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Abstract: The emergence of a highly pathogenic avian influenza virus H5N1 has increased 
the potential for a new pandemic to occur. This event highlights the necessity for 
developing a new generation of influenza vaccines to counteract influenza disease. These 
vaccines must be manufactured for mass immunization of humans in a timely manner. 
Poultry should be included in this policy, since persistent infected flocks are the major 
source of avian influenza for human infections. Recombinant adenoviral vectored H5N1 
vaccines are an attractive alternative to the currently licensed influenza vaccines. This class 
of vaccines induces a broadly protective immunity against antigenically distinct H5N1, can 
be manufactured rapidly, and may allow mass immunization of human and poultry. 
Recombinant adenoviral vectors derived from both human and non-human adenoviruses 
are currently being investigated and appear promising both in nonclinical and clinical 
studies. This review will highlight the current status of various adenoviral vectored H5N1 
vaccines and will outline novel approaches for the future. 
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______________________________________________________________________________ 

1. Introduction 

Influenza is a contagious acute respiratory disease that remains a serious public-health problem 
today [1,2] and results in substantial economic burden every year [3], even though most influenza virus 
infections are self-limited. There are three type influenza viruses (A, B, and C). All of them can infect 
humans, but influenza A viruses are the most virulent types of responsible for pandemics [4]. Influenza 
A viruses can be divided into subtypes based on antigenic differences in their surface glycoprotein 
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hemagglutinin (HA) and neuraminidase (NA). Currently, 17 HA and 9 NA subtypes of influenza A 
viruses have been described [5,6]. The genome of influenza A viruses comprise eight single–stranded, 
negative-sense RNA segments that encode eleven proteins. These viruses are continuously evolving 
through accumulated mutations (antigenic drift) and genetic reassortment (antigenic shift) that results 
in the emergence of new strains. An influenza pandemic may take place when a new strain of influenza 
A virus carrying novel HA and/or NA genes enters the general population with little or no immunity 
against it. 

Compelling evidence suggests that avian influenza viruses (AIV) have contributed with genetic 
material to pandemic influenza strains that hit the world in 1918 (‘Spanish flu’), 1957 (‘Asian flu’), 
1968 (‘Hong Kong flu’), and 2009 (‘Mexican flu’) [7–9]. Currently circulating highly pathogenic 
avian influenza (HPAI) H5N1 virus poses another potential pandemic threat to humans [10]. This virus 
emerged in 1996 and the first confirmed direct transmission of AIV to humans without an intermediate 
host was in 1997 during a poultry outbreak in Hong Kong [11,12]. After re-emergence in 2003, the 
H5N1 virus strains have spread from Asia to Europe and Africa and has caused severe disease in 
poultry and wild birds in multiple countries [13]. These viruses crossed the species barriers infecting 
mammals, including domestic cats, Owston’s civets, leopards, tigers, dogs, stone martens, pigs, plateau 
pika, and humans [13]. As of August 2012, there have been a total of 608 confirmed human cases of 
H5N1 infection, with 359 deaths (59% mortality rate) in 15 countries since 2003, as reported the 
World Health Organization [14]. Although up to now H5N1 viruses have not yet shown efficient 
transmissibility among humans, the transmissions of H5N1 viruses from human to human have been 
documented in several countries [15]. Two recent laboratory-engineered mammalian-transmissible 
H5N1 virus strains [16,17] and additional surveillance data [18] clearly indicate that HPAI H5N1 virus 
can evolve into a strain capable of human-to-human transmission, which may induce a global disaster 
because the human population, overall, has no immunity against this virus. In addition, a human–to–
human transmissible HPAI H5N1 virus has the potential of being utilized as a bioterrorist weapon 
[19]. 

2. The Need for Better H5N1 Pandemic Vaccines  

To mitigate the spread of this contagious virus and reduce the degree of pathogenicity in infected 
hosts, there is a critical need for an effective H5N1 pandemic preparedness plan [20], that likely 
requires a combination of pharmaceutical prophylaxis, treatment (vaccines and antiviral drugs) and 
non-pharmaceutical interventions (general personal hygiene and reduction of nonessential contacts) 
[21,22]. H5N1 pandemic vaccine development is considered to be the cornerstone of pandemic 
influenza control and prevention. 

