adjuvant with-
out antigen (Ad-dsRNA). Antibody responses to HA were mea-
sured at weeks 7 and 22, and the geometric mean titers (GMT)
were plotted (Fig. 3A). All rAd-HA-dsRNA-immunized mice
were protected from death and sickness, whereas the control vec-
tor-treated and untreated mice all lost significant amounts of
weight, and all but one animal perished (Fig. 3B and C).

Peroral delivery of the rAd-HA-dsRNA vector can elicit
cross-clade neutralizing antibody responses in ferrets, but pro-
tection against homologous challenge correlates with total IgG
antibody response. The ability to elicit protective immunity
against avian influenza was tested by vaccinating ferrets, an ac-
cepted model for human influenza virus infection (23, 24). In
order to simulate enteric release of Ad from a pill, an endoscope
was used to deliver the vector through the acidic environment of
the stomach to the duodenum. A group of ferrets were also vacci-
nated i.m. with rAd-HA-dsRNA as a control for delivery. As a
control for nonspecific innate immune effects, a group of animals
were given a rAd vector that expressed the adjuvant without the
antigen. Animals were administered the rAd vectors at weeks 0
and 4. The results showed substantial anti-HA antibody responses
in groups administered the rAd vectors both p.o. and i.m. at week
7 (Table 1). HAI titers were measured to determine the ability of
plasma samples to neutralize both homologous and heterologous
avian influenza virus strains. The results from the i.m. and p.o.
groups were similar at week 4 (Fig. 4A), but the HAI in the p.o.
group was higher by week 7 (Fig. 4A and Table 1), with p.o. vac-
cination showing improved HAI to homologous virus, as well as
significant cross-clade antibody responses to A/VN. There were
no measurable HAI responses in the control vector or unvacci-
nated animals (data not shown).

Atweek 8, vaccinated and unvaccinated ferrets were challenged
with 1 X 10°2° EIDs,, 10 times the LDy, of A/Indo/05/2005. The
health of the animals was monitored daily for 14 days by measur-
ing weight. Vaccinated animals that produced an HA antibody
titer above 200, including those that had no significant HAI titers
against the challenge strain, survived influenza virus challenge and
remained healthy (Table 1 and Fig. 4B). Animals that had no de-
tectable antibody titers to HA became sick and lost significant
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TABLE 1 Ferret survival after homologous challenge with influenza
virus A/Indo/5/05 correlates with total antibody titer

Route Total Ab” titer HAI/Indo” HAI/VN? Survival®
p.o. 12,800 640 320 Yes
p.o. 3,200 120 15 Yes
p.o. 3,200 160 160 Yes
p.o. 12,800 1,280 480 Yes
p.o. 200 10 10 Yes
p.o. 6,400 240 10 Yes
p.o. 1 10 10 No
p.o. 1 10 15 No
im. 12,800 10 10 Yes
im. 12,800 1,280 10 Yes
im. 12,800 480 10 Yes
im. 6,400 640 10 Yes
im. 12,800 10 10 Yes
im. 12,800 80 10 Yes
im. 6,400 10 10 Yes
im. 6,400 10 10 Yes

“ Total anti-HA antibody (Ab) was measured using an ELISA specific for A/Ind5/05 HA.

b HAI titers were measured using either the homologous influenza virus strain (A/Ind/

5/05) or the heterologous strain A/Vietnam/1203/2004. HAI data at 7 weeks are shown.
¢ Survival was monitored for 14 days post-i.n. challenge with 10 LDs, of A/Ind 5/2005.

weight (Fig. 4C). The majority of the control vector-vaccinated
and unvaccinated animals did not survive (Fig. 4B), and no ani-
mals from these groups regained their prechallenge weight (Fig.
4C). In contrast, rAd-HA-dsRNA-vaccinated animals were all
healthy, with the exception of the 2 animals that had antibody
titers of less than 200 (Table 1). These results demonstrate that a
rAd vector coexpressing a dsRNA adjuvant and HA can protect
against lethal challenge with a homologous strain in a large-ani-
mal model of avian influenza.

