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Abstract

There is a high incidence of adenovirus (AdV) infection in humans due to the presence of more 

than 60 types of human adenoviruses (HAdVs). The majority of individuals are exposed to one or 

more HAdV types early in their lives, leading to the development of AdV type-specific 

neutralizing antibodies. Similarly, immunization or gene therapy with AdV vectors leads to 

immune responses to the AdV vector. This ‘vector immunity’ is a concern for AdV vector-based 

applications for vaccines or gene therapy, especially when the repeated administration of a vector 

is required. The objective of this investigation was to establish whether AdV neutralizing antibody 

titers decline sufficiently in a year to permit annual vaccination with the same AdV vector. Naïve 

or human adenoviral vector group C, serotype 5 (HAdV-C5)-primed mice were mock-inoculated 

(with PBS) or inoculated i.m. with 108 PFU of either HAd-GFP [HAdV-C5 vector expressing the 

green fluorescent protein (GFP)] to mimic the conditions for the first inoculation with an AdV 

vector-based vaccine. At 1, 3, 6, and 10 months post-HAd-GFP inoculation, naïve- or HAdV-

primed animals were vaccinated i.m. with 108 PFU of HAd-H5HA [HAdV-C5 vector expressing 

hemagglutinin (HA) of H5N1 influenza virus]. There was a significant continual decrease in 

vector immunity titers with time, thereby leading to significant continual increases in the levels of 

HA-specific humoral and cell-mediated immune responses. In addition, significant improvement 

in protection efficacy against challenge with an antigenically heterologous H5N1 virus was 
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observed in HAdV-primed animals at 6 months and onwards. These results indicate that the annual 

immunization with the same AdV vector may be effective due to a significant decline in vector 

immunity.
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INTRODUCTION

Adenovirus (AdV) vector-based vaccines induce excellent humoral and cell-mediated 

immune (CMI) responses[1–5] due to the adjuvant-like effect of Ad vectors in stimulating 

the innate immune system through both Toll-like receptor (TLR)-dependent and TLR-

independent pathways [6, 7]. Ad vector-based influenza vaccines have shown excellent 

potential in both animal models [8–10] and clinical trials in humans [11–14]. Our 

immunogenicity and protective efficacy studies in mice demonstrate that Ad vector-based 

vaccines provide complete protection against challenge with both homologous and 

antigenically distinct strains of influenza viruses [9, 15].

There is a high incidence of AdV infections in the general population due to the circulation 

of more than 60 human AdV (HAdV) serotypes. The development of Ad-specific 

neutralizing antibodies, popularly known as ‘pre-existing vector immunity’ in the majority 

of individuals [16–18] is a potential concern for Ad vector-based vaccine efficacy. HAdV 

neutralizing antibody titers in humans in the U.S. was found to be in the range of 256–512 in 

16% of the samples [16]. In Sub-Saharan children, a median HAdV-C5 neutralizing 

antibody titer of 512 was observed [19]. However, it is unclear what levels of vector 

immunity may have a significant negative impact on the development of effective immune 

responses. As well, since the use of AdV vectors as vaccines would often require repeated 

immunization, each immunization might at least temporarily induce or boost vector 

immunity, making it important to understand the rate of decline of vector immunity with 

time.

We have evaluated the role of HAd-C5-neutralizing antibodies or vector immunity in 

impacting the immunogenicity and protection efficacy of a HAdV-C5 vector (HAd-HA-NP) 

expressing the HA and NP genes of A/Vietnam/1203/04 (H5N1) influenza virus [20]. The 

mouse groups were primed either intranasally (i.n.) or intramuscularly (i.m.) with varying 

doses of HAdV-C5, and following the development of vector immunity, the animal groups 

were immunized with HAd-HA-NP via the i.n. or i.m. route. The immunogenicity and 

protection results suggested that moderate levels of vector immunity [520 virus-

neutralization (VN) titer] did not adversely impact the protective efficacy of the vaccine. 