Traditional inactivated or live attenuated vaccines are somewhat effective in protecting people 
against seasonal influenza by targeting HA. However, it is difficult to produce sufficient amounts of 
effective H5N1 pandemic vaccines in a timely manner using the conventional egg-based system 
because: (i) It takes at least four months to produce the first vaccine after the identification of a new 
potential strain [23]; (ii) H5N1 viruses are highly lethal to personnel [14], requiring biosafety level 3 
containment facilities for vaccine production; (iii) H5N1 viruses do not replicate well in chicken 
embryos, resulting in low yields of the H5N1 vaccine virus per egg [24]. In addition, the supply of 
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eggs for vaccine production might be compromised during an H5N1 pandemic when many chickens 
are infected or culled. In general, both inactivated and live attenuated H5N1 vaccines are only mildly 
immunogenic in humans, requiring high doses of antigen, multiple cycles of vaccination, and/or the 
use of adjuvants [13,25,26]. Furthermore, the live attenuated influenza vaccine (LAIV) is only licensed 
for healthy people from 2 through 49 years of age and excludes high-risk groups [27]. Overall, the 
platforms that are licensed for the existing seasonal influenza vaccines are not optimal for an H5N1 
pandemic scenario as experienced in the 2009 H1N1 influenza pandemic [28]. Thus, it is urgent to 
explore alternative pandemic influenza vaccine strategies capable of preventing and controlling H5N1 
infection in a timely manner. 

Several egg-independent vaccine strategies, such as mammalian cell-based vaccines, recombinant 
protein-based vaccines, virus-like particle (VLP)-based vaccines, DNA vaccines, bacterial vectored 
vaccines, and viral vectored vaccines, have been extensively studied as alternative approaches [28–30]. 
Included in the list of alternative strategies are the recombinant adenoviral (rAd) vectored H5N1 
vaccines, which are promising candidates that induce rapid and long-term cross-protective immunity 
against continuously evolving H5N1 viruses [31–35]. 

3. Recombinant Adenoviral Vectors for Vaccination 

Since the first isolation of adenovirus (Ad) from human adenoid tissue culture nearly 60 years ago, 
numerous adenoviruses (Ads) have been isolated from a variety of animal species and humans [36,37]. 
Based on serological properties and genome DNA sequences, human Ads have been classified into 53 
distinct serotypes and grouped into 7 subgroups (A–G) [38], with the majority causing only mild 
clinical symptoms such as colds or gastroenteritis [39]. Ads are non-enveloped icosahedral DNA 
viruses of about 70 to 100 nm in diameter [40]. Ad viral genome, a linear double-stranded DNA of 
about 33 to 38 kb, is flanked by two inverted terminal repeats (ITRs) and its packaging signal sequence 
(ψ) locates adjacent the left ITR [41]. This genome is tightly associated with viral core proteins and 
packaged in a naked icosahedral capsid which composes three major structural proteins, hexon, 
penton, and a knobbed fiber, along with a number of other minor proteins [42]. Based on the 
transcription, which occur either before or after replication of viral DNA, the genome can be divided 
into early (E1a, E1b, E2a, E2b, E3, and E4) or late (L1-L5) regions [41,43]. 

In 1977, Graham and colleagues developed a system for the production of replication defective rAd 
vectors in a helper free environment. This system was based on the human embryonic kidney (HEK) 
293 packaging cell line, which provided E1 gene products in trans [44]. Since then, rAd vectors have 
been extensively investigated for their applications in vaccine development. There are numerous 
noteworthy reasons for utilizing a rAd as a vaccine delivery vector: (i) the safety of rAd based vaccines 
has been demonstrated in nonclinical and clinical studies against a number of infectious diseases; (ii) 
the techniques are well established for rAd vaccine construction and large-scale production in well 
characterized suspension cells (i.e. PER.C6) in a very cost effective manner  
[32, 45]; (iii) novel formulations have allowed rAd vectored vaccines to be stored in liquid buffer [46] 
or as lyophilized dry power [47] at 4 oC for at least one year and newly developed thermostabilization 
techniques may allow the storage of rAd vectors at room temperature at up to 45 oC for 6 months with 
minimal declining infectivity [48]; (iv) unlike unnatural adjuvants (manmade molecules and/or 
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administration to an inappropriate site) that may induce unpredictable consequences [49], rAd vectored 
vaccines can provide ‘self-adjuvanting’ activity [50] by activating innate immunity [51], which may 
lower regulatory and commercialization hurdles; and (v) rAd vectored vaccines can be administered by 
various routes [52–56] because they can infect a wide variety of cell types and tissues in both dividing 
and non-dividing cells, including antigen-presenting cells [31]. 