Peroral rAd performance is not hindered by preexisting Ad
immunity. We performed the following experiment to explore
whether oral immunization could circumvent vector immunity.
Mice were vaccinated with an Ad5 vector carrying the HIV gp120
antigen (rAd-gp120) either by the p.o. route [with poly(I-C) as a
dsRNA analogue] or by i.m. vaccination, and the antibody titers to
the vector were measured by an anti-Ad5 ELISA 3 weeks later.
Animals vaccinated with rAd-gp120 once by i.m. injection had
significant antibody titers to Ad5, whereas 11 out of 12 p.o.-vac-
cinated animals had no detectable antibody response to Ad5 (Ta-
ble 2). The mice were immunized 4 weeks later with rAd carrying
HA from influenza virus A/PR8/34 under the CMV promoter
(rAd-CMV-HA). A group of age-matched controls were vacci-
nated only once with rAd-CMV-HA. IgG anti-HA titers were
compared between animals that were vaccinated twice (represent-
ing prior exposure to Ad) and animals vaccinated once with rAd-
CMV-HA only (representing no prior exposure to Ad5). HA
antibody responses to A/PR8/34 were measured by ELISA. The
ELISA results showed that animals immunized twice by i.m. in-
jection had a 98% decrease in HA titers compared to naive animals
given only rAd5-CMV-HA (Table 2). In contrast, perorally im-
munized animals that were previously vaccinated by either the
p.o. or i.m route were able to induce antibody titers comparable to
those of naive animals given a single p.o. vaccination. Anti-vector
IgG titers were measured at the end of the experiment (week 8)
and were found to be highest in the muscle-injected groups, with
the double-injected group having average titers of 1:100,000. An
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FIG 4 rAd expressing dsRNA and HA elicits HAI responses and protects ferrets against lethal avian influenza virus challenge. (A) HAI GMT of vaccinated
animals. Perorally vaccinated animals showed significant HAI titers to both influenza A/Vietnam (VN p.o.) and A/Indo (Indo p.o.), whereas i.m.-vaccinated
animals showed HAI titers only against A/Indo (Indo i.m.). Immunizations were performed at weeks 0 and 4. Control-treated and all untreated animals had HAI
titers of 10, the background of the assay (data not shown). (B) After week 8, animals were challenged with A/Indo/05/2005 at 10 times the LD, and survival and
weight were monitored for 14 days. Vaccinated animals showed an increased ability to survive lethal challenge compared to control vector-treated (diamond) or
untreated animals. (C) Surviving vector-vaccinated animals maintained their weight, whereas the control vector-treated and untreated animals became sick and
lost significant weight. The symbols are the same as in panel B. n = 8 per vaccinated group, and n = 4 for the untreated group. rAd-HA-dsRNA-immunized
animals were significantly healthy (no weight loss at day 13 postchallenge) compared to control groups by Fisher’s exact test (P < 0.05). The error bars indicate

standard errors.

anti-Ad neutralizing antibody assay was performed to evaluate the
level of vector neutralizing antibodies in the plasma of these ani-
mals. The p.o.-vaccinated animals (groups A and E) had no mea-
surable neutralization titers after one or two vaccinations, whereas
in groups B, D, and F, where animals were vaccinated either one or
two times by i.m. injection, the animals had neutralization titers
between 1:10 and 1:100.

A subsequent experiment was performed to verify that these
effects were also applicable to the use of the rAd-HA-dsRNA vec-
tor. Animals were either preimmunized p.o. with rAd expressing
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an irrelevant antigen with the adjuvant (rAd-VEE-dsRNA) or not
preimmunized, and 4 weeks later, the rAd-HA-dsRNA vector was
given p.o. to the mice. Similarly, a group of animals were preim-
munized by i.m. injection (with rAd-VEE-dsRNA) and then 4
weeks later were immunized i.m. with rAd5-HA and compared to
mice that were not preimmunized. Groups of animals given
rAd5-HA (without adjuvant) p.o. and untreated animals were also
included in the experiment. The results show that the i.m. vacci-
nation is significantly affected by prior Ad exposure, whereas p.o.
vaccination with rAd-HA-dsRNA is not (Fig. 5A).
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TABLE 2 Oral vaccination with Ad plus adjuvant permits successful readministration

