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Abstract
Protective immunity against avian influenza (AI) virus was elicited in chickens by single-dose
vaccination with a replication competent adenovirus (RCA) -free human adenovirus (Ad) vector
encoding an H7 AI hemagglutinin (AdChNY94.H7). Chickens vaccinated in ovo with an Ad vector
encoding an AI H5 (AdTW68.H5) previously described, which were subsequently vaccinated
intramuscularly with AdChNY94.H7 post-hatch, responded with robust antibody titers against both
the H5 and H7 AI proteins. Antibody responses to Ad vector in ovo vaccination follow a dose-
response kinetic. The use of a synthetic AI H5 gene codon optimized to match the chicken cell tRNA
pool was more potent than the cognate H5 gene. The use of Ad-vectored vaccines to increase
resistance of chicken populations against multiple AI strains could reduce the risk of an avian-
originating influenza pandemic in humans.

1. Introduction
Highly pathogenic (HP) avian influenza (AI) viruses belonging to the H5 or H7 types continue
to threaten the world poultry industry and are zoonotic agents with pandemic potential for
humans [19]. In December 2005 the World Organization for Animal Health and the Food and
Agriculture Organization of the United Nations recommended that vaccination of poultry be
considered for the control of AI viruses [21]. We reported previously that protective immunity
against AI can be elicited in chickens in a single-dose regimen by in ovo vaccination with a
replication competent adenovirus (RCA)-free human adenovirus serotype 5 (Ad5) vector
encoding an avian H5 hemagglutinin (HA). Vaccinated chickens were protected against both
H5N1 and H5N2 HPAI virus challenges [18]. RCA-free Ad5 vectored AI vaccines can be
produced in large-scale in the well-characterized PER.C6 cell line in serum-free suspension
bioreactors [6] in conjunction with chromatography-mediated purification [4]. Safe and cost
effective vaccine delivery to large chicken populations is feasible via routinely used automated
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in ovo injectors [11,20] in response to an emerging AI pandemic. This Ad5-vectored AI vaccine
is in compliance with a DIVA (differentiation between infected and vaccinated animals)
strategy because the vector only encodes the viral HA. Thus, the routinely used serologic tests
detecting antibodies against conserved AI viral proteins allows easy discrimination between
chickens exposed to field AI viruses and chickens subjected to vaccination only.

Multiple experimental recombinant vaccines have been developed in recent years, some of
which, have been reported to efficiently protect chickens against HPAI challenge [1,5,9,16].
However, live recombinant vectors have the risk of generating revertants and allow spread of
genetically modified organisms in both target and non-target species in the environment.
Another aspect to be considered is the possible presence of immunity against a particular vector
in the chicken population because maternally derived antibodies reduce [8] and active
immunization precludes [15] the development of an efficacious immune response against the
antigen expressed by the transgene in this specie. Thus, the use of vectors such as Newcastle
disease virus [1] that are endemic in the poultry industry, require prove that they will elicit the
desired immune response in chickens immune against Newcastle disease (vaccines against
Newcastle disease are widely and repeatedly used in the poultry industry worldwide). In
contrast to live virus vaccines that may generate undesirable new reassortants with concurrently
circulating wild influenza viruses [2], it is not possible for the DNA genome of Ad5 to undergo
reassortment with the segmented RNA genome of an influenza virus. The Ad5 vector system
overcomes these issues, and the RCA-free Ad5 vector will not propagate even in human cells
in the absence of expression of the Ad E1 gene.

In the present study, we developed an RCA-free human Ad5 vector encoding a North American
lineage avian H7 HA (AdChNY94.H7) and demonstrate that immunized chickens are protected
against H7 HPAI challenge. We also show that chickens vaccinated in ovo with AdTW68.H5
and subsequently vaccinated with AdChNY94.H7 after hatch develop antibodies against both
the H5 and H7 HA proteins. Antibody responses to Ad vector vaccination follow a dose-
response kinetic. Moreover, we demonstrate that the use of a synthetic AI H5 gene with codons
optimized to match the chicken tRNA pool is more immunogenic than its counterpart without
codon optimization.