Both replication-competent and replication-defective rAd vectors have been used as vaccine carriers 
in early studies [57–60]. Due to the fact that human Ad serotype 5 (Ad5) is the best characterized of all 
Ads in virus-cell interaction, DNA replication and transcription, protein expression, and viral  
assembly [41], it is thus not surprising that the majority of currently used rAd vectors are derived from 
Ad5. 

Three generations of rAd vectors based on Ad5 have been created and tested. The first-generation 
rAd vectors are E1 or E1/E3 deleted vectors which are generated and propagated in packaging cells, 
such as HEK 293 and PER.C6 cells, that supply the products of the deleted genes in trans.  
The disadvantage with the HEK 293 cells is that replication-competent adenoviruses (RCA) can be 
generated within rAd vector productions through homologous recombination between identical 
sequences framing the E1 locus displayed by HEK 293 cells and the rAd vector backbone [61].  
The presence of RCA in rAd vaccine stocks raises the possibilities of undesired Ad infection, 
amplification, and mobilization. It also triggers the host immune response and gives rise to 
inflammation and tissue damage [62,63]. RCA-free rAd vectors can be constructed and produced by 
using the PER.C6 cell line and its matched plasmids [32,64]. PER.C6 is one of the most 
comprehensively documented mammalian cell lines, with an excellent safety record and a current 
biologics master file on record with the FDA [65]. The standard operating procedures for large-scale 
production of RCA-free first-generation rAd vectors by using PER.C6 cells for clinical trials are well 
established [32,66,67]. 

In an attempt to reduce vector toxicity, increase their cloning capacity, and prolong transgene 
expression in vivo, several investigators designed second-generation rAd vectors by further deletion of 
some or all of E2 and/or E4 genes in the E1 or E1/E3 deleted vector backbone [68–71]. The  
third-generation rAd, which are helper-dependent adenoviral vectors (HDAd), lacks all or nearly all 
viral coding sequences except necessary cis-acting elements: the packaging signal sequences (ψ) and 
two ITRs [72]. Although the second or third-generation rAd vectors might have the advantage of 
evading any pre-existing anti-vector immunity and inducing better immune responses [73,74], they 
remain difficult to produce and purify for clinical application. 

One potential problem with rAd vectors derived from Ad5 is that the majority human populations 
have pre-existing immunity to Ad5 as a result of natural exposure [75,76] that can severely reduce the 
potency of injected Ad5 vectored vaccines [77–79]. Several strategies to circumvent this potential 
drawback have been studied including the development of rare serotype human rAd vectors, non-
human rAd vectors, and molecular engineered Ad5 vectors. 

A number of novel rAd vectors based on the rare serotype human Ads (i.e. Ad11, Ad26, Ad35, 
Ad48, Ad49, and Ad50) [80–84] and non-human rAd vectors such as chimpanzee Ads [85–87], bovine  
Ad 3 [88], canine Ad 2 [89], and porcine Ad 3 [90] have been examined as alternative vectors for 
evading pre-existing Ad5 immunity. However, studies have clearly showed the transgene product-
specific antibody responses induced by the vectors derived from both the rare human serotype viruses 
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and chimpanzees viruses are markedly lower than those induced by Ad5 based vectors [83,91,92]. 
Moreover, the pre-existing Ad5-specific CD4+ T and CD8+ T cells may still have a negative impact 
on the potency of a chimpanzee rAd vectored vaccine [93,94]. Given the impressive immune responses 
generated by Ad5 based vectors in naïve animals, several investigators have constructed molecular 
engineered Ad5 vectors to minimize the effect of the anti-Ad5 immunity [95,96]. Despite the 
substantial progress in molecular engineering of rAd vectors that has been made since the initial 
studies, these vectors have been proven difficult to construct and produce. In addition, the safety of the 
rare serotype human rAd vectors, non-human rAd vectors, and molecular engineered rAd vectors 
needs to be investigated before their use in humans [97]. 

4. Adenoviral Vectored Nasal Vaccines Can Bypass Pre-Existing Immunity 

Immunization with rAd vectored vaccines by different routes and doses can have a significant effect 
on the type and strength of the induced immune responses [98–101]. Similar to traditional vaccines, 
rAd vectored vaccines are usually delivered parenterally to stimulate humoral and cellular immune 
responses. However, the efficacy of the parenterally delivered rAd vectored vaccines may have 
interference by the presence of pre-existing Ad5 immunity. In contrast, administration of rAd vectored 
vaccines via alternative routes might overcome pre-existing immunity against the Ad5  
vector [53,55,102–105]. 

