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Abstract
A long-sought goal during the battle against avian influenza is to develop a new generation of
vaccines capable of mass immunizing humans as well as poultry (the major source of avian influenza
for human infections) in a timely manner. Although administration of the currently licensed influenza
vaccine is effective in eliciting protective immunity against seasonal influenza, this approach is
associated with a number of insurmountable problems for preventing an avian influenza pandemic.
Many of the hurdles may be eliminated by developing new avian influenza vaccines that do not
require the propagation of an influenza virus during vaccine production. Replication-competent
adenovirus-free adenovirus vectors hold promise as a carrier for influenza virus-free avian influenza
vaccines owing to their safety profile and rapid manufacture using cultured suspension cells in a
serum-free medium. Simple and efficient mass-immunization protocols, including nasal spray for
people and automated in ovo vaccination for poultry, convey another advantage for this class of
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vaccines. In contrast to parenteral injection of adenovirus vector, the potency of adenovirus-vectored
nasal vaccine is not appreciably interfered by pre-existing immunity to adenovirus.
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immunization; nasal vaccine; RCA

A new class of avian influenza vaccine is required for mitigating a pandemic
Avian influenza (AI) not only ravages the poultry industry in multiple countries, but is also a
major threat to global human health. Compelling evidence suggests that all the influenza A
viruses responsible for the human pandemics of 1918 (H1N1), 1957 (H2N2) and 1968 (H3N2)
were derived from AI viruses. Both the 1957 and 1968 viruses were avian/human reassortants,
whereas the 1918 influenza virus (IFV) was probably an AI virus that adapted to human genetic
background in toto and subsequently killed approximately 50 million people through airborne
transmission [1]. In 1997, a highly pathogenic avian influenza (HPAI) H5N1 virus emerged.
Evidence of sporadic bird-to-human and subsequent human-to-human transmissions, as well
as its lethality in humans, is alarming [2,3]. Resurgence of the virus and its variants despite the
slaughter of enormous numbers of healthy birds to create a buffer zone suggests that there may
be no possibility of eradicating this fatal disease. The finding that signature mutations identified
in the 1918 virus were also present in H5N1 viruses that caused human fatalities implied that
some of the current H5N1 strains may be capable of inducing an infectious wave if the mutation
(s) necessary for efficient human-to-human transmission shou ld appea r in a n AI virus genome
[1]. Furthermore, IFV strains are capable of escaping immunologic pressure conferred by
vaccination through antigenic drift and shift [4]. The consequences of denying nimble
countermeasures could be dire.

Annual vaccination has been a cost-effective medical intervention in mitigating seasonal
influenza [5,6] . Like the first inactivated IFV vaccines developed during the 1940s, the
currently licensed trivalent (two influenza A subtypes and one influenza B virus) inactivated
IFV vaccine (TIV) is still produced by propagating seed IFV strains in embryonated chicken
eggs followed by collecting the allantoic fluids from which the virus is purified and inactivated.
TIV formulations include whole-virus particles, disrupted particles (split vaccines) and purified
antigens (subunit vaccines). The requirement for intramuscular injection of TIV is associated
with a number of problems, including a limited supply of medical personnel capable of
performing needle injections, reluctance to vaccination owing to pain and fear of needles
(aichmophobia), transmission of blood-borne pathogens with reused needles and disposal of
needles as medical waste. It is conceivable that a large proportion of the human population
may not have access to adequate needle-injection services during a pandemic outbreak. In
2003, a live-attenuated (cold-adapted) IFV vaccine (LAIV) was approved for administration
through nasal spray in the USA as a needle-free alternative for influenza vaccination [101].