Further increases in vector immunity (up to 2240 VN titers) were overcome by either 

increasing the vaccine dose by 5× or using an alternate route of vaccination. In the presence 

of exceptionally high levels of vector immunity (~3040 VN titers), immunization with a 5× 

vaccine dose still resulted in approximately 3.3–3.7 logs reduction in lung titers of the 

challenge virus.
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Canarypox virus-based vaccines are routinely used in pet animals on an annual basis 

suggesting that the development of immunity against a canarypox vector due to yearly 

exposure does not negatively impact the vaccine efficacy [21, 22]. In this manuscript, using a 

mouse model, we addressed whether anti-AdV immunity declines sufficiently in a year to 

permit annual vaccination with AdV vector-based vaccines. We found that there was a 

continual decline in the vector immunity with time, leading to a significant increase in 

humoral and cell-mediated immune responses against the target immunogen. In addition, 

effective immunogenicity and protection was observed in HAdV-C5-primed animal groups 

immunized with a HAd vector (HAd-H5HA) expressing the HA gene of A/Hong Kong/

156/97(H5N1) (HK/156)] at 6-month and onwards. This study should be valuable for 

determining the practical utility of AdV vector-based vaccines for human use.

MATERIAL AND METHODS

Cell lines and viruses

All cell lines were grown in minimum essential medium (MEM) (Life Technologies, 

Gaithersburg, MD) with 10% fetal calf serum (Hyclone, Logan, UT) and 50 μg/ml 

gentamycin. 293 (human embryonic kidney cells expressing HAdV-C5 E1 proteins) [23] and 

BHH2C (bovine-human hybrid clone 2C) [24] were used to grow and titrate human 

adenovirus vectors (HAdVs). MDCK (Madin-Darby canine kidney) cell line was used to 

titrate influenza virus titers in the lungs for protection studies.

The construction of HAdV-C5 empty vector (HAd-ΔE1E3) [25], HAdV-C5 vector 

expressing the green fluorescent protein (HAd-GFP) [16], and HAdV-C5 vector expressing 

HA of A/Hong Kong/156/H5N1 (HAd-H5HA)] [9] have been described previously. Vectors 

were purified using cesium chloride density gradient ultracentrifugation as described [20].

The influenza virus A/Vietnam/1203/2004(H5N1)-PR8/CDC-RG [VN/1203/RG] which was 

created by reverse genetics, was grown in embryonated chicken eggs and quantified as tissue 

culture infectious dose 50 (TCID50) in MDCK cells. VN/1203/RG was used for challenge 

studies in mice as described in the experimental design. The HA gene in HAd-H5HA vector 

is from HK/156 influenza virus, which is antigenically distinct from the HA of VN/1203/RG 

(the challenge virus).

Animal inoculation and experimental design

The animal experiments were operated in BSL-2+ lab at Purdue University approved by 

USDA. The Institutional Animal Care and Use Committee (IACUC), and the Institutional 

Biosafety Committee (IBC) have approved the protocols for animal inoculations and 

protection studies. Five to 6-week-old female BALB/c mice (purchased from Harlan 

Sprague Dawley Inc., Indianapolis, IN) were used to examine the longevity of HAdV-C5 

neutralizing antibodies and its impact on the immune responses and protection of the HAd-

H5HA vaccine. A diagrammatic representation of the experimental plan is depicted (Fig. 1).

Control groups.—At Day 0, all control groups were inoculated intranasally (i.n.) with 20 

μl/animal of phosphate buffer saline (PBS) under anesthesia (intraperitoneal injection of 90 

mg/kg ketamine and 10 mg/kg xylazine in PBS). One month later all control groups were 
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inoculated intramuscularly (i.m.) with 50 μl of PBS. Subsequently, at 1, 3, 6 and 10 months, 

post-second inoculation with PBS, 10 animals per group were inoculated i.m. with 1 × 108 

PFU of HAd-ΔE1E3.

Naïve vaccinated groups.—At Day 0, all naïve-vaccinated groups were inoculated i.n. 

with 20 μl of PBS under anesthesia and one month later, all animals received 50 μl of PBS 

i.m. Subsequently, at 1, 3, 6, and 10 months post-second PBS inoculation, 10 animals were 

inoculated i.m. with 1 × 108 PFU of HAd-H5HA.

Primed vaccinated groups.—At Day 0, all primed-vaccinated groups were inoculated 

i.n. with 1 × 107 PFU of HAdV-C5 and one month later, all animals were inoculated i.m. 

with 1 × 108 PFU of HAd-GFP. Subsequently, at 1, 3, 6, and 10 months post-inoculation 

with HAd-GFP, 10 animals were inoculated with 1 × 108 PFU of HAd-H5HA.