There are evidences that intranasal immunizations with rAd vectored vaccines can overcome the 
effect of pre-existing immunity to Ad5 vectors. They also induce sufficient immune response against 
encoded antigens and provide protection against challenge of pathogens in mice, rabbits, and  
non-human primates [106–111]. These events could be caused due to high-efficiency gene delivery 
into cells in the superficial layer along the mucosal barrier, together with the potent antigen 
presentation associated with this immunocompetent interface tissue. 

Although intranasal inoculation of rAd vectors in mice or rats could lead to some viral 
dissemination to the olfactory bulb and the central nervous system [112–115], no cytopathic effect was 
detected in the central nervous system structures [112]. After intranasal delivery of a rAd vectored 
anthrax vaccine in rabbits, the rAd vector DNA was transiently detected in trachea, olfactory bulb, and 
lymph node. However, no Ad vector DNA was found in liver, blood, and brain, but the majority of 
DNA was detected in the lung and could persist there for up to a month (Vaxin unpublished data). 
Intranasal administration of a rAd vectored vaccine had no undesirable systemic effects in rabbits, 
cynomolgus macaques or humans [53] (Vaxin unpublished data). 

The natural tropism of Ad5 vectors for the respiratory tract makes them useful for the purpose of 
intranasal vaccination against pathogens (e.g. influenza virus), that preferentially initiate infection at 
the mucosal site. Thus, intranasal immunization of Ad vectored vaccines through the use of a nasal 
spray could be advantageous since immunization becomes simple, practical, economical, and well 
suited for mass vaccination campaigns. 
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5. Adenoviral Vectored H5N1 Vaccines 

5.1. Multifaceted Immune Responses  

Comparative data have demonstrated that rAd vectored vaccines induced better humoral and 
cellular immune responses than recombinant protein vaccines, plasmid-based DNA vaccines, and other 
recombinant vector systems currently available [83,116,117]. The effectiveness of rAd vectored 
influenza vaccines has been intensively evaluated in a series of efforts focused on the development of 
vaccines against various influenza virus subtypes, particularly in HPAI H5N1 vaccines.  

In 2006, Gao et al. reported that a rAd vector encoding HA gene from A/Vietnam/1194/04 elicited 
robust humoral and/or cellular immune responses in vaccinated mice and chickens. Immunized 
animals were completely protected from a lethal challenges with H5N1 (A/Vietnam/1194/04) [118]. 
They also described that mice immunized with a rAd vector containing HA2 domain from 
A/Vietnam/1194/04 generated negligible humoral neutralizing response but strong cellular immunity. 
Also, animals were partially protected when challenged with a lethal dose of A/Vietnam/1194/04.  
In addition, vaccination with a rAd vector encoding HA1 domain from A/Hong Kong/156/97 could 
provide cross-protection against the antigenically distinct A/Vietnam/1194/04 virus [118]. At the same 
time, Hoelscher et al. observed that mice intramuscularly or intranasally immunized with a rAd 
expressing HA protein from A/Hong Kong/156/97 were effectively protected against lethal challenges 
with the heterologous (A/Hong Kong/483/97) and (A/Vietnam/1203/04) H5N1 influenza viruses, even 
without a strong humoral neutralizing response against A/Vietnam/1203/04 virus [119]. These two 
studies highlight that robust cellular immune responses induced by rAd based influenza vaccines have 
the advantage of conferring broader protection against continuously evolving H5N1 viruses. Cellular 
immune response also plays an important role in virus clearance and promoting early recovery during 
H5N1 infection [120,121].  

In addition, a rAd vaccine encoding a HA gene is able to stimulate cross-protective immunity 
between different subtypes of avian influenza virus [52,122,123]. This suggests that rAd based 
vaccination may induce secretion of antibodies against conserved epitopes of HA molecules from 
different subtypes or strains [124], providing cross-protection against divergent influenza viruses. 