Both TIV and LAIV are currently produced in embryonated chicken eggs based on an
outmoded technology. The epidemic IFV strains and a backbone strain that grows efficiently
in eggs are routinely coinoculated into the allantoic cavity of embryonated chicken eggs and
incubated for approximately 12 days. It takes at least 4 months to produce the first vaccine
after a candidate IFV vaccine strain is identified [7]. A high-biocontainment facility is required
for propagating a lethal IFV strain (e.g., H5N1), which is a threat to production workers as
well as the public if escape from the facility should occur. Propagation of human IFV strains
in chicken eggs often selects variants that are not antigenically identical to the original clinical
isolates owing to different growth requirements in avian and human cells [8]. Recently, a
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reverse-genetics system for safer and more rapid generation of a seed IFV strain using
recombinant DNA technology could shorten the time required and improve success rates. This
custom designer approach involves recovery of IFV particles from cells transfected with
plasmids encoding each of the eight gene segments of the IFV [9].

It often takes one to two eggs to produce one dose of IFV vaccine [10]. With such a low yield,
a large number of qualified eggs and huge incubator space are required for mass production.
Contamination is difficult to identify in eggs since each egg is a bioreactor itself and eggs may
not be internally sterile despite extensive disinfection of the egg shell. Purification of IFV
particles from infected eggs during mass production often resorts to high-speed centrifugation
[11]; inactivation is achieved by treating viruses with formaldehyde or β-propiolactone; and
virus splitting is performed using detergents. The requirement for 100% inactivation of IFV
may compromise its production in regions where the enforcement of regulation is insufficient.
Trace amounts of endotoxin, egg protein, formaldehyde and preservative are often found in
final TIV products [8] and their chronic impacts on health are not well understood [12].
Embryonated chicken eggs are perishable, must be ordered months in advance, and the supply
could be conceivably interrupted during a pandemic when many chickens are infected or culled.
Although the presence of undetectable and even unknown chicken pathogens in specific-
pathogen-free eggs is not a problem for TIV owing to the inactivation process, it could be a
biohazard for LAIV due to the possibility of copurification of live avian pathogens with a live
vaccine. Potentially harmful reassortments generated between a LAIV vaccine strain and a
wild HPAI virus within a dually infected mammalian (human or intermediate animal) host
could link the high transmissibility associated with a human-adapted LAIV with the high
lethality of HPAI viruses, allowing a reas-sortant to morph into a virus capable of triggering a
devastating pandemic [4]. In general, inactivated H5 AI virus vaccines are only mildly
immunogenic in humans even after multiple cycles of vaccination [13–17] . Overall, platforms
in support of licensed influenza vaccines produced in embryonated chicken eggs are not tenable
in the face of an AI pandemic. To prevent a pandemic from occurring, an audacious change in
the production of AI vaccines is required.

Cell culture-based avian influenza vaccines
To break out of the traditional mold, a number of new technologies have been developed to
varying stages (Table 1). IFV vaccines have been produced in cultured cells instead of
embryonated chicken eggs. Advantages of using cell cultures include more rapid and
streamlined production cycles, better control of the process, less chance for contamination, and
increased cost– effectiveness. Unlike embryonated chicken eggs, cell lines can be kept frozen
indefinitely and used to scale up manufacturing capability on a short notice. Of the various
available continuous mammalian cell lines, both the African green monkey kidney (VERO)
and Madin–Darby canine kidney (MDCK) cells have yielded IFV particles with higher titers
usually observed in the latter because adaptation to VERO cells is required for many IFV strains
[18]. However, the MDCK cell line has not been approved by the US FDA for vaccine
production [101] owing to its inherent neoplastic properties of unknown mechanisms [19],
even though it has been approved in Europe [8]. IFV has also been propagated in the highly
characterized and standardized human PER.C6 cell line [20], as well as continuous avian cell
lines [10,21] .

Since propagation of human IFV strains in chicken eggs often generates mutant strains due to
difference in growth requirements between avian and human cells [8], it is conceivable that
production of AI viruses in mammalian cells as an opposite may also induce undesirable
mutations with antigenicity distinct from that of the original isolates. The efficacy of AI virus
vaccines produced in mammalian cells, particularly at a large scale after multiple passages,
remains uncertain.
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IFV-free influenza vaccines
There are compelling reasons for not propagating an IFV during development and production
of an influenza vaccine, since some IFV strains do not replicate well in the laboratory [22],
some (e.g., H5N1) may be highly lethal to personnel [3] and all of them are prone to mutations
and reassortment events [4]. LAIV is particularly unsafe as a vaccine candidate against AI
owing to its capability to reassort with wild AI viruses post-administration [4], with the
potential of triggering a pandemic instead of preventing one.