Value for group:
Parameter” A B C D E F
1st vaccination (rAd-GP120) route p.o. im. p.o. im. NA® NA
Anti-vector titer <100 1,000-10,000 <100 1,000-10,000 NA NA
2nd vaccination (rAd-CMV-HA) route p.o. p.o. im. im. p.o. im.
Anti-vector titer (avg) 100 10,000 10,000 100,000 <100 6.4e3
Anti-vector neutralization (£=SD) <10 38.5 + 48 ND¢ 65 * 49 <10 80 * 44
Anti-HA titer (£SD) 692 * 721 1,050 * 464 6,750 * 4,182 167 * 147 550 * 409 9,145 * 4,182
% HA titer compared to naive 126 190 71 2 100 100

“ Mice were vaccinated with 1 X 107 IU of Ad-GP120 vector and the exogenous adjuvant on day 1. Four weeks later, the mice were vaccinated with 1 X 107 IU of rAd-CMV-HA.

Anti-vector and anti-HA responses were measured 3 weeks post-vaccination 1 and 2.
Y NA, not applicable.
¢ND, not done.

Based on the results in Fig. 5A, we also examined the antibody
titers to Ad5 in animals vaccinated with either Ad-HA-dsRNA or
Ad5-HA by p.o. delivery and compared them to those for i.m.
delivery of Ad5-HA. Boosting may be required to elicit protective
immune responses to avian influenza in humans, and a substantial
anti-vector response might hinder the response to antigen. We
found that p.o. immunization of mice with the rAd-HA-dsRNA
vector elicited strong anti-HA IgG titers with limited antibody
titers to Ad5 (Fig. 5B). Peroral immunization with rAd5-HA in-
duced a generally low anti-vector response, with 5 out of 6 animals
with low to no titers to vector and 1 high-titer outlier. In contrast,
im. immunization with the Ad5-HA vector elicited substantial
responses to both the vector and the transgene in 6 out of 6 ani-
mals after a single administration. In order to track the immune
specificities of the different approaches, we calculated the ratio
between the anti-HA and anti-Ad5 IgG antibody responses. For
p.o. rAd-HA-dsRNA-treated mice, this ratio was approximately
2,000:1, whereas the ratio was 5.7:1 after i.m. administration of
Ad5-HA. We observed that HAI antibody titers to A/Indo in the
ferret challenge study did not increase after the second vaccination
for i.m.-vaccinated animals (Fig. 4A). We measured the Ad5 neu-
tralizing titers in the sera of these ferrets and determined that the
i.m.-vaccinated animals had substantial neutralizing titers at
weeks 4 and 7 (Fig. 5C). In contrast, the p.o.-vaccinated ferrets had
no detectable neutralizing antibody responses to Ad5 at week 4
(less than 1 in 10), and 7 of 8 had no detectable neutralizing anti-
body response at week 7, with one animal showing a titer of 10
(Fig. 5C). In vaccinated ferrets, the calculated selectivity ratio of
the A/Indo HAI titer to the anti-Ad5 neutralizing titer was ap-
proximately 100:1 for p.o. vaccination versus 0.2:1 for i.m. vacci-
nation. These results indicate that oral administration of our Ad
vaccine vectors is extremely selective in generating immune re-
sponses to the transgene.

DISCUSSION

This study shows for the first time that animals can be protected
against lethal avian influenza virus challenge by two different oral
immunization models, a mouse gavage model and a ferret endo-
scope model. Problems with current avian influenza vaccines un-
der development include reliance on eggs for manufacturing the
vaccine and reliance on qualified medical personnel for adminis-
tration. An oral Ad vaccine delivered in a pill could be more easily
distributed and grown to high titers in cell culture without eggs. A
key limitation in the past was that oral rAd vaccination was not
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efficient enough in large animals to provide meaningful antibody
titers to the payload antigen. Our approach relies on an adjuvant
(dsRNA) that significantly improves antibody responses follow-
ing p.o. delivery of rAd. Other key limitation for developing an
oral vaccine platform are the differences in gastrointestinal (GI)
transit time and pH between humans and animal models. Due to
these differences, oral dosage forms are not so easily evaluated in
animals using a formulation suitable for humans. We have already
formulated the rAd-HA-dsRNA vector in a solid dosage form
(capsule) and tested in vitro release characteristics to demonstrate
that the enteric coated capsules retain Ad activity and are stable for
lengthy periods at room temperature, which are requirements for
asuccessful oral vaccine (C. D. Scallan and G. Trager, unpublished
results). Future work will involve testing these capsules in animals,
as well as formulations predicted to be more suited to the GI
environment of experimental animals.