Blood samples were collected from the cheek vein from all mice 3 days before the second 

and third inoculations for the evaluation of HAdV-C5 neutralizing antibodies and GFP 

antibody levels using the plaque assay and ELISA, respectively. Blood samples and spleens 

were collected under anesthesia from 5 mice in each group (control, naïve-vaccinated or 

primed-vaccinated) at 4 weeks post-third inoculation either with HAd-ΔE1E3, HAd-H5HA 

or HAd-H5HA, respectively. Serum samples were used to determine the humoral immune 

responses by ELISA, and splenocytes were used to determine the cell-mediated immune 

responses by ELISpot. The remaining 5 mice in each group (control, naïve-vaccinated or 

primed-vaccinated) were challenged at 4 weeks post-third inoculation i.n. with 100 mouse 

infectious dose 50 (MID50) of A/VN/1203-RG under anesthesia. Three days after the 

challenge mice were euthanized, and the lungs were collected for evaluating the protection 

efficacy by determining the lung virus titers.

Vector-neutralizing antibody titration

Serum samples collected from the mouse study (Fig. 1) before the second and the third 

inoculations, were used to monitor HAdV-C5-neutralization antibody titers by a virus-

neutralization assay as described previously [24]. Briefly, serum samples were diluted in 

PBS 1:10 and inactivated at 56°C for 30 minutes. The inactivated sera were 2-fold serially 

diluted and incubated with 100 PFU HAdV-C5 at 37°C for 1 h. Each serum/virus mixture 

was added to BHH-2C cells at 90% confluency in 60-mm tissue culture plates in triplicate. 

After 30 minutes at 37°C, the agarose overlay (MEM containing 0.5% agarose, 5% fetal calf 

serum and 1% yeast extract) was added into each plate and incubated at 37°C in 5 % CO2 

incubator for 7 days. The number of AdV plaques were counted to determine virus-

neutralization titers. The highest serum dilution that reduced the number of virus plaques by 

50% compared to the control virus-infected cells was considered as the HAdV-C5-

neutralization antibody titer.

Enzyme-linked immunosorbent assay (ELISA)

For measuring the humoral immune responses to GFP or HA, ELISA was used as described 

previously [26, 27]. Briefly, 96-well ELISA plates (Thermo Fisher Scientific Clear Flat-

Bottom Immuno Nonsterile 96-Well Plates) were coated with 0.5 μg/ml of purified GFP 
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protein (Upstate, Temecula, CA) or HA protein of HK/156 (MyBioSource, Inc., San Diego, 

CA), incubated overnight at 4°C, and blocked with 1% bovine serum albumin (BSA) in 

PBS. Various serial dilutions of a few mouse serum samples were used to determine the best 

dilution for all serum samples. Finally, all serum samples were diluted to 1:200, added to the 

wells containing GFP or HA and incubated for 2 h at room temperature. The plates were 

washed 4 times with PBST (PBS + Tween 0.5%) and horseradish peroxidase-conjugated 

goat anti-mouse IgG (anti-mouse IgG-HRP) [Invitrogen|Thermo Fisher Scientific) at a 

dilution of 1:5000 in PBS containing 0.5% BSA was added into each well and incubated at 

room temperature for 2 h. The plates were washed 4 times with PBST, and the color 

development was achieved with BD OptEIA™ ELISA set TMB substrate (Thermo Fisher 

Scientific) following the manufacturer recommendations. An equal volume of 2N sulfuric 

acid solution was used to stop the reaction. The optical density readings were measured at 

450 nm using a SpectraMax® i3x microplate reader (Molecular Devices, Sunnyvale, CA).

ELISpot Assays

The assays were performed as described previously [9]. The splenocytes were extracted 

from the spleen tissues and used for mouse anti-interferon-gamma (anti-INFγ) ELISpot 

assays. Different dilutions of the splenocytes in triplicates were stimulated with HA518 

(IYSTVASSL) peptide (H-2Kd−restricted CTL epitope for HA) at a concentration of 0.25 

μg/ml. The number of the spot-forming units (SFU) were counted using AID ELiSpot reader 

8.0 (Autoimmun Diagnostika GmbH, Germany).