2. Materials and Methods
2.1. Construction of the AdChNY94.H7 vector

The Ad5 recombinant vaccine with the H7 transgene was developed as previously described
[18]. In brief, a fragment containing the full-length H7 gene of AI strain A/Chicken/New York/
13142-5/94 was inserted into the HindIII-BamHI site of the shuttle plasmid pAdApt (Crucell
Holland BV; Leiden, The Netherlands) to generate the plasmid pAdApt-NY94.H7. An RCA-
free E1/E3-defective Ad5 vector encoding this H7 HA gene was subsequently constructed in
human PER.C6 cells (Crucell) by cotransfection of pAdApt-NY94.H7 with the Ad5 backbone
plasmid pJM17, followed by multiple cycles of plaque purification. The AdChNY94.H7 vector
was validated by DNA sequencing. Titer [infectious units/ml (ifu)] was determined by the
Adeno-X rapid titer kit (BD Clontech; Mountain View, CA, U.S.A.).

2.2. Experimental design
The generated RCA-free Ad5 vector encoding the avian H7 HA (AdChNY94.H7) described
above and the RCA-free vector encoding the H5 HA (AdTW68.H5) of AI strain A/Turkey/
Wisconsin/68 (H5N9) previously described [18] were administered either to specific-
pathogen-free (SPF) chickens or to 18-day SPF embryonated eggs to evaluate antibody
responses and protection against challenge as described below. Hemagglutination inhibition
(HI) antibody titers in serum samples were determined as described [17] against 4
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hemagglutinating units of the low pathogenic A/Turkey/Oregon/71 (H7N3) or the A/Turkey/
Wisconsin/68 (H5N9) strains. Control groups included 10 chickens vaccinated with an Ad5
vector (AdCMV-tetC) encoding an irrelevant antigen (tetanus toxin C-fragment) [12] and 10
chickens which were not exposed to Ad5 vectors. Birds were reared and handled according to
Institutional Animal Care and Use Committee’s guidelines at Auburn University as well as at
USDA Southeast Poultry Research Laboratory.

2.3. Trial 1
AdChNY94.H7 was delivered in ovo to 8 SPF embryos at a dose of 1.5 × 1011 ifu in a volume
of 300 µl on day 18 of embryonation. Individual serum samples were obtained from all chickens
on days 28 and 45 after hatch and tested for H7 HI antibodies against the A/Turkey/Oregon/
71 (H7N3) AI strain.

2.4. Trial 2
We subsequently expanded the experiment to evaluate the intramuscular (IM) route for vaccine
delivery and demonstrate protection against lethal challenge with a HPAI virus strain. For this
purpose, 11 chickens were vaccinated IM at day 28 of age with 1.1 × 1011 ifu contained in 300
µl. Serum samples were obtained from all birds individually on days 20 and 35 post vaccination
and assessed for HI antibody titers against the A/Turkey/Oregon/71 strain. Challenge was
performed in a biosafety level 3+ facility by choanal inoculation of 105.5 embryo infective
doses (EID50) of the H7N3 HPAI virus strain A/Chicken/Chile/4957/02 (H7N3) [14]. The HA
of this challenge strain has 92.3 % deduced amino acid sequence similarity with the HA of the
A/Chicken/New York/13142-5/94 strain expressed from the Ad5 vector (GenBank accessions
AY303632 and AF072384). A total of 11 chickens, as well as 11 unvaccinated controls, were
challenged on day 70 of age. Challenged birds were observed daily for mortality throughout
an experimental period of 14 days. Oropharyngeal swabs from individual birds were obtained
for quantitation of AI genomes by real time RT-PCR at days 2 and 5 after challenge, suspended
in 1 ml of brain heart infusion medium (Difco; Kansas City, MO), and stored at −70°C. RNA
was extracted by using the MagMax RNA extraction kit (Ambion, Austin, TX, U.S.A.) using
a Kingfisher 24 extraction robot. Real-time RT-PCR was performed with primers specific for
type A influenza virus matrix RNA as described [13]. Copy number of viral RNA was
interpolated from the cycle thresholds by using standard curves generated from known amounts
of control A/Chicken/Chile/4957/02 RNA (101.0 to 106.0 EID50/ml).