A number of IFV-free influenza vaccines have been developed (Table 1), including DNA
influenza vaccines [23–25], baculovirusexpressed influenza vaccines [26–29], vaccinia virus-
vectored influenza vaccines [30] and adenovirus (Ad)-vectored influenza vaccines [31–37].
The shift away from using IFV as an influenza vaccine holds advantages in cost, time, safety
and production control. Since it is not possible to predict the emergence of a specific pandemic
strain and stockpile an effective vaccine in advance, it is imperative to develop new AI vaccines
that can be produced rapidly in response to a surge in demand with an antigenic match to the
new strain soon after its identification. All of the four new classes of IFV-free influenza
vaccines can be generated quickly using molecular biology techniques without the need to
propagate an IFV since a defined IFV gene can be synthesized rapidly (Figure 1) once its
sequence is known [35,37].

Despite its ease of production, DNA vaccines generally suffer from low potency in nonhuman
primates and humans [38,39]. Ad-vectored vaccines were significantly more immunogenic
than DNA vaccines in mice [40] and humans [41]. A baculo-virus-expressed hemagglutinin
(HA) vaccine was also less efficacious than its Ad-vectored counterpart in mice [33], although
the former could be improved by formulation into a virus-like particle (VLP) [27]. The high
potency of Ad-vectored vaccine is attributed, in part, to efficient receptor binding [42] and
inter-nalization of Ad particles [43,44], the ability of Ad DNA to escape endosomal vesicles
[45–47] and Ad’s competence in eliciting both humoral and cellular immune responses in mice
[32,33,37] and humans [31,41,48].

Although low potency could be circumvented by adjuvantation and/or increasing the vaccine
dose in conjunction with frequent booster applications, administration of DNA, baculovirus-
expressed and vaccinia virus-vectored vaccines generally requires the use of penetrating
devices (e.g., a syringe needle, scalpel, gene gun and in vivo electroporator) and trained medical
personnel to operate these devices. Noninvasive vaccination by non-medical personnel in a
single-dose regimen is crucial for mitigating a pandemic when medical resources are in short
supply during a crisis. Ad-vectored nasal influenza vaccines can elicit robust and long-lasting
immunity in mice [33,49] and humans [31] in a safe manner without using an invasive device.
In contrast to LAIV, Ad vectors are nonreplicating once purified from packaging cells, do not
require embryonated chicken eggs for production and do not reassort with wild IFV strains
(the DNA genome of Ad and the RNA genome of IFV cannot exchange genetic material). Like
Ad-vectored nasal influenza vaccine, the VLP-based nasal influenza vaccine was also capable
of activating both arms of the immune system in animals [27]. To date, some of these IFV-free
influenza vaccines have been evaluated during human clinical trials with varying degrees of
success.

Adenovirus serotype 5-vectored nasal vaccine leverages gene therapy-
associated hurdles to safe & effective vaccination

Among the 49 serotypes of human Ad, Ad serotype 5 (Ad5)-derived vectors have been
extensively characterized, modified and employed in vaccination and gene-therapy trials
[50]. Although Ad5 is highly efficient in transducing a wide variety of dividing and nondividing
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cells [51,52], there are limitations to its utility as a gene-therapy vector. Notably, transgene
expression from an Ad5 vector is transient and the repeated administration of the vector is
compromised by the inherent immunogenicity of Ad5 [53,54]. Unlike classic gene therapy,
which requires persistent and high-level transgene expression in target tissues, evidence is
emerging that beneficial clinical outcomes for vaccination can be achieved by inducing a
transient wave of antigen expression, because short-term and low-level expression of antigens
in an immunocompetent tissue could foster the longevity of memory T cells by minimizing
antigen-induced apoptosis of T lymphocytes [55]. Short duration of the vaccine after
mobilizing the immune repertoire also confers a high safety profile to the host owing to lack
of persistent interruption of genomic homeostasis.