During the last ten years, the research group at Vaxin has been developing RCA-free, rAd based 
nasal influenza vaccines [32,53,125]. Studies from Vaxin and others have demonstrated that a single-
dose intranasal administration of a rAd vectored influenza vaccine could confer protection against 
virulent influenza virus challenges in animals [126,127] (Vaxin unpublished data). Growing evidence 
suggests that rAd vectored nasal influenza vaccines induce greater antigen-specific IgA and IgG 
responses in the respiratory tract. These vaccines could also provide more virus-specific activated  
T-cells in the lung and better protection than intramuscularly injected rAd vaccines [123,128,129]. 
This is significant because mucosal immunity can potentially provide cross-protection against different 
strains of influenza [130–135]. The more relevant immune responses are found in human clinical trials 
where human subjects could be safely and effectively immunized with rAd vectored nasal influenza 
vaccines even in the presence of pre-existing anti-Ad5 immunity [53] (data of a recent rAd H5N1 nasal 
vaccine phase I unpublished clinical study involving 48 human). 
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Recently and unexpectedly, Vaxin found that significant protection is afforded by a single intranasal 
vaccination but not intramuscular injection of either the AdNCHA1.1 vaccine (a rAd vector encoding 
codon-optimized HA1 domain from A/New Caledonin/20/99) or an AdE vector (a rAd vector without 
the transgene) against A/California/04/09 (pandemic H1N1) or A/Puerto Rico/8/34 viruses after two 
days administration [136]. Although the mechanism is not yet clear, this observation suggests that 
intranasal immunization of a rAd vector expressing HA proteins may confer seamless protection 
against influenza virus infection by eliciting of innate as well as adaptive immune responses.  
More recently, we found that the intranasal administration of an AdVNHA5 vector (a rAd vector 
encoding codon-optimized HA gene from A/Vietnam/1203/04) could provide similar protection 
against A/vitenam/1203/04 virus challenge infection in mice (Vaxin unpublished data). 

Similar to other rAd based vaccines [137–140], the rAd vectored H5N1 vaccines are able to induce 
rapid and long-lasting humoral and cellular protective immunity in mice [127,129,141]. This is a 
highly desirable attribute for an H5N1 vaccine to overcome the emergence of an H5N1 pandemic.  
The establishment of a complete protection could limit future infection and reduce transmission rates 
by providing a long lasting immunity to the herd. 

5.2. Strategies for Broad Protection 

The HA glycoprotein is the primary influenza vaccine target that stimulates higher levels of HA 
inhibition (HI) and neutralizing antibodies (NAB) titers, stronger cellular immune responses, and 
confers better protection against homologous or heterologous H5N1 virus challenge than NA, 
nucleoprotein (NP), matrix protein 1 (M1) or M2 based vaccines [142–145]. However, a monovalent 
HA rAd based vaccine may not provide adequate protection against a broad range of heterologous 
strains of H5N1 influenza viruses, that are currently classified into more than ten antigenically unique 
clades on the basis of phylogenetic analysis of their HA genes [146].  

Three approaches, which are not mutually exclusive, have been tested in animals to evaluate the 
efficacy of rAd based H5N1 vaccines against H5N1 isolates from various clades: (i) co-immunization 
with multivalent rAd vectors expressing HA glycoproteins or other antigens derived from different 
clades; (ii) a rAd vector expressing HA protein with NA protein and/or other highly conserved 
influenza antigens; (iii) different combination of prime-boost with rAd based H5N1 vaccines. 

The efficacy of a multivalent rAd based HA vaccine was first examined by immunizing mice with 
rAd vectors encoding HA genes from clade 1 virus (A/Vietnam/1203/04), or rAd vectors encoding HA 
genes from clade 2 virus (A/Indonesia/5/05), or both [147]. Serum tests showed that mice receiving 
clade 1 vaccine or clade 2 vaccine produced strong neutralizing antibodies against H5N1 viruses of the 
same clade but not against the other clade. The mice that received both vaccines generated protective 
immunity against H5N1 viruses from both clades, but antibody titers were relatively low [147]. In a 
similar study, mice immunized with both rAd vectors containing A/Hong Kong/482/97 (clade 0) HA 
and rAd vectors encoding A/Vietnam/1194/04 (clade 1) HA produced similar HI antibody titers 
against A/Vietnam/1194/04 to the mice immunized with clade 1 vaccine alone, but generated 
significantly higher HI titers than the mice only received clade 0 vaccine [148]. These results 
demonstrated that multivalent rAd based H5N1 vaccines could be mixed and delivered simultaneously. 
The immune response elicited by different rAd vectors suggests that some H5N1 strains may provide 
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better protection against heterologous challenge than others. Interestingly, Hoelscher et al. showed that 
co-administration a rAd vector expressing HA gene with a rAd vector expressing NP gene could 
further enhance the efficacy of the vaccine [147]. By contrast, Petal et al. found that the immunization 
a rAd based HA vaccine together with a rAd vector expressing NP actually damaged the quality of the 
protective immune responses [149]. Future studies are needed to focus on what are the relative benefits 
or detriments of combinations of multivalent rAd vaccination. 