2.5. Trial 3
To determine dose response and persistence of specific antibodies in in ovo vaccinated chickens
we performed two experiments. In the 1st experiment we used 105, 107 and 109 ifu of
AdTW68.H5 per 18-day-old embryonating chicken egg with 14 eggs per dilution. Serum
samples were obtained from all chickens at 10 day intervals from day 10 through 40 of age
and tested for H5 HI antibodies against the A/Turkey/Wisconsin/68 (H5N9) strain. The
percentage of chickens with detectable antibodies at each day was also examined. In a 2nd

experiment the A/Turkey/Wisconsin/68 HA gene sequence
(http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=1840077) was
optimized to the chicken codons [7,10] and synthesized at GENEART
(http://www.geneart.com/gene_technologies/faq.php). The synthetic HA gene was inserted
into the multiple cloning sites of the expression plasmid in the correct orientation under
transcriptional control of the CMV promoter. An Adderived Ad vector encoding the codon-
optimized HA gene (AdTW68.H5ck) was constructed in human PER.C6 cells as described
[18]. Three groups of 20 chickens were inoculated each with 4×105, 4×106, or 4×107 ifu of
AdTW68.H5ck (200 µl per egg) at day 18 of embryonation. Serum samples were obtained at
day 26 of age and tested for HI antibodies against the A/Turkey/Wisconsin/68 (H5N9) strain.
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2.6. Trial 4
The codon optimized AdTW68.H5ch was delivered in ovo to 27 SPF embryos at a dose of 4 ×
107 ifu in a volume of 300 µl (highest dose used in trial 3) on day 18 of embryonation. Serum
samples were obtained at day 27 after hatch for HI determination of individual H5 antibody
titers from all chickens. The same chickens vaccinated in ovo with AdTW68.H5ch were
subsequently vaccinated IM on day 27 with 5.7 × 1010 ifu/300µl of the new AdChNY94.H7
construct (described above). Serum samples from all chickens were obtained at day 52 of age
for H5 and H7 antibody testing against the low pathogenic A/Turkey/Oregon/71 (H7N3) or
the A/Turkey/Wisconsin/68 (H5N9) strains. Eleven chickens were maintained until day 68 of
age and tested only for H7 antibodies. Differences between antibody titers at different days
after vaccination were analyzed by Mann Whitney test.

3. Results
3.1. Trial 1

H7 antibody levels in chickens vaccinated in ovo with AdChNY94.H7 achieved a median of
3 log2 on day 25 and 5 log2 on day 45 after hatch. A significant increase of the mean HI antibody
titers was detected between day 25 and 45 (P=0.041). The standard error of the mean was
0.7319 and 0.9590 for days 25 and 45 respectively. Two vaccinated birds maintained an
antibody negative status throughout the experimental period.

3.2. Trial 2
H7 antibody titers detected in chickens vaccinated IM with AdChNY94.H7 (Fig. 1A) were
higher than the values obtained after in ovo delivery of a lower dose of the same vaccine in the
previous trial (trial 1). Antibody titers in chickens immunized IM showed mean HI antibody
titers of 8.5 log2 on day 25 and 7.6 log2 on day 35 after vaccination with no significant
differences (P=0.05) between these days. Viral genomes of AI strain A/Chicken/Chile/4957/02
in challenged chickens were quantitatively determined by real-time RT-PCR in oropharyngeal
swabs collected 2 and 5 days post-challenge. As seen in Fig. 1B viral RNA was detectable in
1 immunized bird at 2 days after challenge but was detected in all but two non-immunized
control chickens. The survival rate of vaccinated chickens was 100% (11/11) while only 13.2%
(2/11) of unvaccinated birds survived after challenge with HPAI strain A/Chicken/Chile/
4957/02 (H7N3).