As Ad5 is a benign virus that frequently invades the human respiratory tract [54], the human
immune system must have developed a defense mechanism against Ad5 in the airway during
evolution. Ad5’s immunogenicity, although undesirable for gene therapy, provides adjuvant
activity capable of boosting the immunogenicity of exo genous antigens [56]. Unlike unnatural
adjuvants (manmade molecules and/or administration to an inappropriate site) that may induce
unpredictable consequences [12], natural infection by Ad5 with intrinsic adjuvant activity is
generally benign. Years of use as a preventative measure for adenoviral infection have
demonstrated the safety of oral administration of Ad in humans [57]. A nasal spray of a
nonreplicating Ad5 vector into its natural portal should, thus, represent a driver in the pursuit
of safe vaccine development. Intranasal administration of soluble protein without supplemental
adjuvant is generally ineffective in eliciting a potent immune response [27]; however, unnatural
adjuvantation can be risky. An example of undesirable consequence when evolution is violated
is the association of intranasal administration of Escherichia coli heat-labile toxin adjuvant
with Bell’s palsy [58]. To date, immunization of humans by Ad5-vectored nasal influenza
vaccine, which is in compliance with evolutionary medicine, has not been associated with any
undesirable side effects [31].

Ad5-vectored vaccine would be of limited utility if its potency should be interfered by pre-
existing Ad5 immunity since human exposure to Ad5 is common worldwide [54]. In contrast
to parenteral injection of an Ad5-vectored vaccine whose potency is interfered by pre-exposure
to Ad5 [41,48,59], emerging evidence shows that Ad5-vectored nasal vaccines are capable of
bypassing pre-existing Ad5 immunity [31,33,40,59]. The high immunogenicity of Ad5-
vectored nasal vaccine even in the presence of pre-existing Ad5 immunity could be attributed
to the low threshold for vaccination in conjunction with the high efficiency of transgene
delivery into the highly immunocompetent mucosal barrier. Results suggest that Ad5-vectored
vaccines may broadcast a signal long enough to activate the immune system prior to elimination
by pre-existing Ad5 immunity, as shown by prolonged in vivo expression of a transgene despite
the presence of pre-existing Ad5 immunity in animal models [60–63], even after repetitive
intranasal administration into nonhuman primates [60].

It is conceivable that a nasal vaccine may induce focused mucosal immunity against respiratory
pathogens in the airway as shown by findings that LAIV was more effective than TIV in
preventing influenza in humans [64,65] and nasal delivery of an Ad5-vectored tuberculosis
vaccine induced more robust protective immunity against pulmonary tuberculosis than its
parenteral counterpart in mice [66]. It has also been demonstrated that an Ad5-vectored nasal
HIV vaccine induced greater HIV-specific IgA responses than its parenteral counterpart in
mucosal secretions in mice [67]. The supremacy of nasal vaccines in conferring protection
against respiratory pathogens may be attributed, in part, to IgA-mediated neutralization of virus
at the mucosal surface. In contrast to nasal vaccination, intra muscular injection of TIV failed
to stimulate secretory IgA and did not significantly reduce infection rates of IFV [68].
Moreover, antigens expressed from an Ad5 vector in animals’ own cells are folded into their
native conformational form, correctly modified and presented by major histocompatibility
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complexes and, hence, they can induce more effective immune responses compared with their
counterparts in biochemically purified subunit vaccines [69].

Owing to the nasal cavity’s proximity to the brain, it is crucial to determine whether Ad5
particles may induce inflammation and toxicity in the brain following nasal spray. Unlike
influenza, which is associated with human neurological disorders [70], inhalation of Ad5 has
not been reported to induce enc ephalitis in animals or humans. Intranasal administration of
Ad5 into mice neither expressed transgenes in the brain beyond the olfactory bulb nor induced
inflammatory responses in any tissue [67], whereas intracranial injection of Ad5 induced acute
encephalitis [71]. It is, thus, conceivable that no significant amounts of Ad5 can enter the brain
following inhalation under normal conditions. Even though a small number of Ad5 particles
may infiltrate into the brain on occasion and persist in immunocompromised patients following
nasal spray, administration of an E1-defective Ad5 vector will do less harm than infection by
a replicating virus owing to its incompetence to amplify adverse effects through replication
and late-gene expression.