Several groups have tested the feasibility of a rAd H5N1 vaccine encoding multiple influenza genes 
to elicit heterosubtypic immunity. Holman et al. constructed two rAd vectors expressing HA, NA, and 
M1 genes from a clade 1 H5N1 virus A/chicken/Thailand/CH-2/04 (cAdVax-FluAv) and from the 
1918 Spanish influenza strain A/South Carolina/1/18 (cAdVax-Flusp) respectively [150].  
These vaccines are based on a second generation rAd platform that had been applied to several disease 
models [102,151,152]. The cAdVax-FluAv vaccine induced HI titers against both clade 1 
(A/Vietnam/1203/04) and clade 2 (A/Indonesia/5/05) viruses, with a higher results of immune 
response against the more homologous clade 1 virus. The same vector induced a 100% protection in 
mice challenged with both clade 1 and clade 2 viruses [150]. Although the rAdVax-Flusp vaccine did 
not elicit HI antibodies against A/Vietnam/1203/04 and A/Indonesia/5/05 viruses, immunization with 
rAdVax-Flusp did provide complete protection against a lethal A/Vietnam/1203/04 virus challenge and 
partial protection against A/Indonesia/5/05 challenge [150]. Park et al. created a rAd H5N1 vaccine 
(rAdv-AI) expressing two fusion genes linked by an internal ribosome entry site (IRES) based on a 
traditional first-generation rAd vector [128]. One fusion gene contains three copies of M2e (2-24 
amino acids of M2), the extracellular domain regions of the HA gene of A/Hong Kong/213/2003, and 
human CD40L. Another fusion gene carries M1 and M2 genes from A/Vietnam/1203/2004. In contrast 
to intramuscular immunization only eliciting systemic immunity, intranasal vaccination with the  
rAdv-AI vaccine was able to induce both systemic and mucosal antigen-specific immune responses 
[128], that may be more effective against antigenically distinct H5N1 viruses. Interestingly, mice 
received the rAdv-AI vaccine were completely protected against a lethal H5N2 virus challenge. 
However, -no anti-H5N2 neutralizing antibodies were detected [128]. More recently, Pandey et al. 
reported that a rAd vector encoding both HA and NP genes from A/Vietnam/1203/04 could induce 
protective immune response in mice, even with high levels of pre-existing Ad5 immunity [105]. The 
use of a rAd H5N1 vaccine encoding multiple influenza antigens may have several advantages, like: 
the reduction of production costs, the decrease of vaccination side effects and the induction of 
balanced immune responses to all antigens.  

In a series of studies, Epstein and her colleges demonstrated that a DNA priming-rAd boosting 
regimen focusing immunity on conserved influenza virus antigens (NP and/or M2) is able to stimulate 
a broadly protective immunity against challenge with virulent heterologous viruses, including different 
H5N1 strains, in both mouse and ferret models [129,153-155]. They further showed that intranasal rAd 
boosting could induce stronger mucosal immunity, enhance viral clearance, and confer better 
protection against morbidity following highly virulent H1N1 and H5N1 virus challenge. These results 
were superior compared to intramuscular rAd boosting or intranasal cold-adapted influenza virus 
boosting [129]. However, vaccines based on conserved antigens are not capable of replacing HA 
antigen matched vaccines because these vaccines alone cannot prevent viral infection. Therefore, only 
reduce the severity of disease and protect animals against low dose influenza virus challenge [156].  
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A recent study suggested that NP and M2 antigens may require combinatorial vaccination with HA 
antigens to become suitable candidates for universal influenza vaccines [142]. Using HA molecules 
from different subtypes of the influenza viruses, Wei et al. demonstrated that DNA priming-rAd 
boosting vaccination could generate a strong antigen-specific cellular immunity and high titers of 
broadly neutralizing antibodies, including antibodies against conserved HA2. They also protect 
animals against challenge with more divergent influenza strains [52], even in animals with pre-existing 
influenza immunity [157]. rAd vectors have been demonstrated to be very immunogenic at priming 
[117] and boosting [158]. In agreement with these studies, Lin et al. recently showed that a rAd 
encoding HA gene priming followed by a recombinant trimetric HA protein boosting elicited a robust 
neutralizing antibody responses against homologous and heterologous H5N1 virus strains [159].  
The prime-boost immunization strategies are excellent regimes for enhancing the potency of rAd based 
H5N1 vaccines, but they require multiple doses over a prolonged immunization schedule, which might 
limit their usefulness during an H5N1 pandemic. 