3.3. Trial 3
Fig. 2A shows the H5 antibody titers detected in chickens on days 10, 20, 30, and 40 of age
which were vaccinated in ovo with increasing doses of AdTW68.H5. As seen in this figure,
vaccine dosage varying between 105 and 109 ifu per egg induced detectable HI antibodies in
the hatched chickens. However, significantly higher HI titers (P<0.05) were achieved by
chickens vaccinated with the higher dose of AdTW68.H5. On day 40 no significant difference
in antibody titers (P>0.05) was detected between chickens receiving 107 or 109 ifu per egg. As
seen in Fig. 2B, the percentage of chickens with detectable HI antibody levels increased with
dosage. While 105 ifu per egg induced detectable antibody in 29% of vaccinated chickens on
day 40 after hatch, on the same day 86% of the chickens vaccinated with 109 ifu showed HI
antibodies against A/Tk/WI/68 (H5N9). Codon optimization of the Ad vectored vaccine
resulted in higher titers as compared with the codon non-optimized homologous counterpart.
As seen in Fig. 3, in ovo administration of 107 ifu of AdTW68.H5ch induced mean HI titers of
4.3 log2 at day 26 after hatch. A higher dose (109 ifu per egg) of the non codon optimized
AdTW68.H5 induced approximately the same HI titer on day 30 of age in the previous trial
(see above). Similarly as with the non codon-optimized vaccine, a dose effect was observed
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with the highest dose (107 ifu) of AdTW68.H5ch induced significantly higher HI titers
(P<0.001) in the chickens as compared with the lowest dose (105 ifu) of the vaccine.

3.4. Trial 4
As shown in Fig. 4, in ovo immunization with AdTW68.H5ch elicited H5 antibody titers, as
measured by HI against AI strain A/Turkey/Wisconsin/68 (H5N9), varying between 2 and 7
log2 with a mean of 4.6 log2 on day 27 of age. These birds continued to increase their H5
antibody levels achieving values varying between 6 and 10 log2 with a mean of 7.9 log2
(P<0.0001) on day 52 of age. On day 52 of age the same chickens had also developed H7
antibody levels, as measured against A/Turkey/Oregon/68 (H7N3), varying between 0.0 and
8 log2 with a mean of 4.0 log2 in response to the intramuscular vaccination with AdChNY94.H7
on day 27 of age. Chickens continue to increase their H7 antibody titers (P<0.0001) with time
achieving a mean of 8 log2 on day 68 of age (41 days after vaccination).

4. Discussion
In ovo vaccination of chickens on day 18 of embryonation has been routinely practiced for the
last two decades in commercial chickens in the U.S. [11,20]. Thus, mass delivery of new
vaccines by this route can be easily adopted by the industry. Previously, we developed an RCA-
free Ad-vectored vaccine encoding the H5 HA protein of AI. We demonstrated that in ovo
vaccinated chickens responded with high antibody levels against the H5 HA and that vaccinated
chickens were protected against HPAI challenge [18]. A natural follow up of these studies was
to develop an RCA-free recombinant Ad vector encoding the H7 gene of AI to confirm the
protective capabilities of this novel type vaccine using a different and relevant HA subtype.

The results shown herein demonstrate that the newly developed AdChNY94.H7 vaccine
efficiently induced a specific antibody response in chickens both vaccinated in ovo and by the
intramuscular route. We also demonstrate that IM vaccinated chickens were protected against
challenge with an HPAI H7N3 strain that caused severe mortality in the Chilean poultry
industry in 2002 [14]. The fact that a few control chickens survived the challenge with the
HPAI strain has been observed by one of us in numerous other challenge experiments with
HPAI and cannot be explained in this study.

These results confirm that the RCA-free adenovirus vector efficiently expresses different HA
genes in chickens vaccinated via different routes. Furthermore, the encoded proteins elicit a
protective immune response in chickens.