Ad5-vectored vaccines can be rapidly produced & mass administered at low
costs in response to a surge in demand

Generation of nonreplicating Ad5 vectors in packaging cells by trans-complementation of the
defective E1 genes in the Ad5 genome is an ingenious design for construction of safe vectors.
Two continuous packaging cell lines are commonly used for propagation of E1-defective
human Ad5 vectors: 293, a line established by transforming human embryonic kidney cells
with the left end of the Ad5 genome [72] and PER.C6, a line established by transforming human
embryonic retinal cells with the Ad5 E1 region [73]. Each infected 293 packaging cell can
produce up to 10,000 of Ad5 vectors [74]. However, contamination by replication-competent
Ad (RCA), generated by a double-crossover event between the homologous overlapping
sequences present in the Ad5 vector and the genome of the 293 packaging cell, appears to be
an intrinsic problem for the 293 cell line [75,76]. Intramuscular injection of Ad5 stocks
containing substantial amounts of RCA induced severe inflammation and muscular atrophy in
newborn rats whereas E1-defective recombinant Ad5 was not associated with pathogenicity
[76]. Since the ratio between RCA and recombinant Ad5 kept increasing in culture and a ratio
of 1:40 had been detected after multiple passages owing to a replicative advantage of RCA
[76], it is conceivable that large-scale production of Ad5 vectors in 293 cells may generate
RCA beyond the safety margin.

Replication-competent Ad-free Ad5 vectors can be produced in PER.C6 packaging cells [73]
and the yield is comparable to that of its counterpart produced in 293 cells (Tang DC,
Unpublished Data). The PER.C6 cell line contains only Ad5 nucleotides 459–3510, which
precludes double-crossover-type homologous recombination between the PER.C6 genome and
a matched Ad5 vector with this E1 subfragment deleted. However, a helper-dependent E1-
positive particle (HDEP) occurs at an extremely low frequency (not more than one HDEP in
7.5 × 1012 Ad5 particles) during production of Ad5 vectors in PER.C6 cells [77]. Unlike RCA,
HDEP contains E1 derived from the PER.C6 genome but are devoid of E2, E3, E4 and late
genes and, hence, cannot replicate independently [77]. In contrast to RCA that outgrows E1-
defective recombinant Ad5 vector in culture [76], HDEP could be diluted out over time under
low multiplicity of infection (MOI) due to its replicative dis advantage. When compared with
infection by wild-type Ad5 and administration of RCA-contaminated Ad5 vectors, the number
of E1 genes in RCA-free Ad5 stocks containing HDEP is vanishingly small and poses a
negligible risk.

Although generation of RCA-free Ad5 vectors in PER.C6 cells foregoes many of the potential
safety concerns, the conventional process through homologous recombination between shuttle
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and Ad5 backbone DNA in PER.C6 packaging cells is slow and the subsequent cycles of plaque
purification is even more timeconsuming [73]. The finding that homologous recombination
can be carried out in E. coli cells [78–80] streamlined the procedure for Ad construction by
allowing recombination to occur overnight in bacterial cells and obviating the time-consuming
steps of plaque purification. We have developed a new system, ‘AdHigh’, for rapid generation
of RCA-free recombinant Ad5 vectors in PER.C6 cells by allowing homologous recombination
to occur in E. coli cells instead of mammalian packaging cells. This new system differs from
the commonly used AdEasy system [79,80] in which the defective pIX promoter found in
AdEasy’s shuttle plasmids [79,81] was repaired in AdHigh’s shuttle plasmid pAdHigh. pIX
plays multiple roles in Ad5’s life cycle, including stabilization of Ad5 capsids, transcriptional
activation and reorganization of nuclear proteins [82,83]. Although pIX-knockout Ad5 vectors
can be propagated with the same efficiency and titers as wildtype Ad5 in human 293 cells
owing to trans-complementation of pIX expressed from the 293 genome [84], the PER.C6 cell
is not endowed with the pIX gene [73] and hence does not support efficient propagation of Ad5
vectors with a defective pIX promoter.