Human and ferret vaccination against H5 avian influenza virus
has been performed with traditional influenza vaccine technology
and found to require more antigen and to have much poorer im-
munogenicity (25, 26). The use of adjuvants is one way to improve
the efficacy of these vaccines. In an avian influenza virus ferret
challenge study by Baras et al., an injected protein vaccination
containing HA protein plus the adjuvant AS04 was able to protect
ferrets for 5 days, at which point the animals were sacrificed to
measure the influenza virus titers in the lungs (27). Approximately
67% of the animals in this study had HAI titers against the strain-
matched influenza virus, and these animals had reduced virion
titers in the lungs on day 5, closely matching the HAI results. In
our studies, 88% of ferrets immunized with rAd with adjuvant
were protected against challenge for the 14-day study duration,
where protection correlated, not with HAIL, but with total HA
antibody titers. The lack of correlation between HAI titers and
influenza virus protection is an important observation, as the as-
say is typically used to predict protection. However, reports of
protection in the absence of HAI titers are not unusual (23). This
non-HAI neutralizing protection could be the result of a number
of alternate immune responses that are not measured by the titer
assay, such as IgA in the lungs or systemic T cells, which were not
measured by HAI titers. In support of this theory, we have ob-
served mucosal anti-HA IgA in the lungs of treated mice (Fig. 2),
and we have detected systemic T cell immunity to avian influenza
virus in the same animals (data not shown). In addition, in vitro
neutralizing assays are not always predictive of in vivo virus neu-
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FIG 5 Peroral administration elicits a substantial antibody response to transgene but no measurable response to vector. (A) Vectors expressing HA were given
to mice that were either preimmunized 4 weeks before using 1 X 107 TU rAd-VEE-dsRNA (preexist) or not preimmunized. p.o.-preimmunized animals were
vaccinated (Vax) p.o., and i.m.-preimmunized animals were vaccinated i.m. Antibody titers to HA were measured by ELISA 4 weeks after the last vector was
given. As a control, the rAd5-HA vector (without dsRNA adjuvant) was given perorally to show the effects of the adjuvant on p.o. vaccine performance. (B)
rAd5-HA-dsRNA (p.o.) or rAd5-HA (p.o. and i.m.) were administered, and antibody titers to both HA (black) and vector (gray) were measured 3 weeks later.
Antivector responses were significantly higher in the i.m.-immunized group. n = 6. P < 0.01 by Mann-Whitney U test for anti-vector response comparing either
p.o. group to the i.m. group. The error bars indicate standard errors. (C) Neutralizing antibody titers to Ad5 were measured in ferrets following vaccinations at
weeks 0 and 4. P.o. vaccination induced undetectable (less than 1:10) neutralizing antibody titers to Ad5 in all animals at week 4 and in 7 of 8 animals at week 7.
In contrast, i.m.-vaccinated animals had substantial neutralizing titers to Ad5 at weeks 4 and 7. P < 0.01 by the Mann-Whitney U test. Individual results for each

animal are shown as dots. The bars represent the average neutralizing titers. Figure 4A shows the average HAI responses for the same animals. n = 8.

tralization, due in part to the limitations in the ability of the assay
to fully model viral inactivation in animals (20).