5.3. Human Adenovirus Serotype 4 Vectored H5N1 Vaccines 

In addition to Ad5 derived vectors, replicating recombinant adenovirus serotype 4 (rAd4) vector has 
also been studied for prevention of several disease models [160,161]. Recently, Alexander et al. 
presented nonclinical data that intranasal administration of a rAd4 encoding HA gene from 
A/Vietnam/1194/2004 induced HA specific HI antibodies and cellular immune responses.  
This adenoviral construction also protected mice against a lethal H5N1 reassortant viral challenge even 
in the presence of pre-existing anti-Ad4 immunity [162]. One phase I clinical trial designed to evaluate 
the safety and immunogenicity of an oral rAd4 H5N1 vaccine has been completed [163].  
Another phase I trial in healthy adults aged 19-45 years to determine the optimal route and dose for the 
rAd4 H5N1 vaccine is underway [163]. 

5.4. Non-Human Adenovirus Vectored H5N1 Vaccines 

Several non-human Ad vectors have been tested as H5N1 vaccine carriers that were primarily 
intended as strategies to overcome pre-existing anti-Ad5 immunity. Roy et al. tested the efficacy of a 
single dose of AdC7 (a chimpanzee adenovirus vector) expressing A/Puerto Rico/8/34/mount Sinai NP 
gene and showed that it was less effective than a Ad5 based vector in protection against A/Puerto 
Rico/8/34/mount Sinai, A/Vitetnam/1203/04 and A/Hong Kong/483/1997 in a mouse model [87]. 
Singh et al. described the effectiveness of a BAd3 (a bovine adenovirus 3 vector) containing HA gene 
from A/Hong Kong/156/97 in eliciting the protective immune responses against A/Hong Kong/483/97 
challenges in mice with or without pre-existing anti-Ad5 immunity [88]. Patel et al. presented data 
with a PAV3 (a porcine adenovirus 3 vector) based H5N1 vaccine encoding A/Hanoi/30408/05 HA 
gene and demonstrated that it could be at least as potent as its Ad5 counterpart in mice [90]. A 
recombinant replication-competent canine adenovirus type 2 (cAd2) expressing HA gene from H5N1 
subtype of tiger influenza virus (A/tiger/Harbin/01/2003) has also been evaluated in cats as a Felidae 
H5N1 vaccine [164]. 
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5.5. Recombinant Adenoviral Vectored H5N1 in Chicken 

Most H5N1 infections in humans have been preceded by outbreaks in poultry [165]. Thus, it is not 
surprising that mass immunization of poultry against H5N1 could reduce the risk of human exposure; 
hence, the decrease of H5N1 infected humans by reducing the number of susceptible poultry [166]. 
Current vaccination of poultry with oil emulsion, inactivated, whole-AI-virus vaccines or fowl  
pox-vectored AI vaccines are effective in reducing the risk of infection and disease, but injection of 
individual birds are labor intensive and time consuming. Improved vaccines are required in order to 
induce rapid and sustained broad immunity, to allow mass vaccination campaigns and DIVA 
(differentiation between infected and vaccinated animals) strategies. The potency of a rAd vectored 
H5N1 vaccine expressing HA protein of A/Vietnam/1203/04 has been demonstrated [101,118] and can 
be significantly enhanced by fusion of HA protein with chicken CD154 in chickens [167]. 
Additionally, chickens can be effectively immunized by in ovo administration or aerosol spray of rAd 
vectored AI vaccines [125,168]. Both types of vaccines may allow mass immunization of poultry with 
the rAd vectored vaccines. Furthermore, chickens immunized in ovo with a rAd vectored HA5 vaccine 
can be successfully vaccinated post-hatch with another rAd vectored HA7 vaccine [122], raising the 
possibility of protection against multiple pathogens with the same rAd vector technology. 