To repair the defective pIX promoter in the AdEasy system, a shuttle plasmid pAdHigh was
generated by shuffling DNA fragments between AdEasy’s pShuttle-CMV (provided by Johns
Hopkins University, MD, USA) [79] and the PER.C6-compatible pAdApt (provided by Crucell
Holland BV) [35] shuttle plasmids. pAdHigh contains Ad5 nucleotides 1–454 and 3511–5790
flanking the pAdApt-derived expression cassette under transcriptional control of the human
cytomelagovirus (CMV) early promoter, Ad5 nucleotides 34931–35935, as well as bacterial
sequences containing the pBR322 origin of replication and the kanamycinresistant gene (Figure
2). After cloning a transgene into the expression cassette downstream from the CMV promoter
in the correct orientation, competent E. coli BJ5183 cells can be sequentially transformed with
the Ad5 backbone plasmid pAdEasy-1 followed by a recombinant pAdHigh shuttle as
described [80]. An RCA-free Ad5 vector encoding the transgene can be subsequently generated
by transfecting PER.C6 cells with a recombinant plasmid as described (Figure 2) [79]. By
performing homologous recombination between shuttle and Ad5 backbone plasmids in E.
coli cells and replacing plaque purification with colony purification, a new RCA-free Ad5-
vectored carrier containing a synthetic codon-optimized transgene can be generated in PER.
C6 cells within 1 month using the AdHigh system (Figure 1), which fosters a more timely and
less laborious process for responding quickly to the emergence of a new AI virus.

As shown in Figure 3 , RCA-free Ad5 vectors are routinely produced by infecting PER. C6
suspension cells in serum-free medium at a concentration of 1 × 106 cells per ml as described
[85]. A 500-l cellbag containing Ad5-infected PER.C6 cells on a wave bioreactor can
potentially produce 5 × 1015 pfu of RCA-free Ad5 vectors (equivalent to multimillion doses
based on human [31] and poultry [35] trials) in a few days after infection at an appropriate
MOI, although the actual yield may vary from batch to batch. Use of disposable cellbags
minimizes contamination and eliminates the requirements to clean and sterilize the production
system. Purification of Ad5 vectors by specific anion exchange columns allows nearly 100%
recovery [86], which is easier to scale up than purification of IFV from eggs [11] or VLP from
insect cells [27], which require highspeed centrifugation. Development of a stable liquid
formulation enables Ad5 vectors to be stored over a year at 4°C and a few weeks at an ambient
temperature without titer loss [87].

Mass immunization of poultry with a human Ad5-vectored vaccine
As the current H5N1 AI epidemic highlights, the zoonotic origin of pandemic influenza strains
suggests that mass immunization of poultry against AI should be listed as a global priority in
order to safeguard public health as well as promote animal health control. Current vaccination
of poultry with oil emulsion, inactivated, whole-AI-virus vaccines or fowl pox-vectored AI
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vaccines (Table 2) requires handling and injection of individual birds [88], which are labor
intensive and time consuming. In addition, the personnel are at great risk when they have to
handle a large number of live poultry during a pandemic with the possibility of accidental
transmission of a field AI virus when crews travel between farms. It has been demonstrated
that chickens can be effectively protected against AI by in ovo vaccination with human Ad5-
vectored AI vaccines, even against mismatched strains [34–36]. This novel AI vaccine not only
protected chickens against clinical signs and death during challenge studies, but also reduced
AI virus shedding [34]. The outcome is significant because this regimen can potentially
minimize the hazard of uncontrolled viral circulation among flocks and prevent an AI virus
from crossing the species barrier into human populations. In addition, in ovo AI vaccination
can be automated with available robotic in ovo injectors for mass immunization of poultry in
a time-, labor- and cost-saving manner with a superb safety profile [36]. Moreover, we have
demonstrated that in ovo vaccination by an Ad5-vectored AI vaccine made from crude extract
was as effective as its purified counterpart in eliciting an antibody response in chickens
(Unpublished Data). By eliminating fetal bovine serum in culture medium and the requirement
for Ad5 purification, the costs for mass immunization of poultry may be greatly reduced in
conjunction with automated mass administration. In addition to in ovo injection, chickens can
also be immunized by intraocular administration of Ad5-vectored AI vaccines [89], which may
allow mass immunization of poultry by aerosol spray of Ad5 particles.