The high incidence of Ad infections in human populations
leads to preexisting immunity that can reduce the efficacy of tra-
ditional adenoviral vector-based vaccines (5, 28) (Table 2). In-
jected Ad vectors have been used successfully to protect against
avian and annual influenza virus challenge in mice (29-31) and
naive ferrets (Fig. 4B), but preexisting immunity in human pop-
ulations could severely hinder the general use of injectable Ad
vector-based vaccines. It is unlikely the survival levels for i.m.-
vaccinated ferrets in this study could be achieved in i.m.-vacci-
nated animals with preexisting Ad immunity, as witnessed by the
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lack of boosting previously seen in preimmunized animals (Fig.
4C). In an effort to avoid preexisting immunity, several different
Ad vectors are being explored as alternatives to rAd5 (32). The
advantage of using a vector with low seroprevalence is the poten-
tial ability to avoid neutralizing antibodies against the vector. Sim-
ilarly, oral rAd5 vaccination may be able to overcome the problem
of preexisting immunity because it does not appear to be affected
by the presence of Ad5 anti-vector immune responses (5). A re-
cent study using intranasal delivery also showed some ability to
generate humoral immunity to influenza virus in spite of preex-
isting Ad immunity (33). In our study, we found that i.m. vacci-
nation induced substantial serum antibody responses to trans-
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genes but also elicited significant Ad5 antibody responses in mice
and in ferrets. In contrast, peroral delivery of our vector induced
substantial anti-transgene antibody titers but no measurable anti-
vector antibody responses after a single administration. After a
second p.o. administration, low antibody titers were observed in
the plasma, but vaccine performance was not hindered. This se-
lective advantage may permit vector reuse with greater efficiency
in larger animals, as well. Our oral vector may generate this selec-
tive response in part because there is typically poor early immune
recognition of the vector in the gut environment but improved
recognition of the transgene when the dsRNA is being made. Be-
cause adjuvant and antigen are made within the same cell at es-
sentially the same time, immune recognition may be tightly fo-
cused on the antigen. Indeed, some studies have suggested
preferential loading of protein from engulfed apoptotic cells when
TLR3 is stimulated on endosomes (34). Because our vector is non-
replicating, Ad capsid proteins are not being made when the ad-
juvant is available, which may also account for the preferential
antigen response. A replicating Ad vector is not likely to have this
selective advantage. Consistent with this idea, the military Ad7
vaccine using a replicating (wild-type) virus was able to induce
substantial protective antibody responses against Ad, approach-
ing 86% efficacy (35).

We have shown that dsRNA can function as an adjuvant for
p.o. vaccination and that it is capable of increasing antibody re-
sponses to levels seen with i.m.-injected rAd. dsRNA adjuvants
have been shown to improve humoral immune responses to pro-
tein antigens following i.n. vaccination (36). Similarly, the use of
TLR3 ligands to stimulate targeted dendritic cells led to improve-
ments in the numbers of polyfunctional T cells generated against a
peptide antigen (37). A study using expressed dsRNA in a DNA
vaccine format showed no improvement in humoral immunity
following repeated injection but did show a 2-fold increase in
cellular immune responses (38). We saw no improvement in the
antibody immune response to HA following i.m. vaccination. We
did observe a greater than 10-fold improvement in anti-HA IgG
titers after oral vaccination with the rAd-HA-dsRNA vector com-
pared to the rAd5-HA vector, which lacks adjuvant. Ad has been
shown to stimulate type I interferons directly through TLR-inde-
pendent and -dependent mechanisms (39, 40). Following i.m. in-
jection, the recognition of antigens expressed by Ad is very effi-
cient, and high-titer antibody and T cell responses are obtained to
vector as well as expressed antigen. In contrast, traditional oral Ad
vectors are inefficient in eliciting these responses (8, 41). Perhaps
this is imparted through a general suppression of innate immune
responses in the gut environment in order to avoid deleterious
immune responses to food or to the commensal bacteria. The
environment of the gastrointestinal tract has a complex set of
TLRs and inhibitory mechanisms in place in order to prevent
commensal bacteria from causing abnormal inflammation, but
this receptor system can still respond to pathogens when they
cause damage (42, 43). A recent study by Contractor and col-
leagues has shown that Peyer’s patch dendritic cells are poor in-
ducers of type I interferons in response to TLR9 ligands and whole
influenza virus (44). Our approach may be able to function in part
by compensating for the poor inductive ability in the gut, thus
improving antibody titers to encoded antigens.

In conclusion, a recombinant Ad-based vaccine coexpressing a
dsRNA adjuvant can protect against avian influenza in small and
large animals. Further, antibody responses elicited by this kind of
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vaccine are selective to the transgene but not the vector, which
may allow vector reuse. We have produced capsules of the rAd-
based vaccine for a human clinical trial, which should be com-
pleted shortly.
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