 6. Future Directions 

There is no doubt that significant progress has been made, during the past decade, in the field of the 
rAd-vectored H5N1 influenza vaccines. However, these vaccines must overcome several challenges 
before they can be considered a suitable alternative to the currently licensed vaccines.  

A major drawback faced by the vaccine candidates for licensure is the lack of information 
associated to the correlation between immunity and protection [169]. A serum HI titer of 40 or greater 
is a well-established marker of immune protection for inactivated seasonal influenza vaccines 
intramuscularly injected. However, this may not appear to hold true for a rAd vectored H5N1 vaccine 
encoding heterogonous HA [128,150], HA1 fragment (Vaxin unpublished data), HA2 fragment [118], 
or conserved NP and M2 antigens [129]. Mounting evidence indicates that mucosal and T cell 
mediated immunity may actually more important than previously realized against a broad spectrum of 
H5N1 strains [118,119,121,123,128,129]. Therefore, the standardization of immunoassays used in the 
assessment of the innate and adaptive immune responses is crucial for the comparative analysis of such 
vaccines. Also, it is important to standardize virulent H5N1 challenge reagents and animal models for 
head-to-head comparisons of rAd H5N1 vaccine candidates. 

The cross-protection achieved by vaccination with rAd vaccines encoding HA and/or conserved 
antigens is very encouraging [52,87,129,147]. In a pandemic scenario, these vaccines may be used for 
emergency vaccination when an antigenically matched vaccine is not available [170].  
Future nonclinical and clinical studies should be aimed to identify the optimal combination of rAd 
expressing HA and/or conserved NP, M1, M2 antigens for the induction of protective immunity 
against heterogonous strains. 

The development of rAd vectored H5N1 vaccines is greatly benefited from advanced synthetic 
DNA technologies. With improvements in surveillance and case confirmation, the modified HA or 
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other antigen can be rapidly synthesized in order to adjust the changes in current H5N1 strains. 
Nonclinical studies showed that rAd or DNA vaccines encoding synthetic consensus HA genes are 
effective for eliciting protective immunity against mismatched virus challenges [140,171–173].  
The immune responses could be substantially strengthened with codon-optimized influenza antigens 
inserted into rAd vectored vaccines [148,174]. However, our previous experience with manufacturing 
of rAd vaccines encoding codon-optimized HA genes showed that overexpression of HA transgene 
products from a number of influenza virus strains may inhibit rAd vector production in replication 
permissive cell lines (Vaxin unpublished data). This suggests that manufacturing process optimization 
will be required to maximize yields prior to scale up.  

Until recently, it was believed that the common presence of pre-existing Ad5 immunity in human 
populations could be a potential problem for the clinical use of rAd vectored vaccines. Although not 
studied in sufficient detail, emerging data from clinical trials suggest that this limitation can be 
overcome by increasing the vaccine dose [175] or by intranasal vaccination [53]. However, more 
clinical information is required to clarify the influence of the pre-existing immunity on the rAd 
vectored vaccines. 

Vaxin’s nonclinical and Phase I clinical trial data support the overall advantages of our  
Ad5-vectored nasal influenza vaccine platform [53] (Vaxin unpublished data). These data are moving 
forward to more advanced clinical stages. Further evaluation of rAd vectored seasonal and pandemic 
influenza vaccines in animal models and clinical trials is needed to confirm their suitability for human 
use. They must include the in high-risk populations, such as the very young, the elderly, pregnant 
women, and immunocompromised individuals.  

Influenza vaccines based on egg-independent technologies have increased acceptance in recent 
years. Mammalian cell-based vaccines have been licensed by regulatory agencies in Europe, Asia, and 
Latin America [176] and close to commercialization in the USA [177]. Recombinant protein-based 
vaccines and VLP based vaccines can be produced in plants, insect cells, or Escherichia coli [178]. 
VLP based vaccines can induce both humoral and cellular immunity in nonclinical studies and have 
looked very promising in clinical trials [178]. rAd vectored H5N1 vaccines are considered lead-
candidates among DNA based and viral vectored influenza vaccines [35]. Based on the promising 
results of rAd H5N1 vaccine in nonclinical and clinical studies and the increasing clinical experience 
with rAd vectored vaccines against various infectious pathogens, we believe that the rAd vectored 
nasal influenza vaccines hold great promise for the influenza pandemic preparedness. 
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