The use of inactivated AI virus vaccines derived from the circulating or closely related AI
viruses precludes differentiation between infected and vaccinated poultry by routinely used
serological tests. This intrinsic problem with an AI virus vaccine has limited its use because it
is difficult to prove that flocks are AI-free after vaccination. In contrast to an AI virus vaccine,
the use of an Ad5-vectored AI vaccine is compatible with a differentiation between infected
and vaccinated animals (DIVA) strategy because the vector encodes a limited number of AI
virus-derived antigens (e.g., HA). Thus, host antibody responses to marker antigens (e.g.,
nuclear protein) expressed by the AI virus but not the vector can be used to discriminate natural
infection from vaccination.

In contrast to avian virus (e.g., fowl pox and Newcastle disease virus)-vectored AI vaccines
whose potency is often interfered by pre-existing immunity to the avian virus [36,88], we have
shown that chickens immunized in ovo by the human Ad5 vector encoding a H5 HA could still
be immunized post-hatch by intramuscular injection of another Ad5 vector encoding a H7 HA
[35]. Evidence suggests that it is unlikely that pre-existing Ad5 immunity in chickens may
significantly interfere with the potency of Ad5-vectored vaccines. This potential problem may
be further minimized by injection of in ovo vaccines on E18 (day 18 of embryonic incubation
in the egg), 3 days before hatch, as described [34,36], for avoiding the steep rise in yolk maternal
antibody transfer to the embryonic circulation between E19 and E21 [90]. Embryonic
pathogen-specific serum antibody levels are much lower on E17–E19 than from E20 to
immediately post-hatch [91]. Thus, E18 appears to offer a unique window for in ovo vaccination
when the level of circulating maternally derived antibody is relatively low, allowing Ad5 to
transduce embryonic cells and activate the chicken immune system with minimal interference
from maternal Ad5 immunity.

Conclusion
Overall, rapid and cost-effective production of Ad5-vectored AI vaccines in conjunction with
existing mass administration techniques may foster the development of a powerful tool for
mass immunization of humans as well as poultry in order to arrest an AI pandemic in a simple,
effective, economic and safe manner without the requirement for propagating an IFV during
vaccine production.

Tang et al. Page 8

Expert Rev Vaccines. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Expert commentary
Avian influenza is a major threat to global poultry industry as well as public health worldwide.
It is urgent to develop a new generation of IFV-free AI vaccine that can be produced rapidly,
at low costs, and easily administered by non-medical personnel, to prevent or mitigate an AI
pandemic. Ad5-vectored AI vaccines hold great promise as a critical tool against AI since they
comply with those criteria. Ad5-vectored AI vaccines induce robust immune responses in
humans as well as poultry, and they can be applied in mass-vaccination programs (nasal spray
for people and automated in ovo administration for poultry). The disadvantages identified with
Ad5 vectors during classic gene therapy trials have been shown to be advantages when Ad5
vectors are used as nasal vaccine carriers. Nasal spray of a nonreplicating Ad5 vector is in
compliance with evolutionary medicine and thus should be less risky than artificial vaccines,
manmade adjuvants and/or un natural routes that are unfamiliar to the human immune system.