In previous work we showed that chickens vaccinated with AdTW68.H5 with HI antibody
titers of 5 log2 were protected (100%) against challenge with the HPAI A/Chicken/Queretaro/
19/95 (H5N2) strain. However AI viral genomes were detected until day 7 after challenge in
those birds [18]. In the current study chickens vaccinated with AdChNY94.H7 were also 100%
protected against HPAI challenge but in addition reduction of viral shedding (as determined
by quantitation of AI viral genomes in oropharyngeal swabs) was higher. The difference may
be explained by the fact that chickens of the current work had mean HI antibody titers of ∼8.0
log2 at the time of challenge while chickens of the previous study had titers of ∼5.0 log2. Higher
antibody titers are likely the result of IM vaccination in these birds.

We intentionally used the intramuscular route in the challenge trial because we were also
interested in determining whether chickens immunized in ovo with an Ad-vectored vaccine
can be vaccinated post-hatch with another Ad-vectored vaccine containing the same Ad
backbone. This knowledge is relevant as it has been shown for other recombinant vaccines that
pre-existing immunity to the vector in the host reduces or precludes the establishment of
protective immune responses against exogenous antigens expressed by the same vector upon
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vaccination [8,15]. Thus, in ovo vaccination with AdTW68.H5ch, which elicits an immune
response against both the Ad vector and the H5 HA, could impair an efficient response against
the H7 HA after subsequent vaccination with the same Ad vector encoding a different HA
(AdChNY94.H7) after hatch. The present results showed that dually vaccinated chickens (in
ovo with AdTW68.H5ch followed by intramuscular injection of AdChNY94.H7 on day 27 after
hatch) responded with robust HI titers against both the H5 and H7 encoded proteins. Notably,
the anti-H7 antibody titers achieved by chickens vaccinated with AdChNY94.H7 only (trial 2)
were in the same range as those obtained by chickens vaccinated dually with AdTW68.H5ch
and AdChNY94.H7 (trial 3). A possible explanation for this result may be that the immune
response against the non-replicating adenovirus is rather limited in contrast to strong immune
responses resulting from replicating viral vectors such as fowl pox virus [15].

From an applied perspective, this result is relevant as it demonstrates the feasibility of
revaccinating chicken populations against a different AI hemagglutinin with the same Ad-
vector technology. For example, chicken populations subjected to a regional in ovo vaccination
program with the Ad-vector technology against H5-type AI strains could be emergency
revaccinated intramuscularly against H7 using the same technology in case of an unexpected
outbreak of an H7 strain in that region.

The results on antibody response following vaccination with different doses of the vaccine
construct were expected. Higher doses induce not only higher antibody responses but also
increased percentage of antibody positive chickens within the vaccinated group. Higher doses
likely result in greater numbers of host cells being transduced by the RCA-free adenovirus
vector and increased transgene expression. It is however interesting that higher antibody levels
(over 4 log2) are detected around day 26 of age, which is relatively late in the life of a broiler
chicken. Previous experiences and current results have shown that over 90% of chickens with
robust antibody titers are protected against challenge but we have also observed vaccinated
chickens with marginal antibody levels that were protected against HPAI challenge. Thus, it
seems that more in depth research on cellular immunity after vaccination with this vaccine is
required to improve our understanding of the induced protection. Also, it seems necessary to
further evaluate protection against challenge at time points closer to hatch.

Higher H5 antibody titers were detected in chickens vaccinated with the codon optimized
synthetic HA gene (AdTW68.H5ck) [7,10] as compared with the antibody titers detected in
chickens vaccinated with the non codon-optimized homologous counterpart of a previous trial
(Fig. 2A). This result is in agreement recent with results by Jiang et al [3] which also show that
optimization to the chicken codons improves the specific antibody responses of vaccinated
chickens. The use of synthetic genes instead of natural genes provides a great advantage for
vaccine production as it makes it feasible to produce vaccines against virus strains causing
outbreaks of disease in distant regions of the world without the necessity of importing
dangerous strains or their genetic material to the vaccine production sites.