Statistical analyses

One and two-way ANOVA with Bonferroni post-test were conducted using GraphPad Prism 

6.0 to determine the statistical significance between groups. The statistical significance was 

set at p<0.05.

RESULTS

The decline in HAdV-C5-neutralizing antibodies with time in a mouse model

To mimic the pre-existing AdV vector immunity status of humans in the mouse model, we 

first inoculated mice i.n. with 1 × 107 PFU of HAdV-C5 to develop reasonable levels of 

HAdV-C5-neutralizing antibodies. A single inoculation of HAdV-C5 resulted in AdV-

neutralization titers in the range of 333±67 at 4 weeks post-inoculation (data not shown). 

Since the AdV vector immunity titer above 200 is considered to be on a higher side in the 

human population [28], HAdV-C5-neutralization titers in our mouse model closely mimic 

the situation in humans. Mouse groups having AdV-neutralizing antibodies were inoculated 

with 1 × 108 PFU of HAd-GFP to mimic the normal human conditions where individuals 

having pre-existing AdV vector immunity were immunized for the first time with an AdV 

vectored vaccine. HAdV-C5-neutralizing antibody titers in mice reached 1127±128 at 4 

weeks post-inoculation with HAd-GFP (Fig. 2). To monitor the decline in vector immunity 

with time, HAdV-C5-neutralizing antibody titers in mice were determined at 3, 6 and 10 

months post- HAd-GFP inoculation. The HAdV-C5-neutralizing antibody titer started to 

decline with time and reached 907±137, 648±102, and 288±71.5 after 3, 6 and 10 months, 
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respectively post-inoculation with HAd-GFP (Fig. 2). The decline curve shows that the half-

life of HAdV-C5-neutralizing antibodies was approximately 6 months.

Inhibition in GFP-specific antibody response in HAdV-C5-primed mice compared to naïve 
mice following inoculation with HAd-GFP

To determine the impact of vector immunity on the resultant humoral immune response, 

HAdVC5-primed group having vector neutralizing antibody titers of 333±67, or the naïve 

group, were inoculated with HAd-GFP. There was approximately 26.6% inhibition in GFP-

specific ELISA antibody levels in the HAdV-C5-primed group compared to the naïve group 

(Fig. 3A) suggesting that significant levels of reporter-specific humoral immune response 

occurred even in the presence of high levels of vector immunity. Furthermore, to monitor the 

decline in reporter-specific antibody levels with time, GFP-specific ELISA antibody levels 

in the HAdV-C5-primed group were determined at 3, 6 and 10 months post-HAd-GFP 

inoculation. The GFP-specific antibody levels declined with time and decreased to 81.8, 72, 

and 67.8% after 3, 6 and 10 months, respectively, compared to the one month level post-

HAd-GFP inoculation (Fig. 3B) indicating that AdV vector immunization provides long-

lasting humoral immune responses.

Improvement in HA-specific humoral and cell-mediated immune responses following 
decline of HAdV-C5 neutralizing antibody titers with time

To mimic the situation in humans after the first vector inoculation, HAdV-C5-primed mouse 

groups were inoculated with HAd-GFP. This led to the development of very high titers of 

vector neutralizing antibodies in the range of 1127±128 at 4 weeks post-inoculation with 

HAd-GFP. These levels of HAdV-C5-neutralizing antibodies allowed us to monitor the 

improvement in HA-specific humoral and cell-mediated immune responses following the 

decline of HAdV-C5 neutralizing antibody titers with time. Age-matched naïve or HAdV-

C5-primed mouse groups were immunized i.m. once with 1 × 108 PFU of HAd-H5HA at 1, 

3, 6, and 10 months post-inoculation with HAd-GFP. Detectable levels of hemagglutination 

inhibition (HI) or virus neutralization (VN) titers against antigenically distinct challenge 

virus, VN/1203/RG, were not observed (data not shown). However, earlier we have 

demonstrated that immunization of mice with HAd-H5HA led to significantly higher levels 

of HI and VN titers against the homologous influenza virus[29]. Therefore, here we used 

purified HA protein of a homologous H5N1 virus for measuring HA-specific antibody titers 

by ELISA. HA-specific ELISA antibody levels in naïve vaccinated groups at 1, 3, 6 and 10 

months were similar, showing that mouse age did not significantly affect this response (Fig. 