Five-year view
A human Phase I clinical trial on a RCA-free Ad5-vectored nasal AI vaccine against a H5 HA
was initiated in the fourth quarter of 2008 at the University of Alabama at Birmingham, AL,
USA. Human Phase II clinical trials on two different Ad5-vectored nasal AI vaccines are
expected to be completed within 5 years. An US NIH Small Business Innovation Research
Program Phase II grant (#2-R44-AI-068285-02) has been awarded to the Vaxin Inc.–Auburn
University–Southeast Poultry Research Laboratory team for refining Ad5-vectored in ovo AI
vaccines and developing an Ad5-vectored in ovo Newcastle disease vaccine during 2008–2011.
Ad5-vectored in ovo vaccines are expected to enter the commercial market within 5 years.

Key issues

• It is urgent to develop an influenza virus-free avian influenza (AI) vaccine that
does not require the propagation of influenza viruses and the supply of
embryonated chicken eggs.

• Replication-competent Ad (RCA)-free recombinant Ad5 vectors can be generated
rapidly by the AdHigh system in PER.C6 cells.

• RCA-free Ad5-vectored AI vaccines can be rapidly produced at low costs from
PER.C6 suspension cells in serum-free medium in response to an escalation in
demand.

• RCA-free Ad5-vectored AI vaccines can be mass administered into people by
nasal spray, as well as into poultry by automated in ovo administration.

• Ad5-vectored vaccines can induce highly specific immune interventions based on
well-defined antigens that are the focus of specific immune reactivity.

• There should not be any safety concerns for nasal administration of a RCA-free
Ad5 vector into people since the vector is nonreplicating and the procedure is in
compliance with evolutionary medicine.

• There should not be any safety concerns for in ovo administration of an Ad5 vector
since chicken cells do not support the replication of human Ad5. It is conceivable
that chickens will rapidly eliminate Ad5 after the immune repertoire is mobilized
toward a beneficial immune protection following vaccination.
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Figure 1. Rapid generation of replication-competent adenovirus (RCA)-free recombinant Ad5
vectors with the AdHigh system
A new RCA-free Ad5 vector encoding a synthetic transgene potentially may be generated
within 1 month.
Ad5: Adenovirus serotype 5.
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Figure 2. The AdHigh system
The pAdHigh shuttle plasmid is a hybrid between pShuttle-CMV [79] and pAdApt [35],
containing Ad5 sequences flanking an expression cassette. After cloning a transgene into the
cassette, homologous recombination is allowed to occur between the shuttle plasmid pAdHigh
and the Ad5 backbone plasmid pAdEasy-1 in Escherichia coli BJ5183 cells. RCA-free Ad5
vectors encoding a transgene can be generated by transfecting PER.C6 cells with the
recombinant plasmid.
Ad5: Adenovirus serotype 5; Amp: Ampicillin-resistance gene; CMV: Cytomelagovirus; Kan:
Kanamycin-resistance gene; Left arm: Ad5 nucleotides 34931–35935; LITR: Ad5 nucleotides
1–454; MCS: Multiple cloning site; polyA+: Simian virus 40 polyadenylation signal; Ori:
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PBR322 origin of replication; Promoter: CMV promoter; RCA: Replication-competent
adenovirus; Right arm: Ad5 nucleotides 3511–5790 including a functional pIX promoter
[81].
This schema was a modification of that for generating AdEasy-derived Ad5 vectors in 293
cells [79].
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Figure 3. Schema for mass production of Ad5-vectored avian influenza (AI) vaccines
PER.C6 suspension cells are propagated in serum-free medium in a disposable cellbag on a
WAVETM bioreactor; Ad5-infected cells are lysed by treatment with a detergent; PER.C6 DNA
is digested with benzonase; Ad5 particles are purified by anion exchange chromatography and
formulated in A195 buffer [87]; and the Ad5-vectored AI vaccine is finally sterilized by
filtration through 0.2-µm membranes. This schema was a modification of that for producing
cGMP-grade Ad5-vectored AI vaccines in one of Vaxin’s Investigational New Drug
applications filed with the US FDA.
Ad5: Adenovirus serotype 5.
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