The results presented herein further corroborate that immunization with an RCA-free human
Ad5 vector encoding AI hemagglutinins elicits protective immunity against HPAI viruses in
chickens. Unlike replicating recombinant vectors that are associated with the risk of generating
revertants and allow spread of genetically modified organisms in both target and non-target
species in the environment, the RCA-free Ad5 vectors will not propagate in the field. Ad-
vectored in ovo AI vaccines can be produced rapidly and mass-administered into chicken
populations within the context of a high standard safety profile in response to an emerging AI
pandemic. The use of RCA-free Ad5-vectored AI vaccine technology in the world’s poultry
industry will provide an immune barrier against multiple strains of avian influenza. Such a
barrier will not only protect this important protein source for human consumption, but also
would significantly reduce the risk of an avian-originating influenza pandemic in humans.
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Figure 1.
Protection of chickens by immunization with Ad-vectored H7 AI vaccine against HPAI A/
Chicken/Chile/4957/02 (H7N3) virus challenge. (A) Serum H7 antibodies induced by
intramuscular immunization with an RCA-free Ad5 vector encoding H7 HA (AdChNY94.H7).
Vaccination was performed on day 28 of age with 300µl of virus suspension containing with
1.1×1011 ifu. The Ad5 vector was purified by ultracentrifugation over cesium chloride gradient
and resuspended in Ad buffer. HI titers were determined on days 20 and 35 after vaccination.
HI titers are expressed as log2 [HI titer] in individual birds; bars represent the log2 [GMT] for
each group. No HI titers were detected in any control chickens (n=11) (not shown). (B) On
day 70 of age, chickens were challenged through the choanal slit with 105.5 EID50 of the HPAI
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A/Ch/Chile/4957/02 (H7N3) virus. A/Ch/Chile/4957/02 viral genomes in individual chickens
expressed as log10 copies per ml determined by real-time RT-PCR in oropharyngeal samples
collected 2 days post-challenge. A significant difference (P = 0.005) in viral load was detected
between vaccinated and control birds 2 days after challenge using a paired t-test (Prism 4.03).
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Figure 2.
Serum H5 antibodies induced by in ovo immunization with increasing doses of RCA-free Ad5
vector encoding H5 HA (AdTW68.H5). A) Vaccination was performed on day 18 of
embryonation with 300µl of virus suspension containing 105, 107, and 109 ifu of the
AdTW68.H5 vector per egg. HI antibody titers were measured in chickens on days 10, 20, 30,
and 40 of age. All control birds produced no measurable AI antibody titers. B) Percentage of
chickens with detectable HI antibody levels resulting from in ovo immunization at 18 days of
embryonation with increasing doses [105, 107, and 109 ifu per egg; n=14 per dilution] of RCA-
free Ad5 vector encoding H5 HA (AdTW68.H5). HI antibody titers were measured in chickens
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on days 10, 20, 30, and 40 of age. All naÏve control birds and birds immunized by the control
vector AdCMV-tetC produced no measurable AI antibody titers (not shown).
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Figure 3.
The Ad vector encoding the codon-optimized A/Turkey/Wisconsin/68 HA gene
(AdTW68.H5ck) was used for in ovo delivery. Chicken groups (n=20) were inoculated each
with 4×105, 4×106, or 4×107 ifu of AdTW68.H5ck (200 µl per egg) at day 18 of embryonation.
Serum H5 antibodies against the A/Turkey/Wisconsin/68 (H5N9) strain obtained at day 26 of
age are shown. All control birds produced no measurable AI antibody titers (not shown).
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Figure 4.
Serum HI antibodies (box plots: 25 – 75 percentile) against both the H5 and H7 AI proteins
induced by in ovo vaccination on day 18 of embryonation with AdTW68.H5 and subsequent
intramuscular vaccination with AdChNY94.H7 on day 27 after hatch. A significant increase
(P<0.0001) (Mann Whitney test) of H5-specific antibody was detected between days 27 and
52 after hatch. Similarly, AdChNY94.H7 intramuscular vaccination also determined a
significant increase of H7 antibody (P<0.0001) between days 52 and 68 of age. All control
birds produced no measurable AI antibody titers (not shown)
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