4). However, the HA-specific ELISA antibody responses in primed vaccinated groups 

correlated inversely with the HAdV-C5 neutralizing antibody titers, continually increasing 

with time since previous HAdV-C5 exposure (Fig. 4). As expected, the maximum inhibition 

of HA-specific antibody levels was observed in the primed vaccinated group that was 

immunized 1-month post-inoculation with HAd-GFP. At 10 months post-inoculation with 

HAd-GFP, vector neutralizing antibodies titers were declined to 288±71.5 and the HA-

specific ELISA antibody levels in the primed vaccinated group were not significantly 

different from those in naïve mice (Fig. 4). The HA-specific ELISA antibody levels at 10 

months were significantly better than those in the primed vaccinated groups at 1, 3 or 6 

months (Fig. 4). AdV vectors are known to induce significant levels of CMI responses to the 
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antigenic protein, and the CMI responses to influenza antigens are capable of conferring 

heterologous as well as heterosubtypic protection against influenza viruses [30–33]. Because 

of the importance of CMI responses, the HA518 epitope-specific CD8+ immune response 

was also monitored to determine the improvement in HA-specific CMI responses following 

decline of HAdV-C5 neutralizing antibody titers with time. As with antibody responses, 

there was a continual increase in the number of IFNγ-secreting CD8+ T cells in the spleens 

of the primed vaccinated groups as the vector immunity declined with time (Fig. 5). The 

maximum inhibition in the number of IFNγ-secreting CD8+ T cells in the spleens were 

observed in the primed vaccinated groups that were immunized 1 or 3 months post-

inoculation with HAd-GFP (Fig. 5). At 10 months post-inoculation with HAd-GFP, the 

numbers of IFNγ-secreting CD8+ T cells in the spleens of the primed vaccinated group at 

10 months were significantly higher than in the primed vaccinated groups at 1, 3 or 6 

months. In contrast to the antibody response, the CD8+ T cell response remained somewhat 

lower than that of the naïve vaccinated group even at 10 months (Fig. 5). As with antibody 

responses, the number of IFNγ-secreting CD8+ T cells in the spleens of naïve vaccinated 

groups at 1, 3, 6 and 10 months did not change significantly as the mice aged (Fig. 5).

Enhancement in heterologous H5N1 influenza protection efficacy and improvement in HA-
specific humoral and cell-mediated immune responses following the decline of HAdV-C5 
neutralizing antibody titers with time

The impact of vector immunity on the vaccine efficacy can be best assessed by determining 

the protective effectiveness following the challenge. To evaluate the differences in protective 

efficacy between the primed vaccinated groups and the naïve vaccinated groups following 

the decline of HAdV-C5 neutralizing antibody titers with time, we used an antigenically 

distinct H5N1 virus (VN/1203/RG) for challenge studies. Since immunization with HK/156 

HA will not confer complete protection against challenge with VN/1203/RG even in the 

naïve vaccinated groups, this allowed us a better comparison between naïve vaccinated and 

primed vaccinated groups. For evaluating influenza virus protection efficacy, the lung viral 

titers in the primed vaccinated groups were monitored and compared with the lung viral 

titers of the naïve vaccinated or control groups. Significant reduction in lung viral titers is an 

essential parameter of vaccine protective efficacy, and it is also a strong indicator of the 

inhibition of virus transmission.

To determine enhancement in heterologous H5N1 influenza protection efficacy and 

improvement in HA-specific humoral and cell-mediated immune responses following the 

decline of HAdV-C5 neutralizing antibody titers with time. The control, naïve vaccinated 

and primed vaccinated mouse groups were inoculated with HAd-ΔE1E3, HAd-H5HA, or 

HAd-H5HA respectively at 1, 3, 6, and 10 months post-inoculation with HAd-GFP. The 

control, naïve vaccinated, and primed vaccinated groups were challenged with 100 MID50 of 

VN/1203/RG one-month post-vaccination. In the control groups, the lung virus titers at 1, 3, 

6 and 10 months were 5.22, 4.48, 4.74 and 5.09 logs, respectively, and in the naïve 

vaccinated groups, the lung virus titers at 1, 3, 6 and 10 months were 2.57, 1.18, 2.07 and 

2.11 logs, respectively (Fig. 6). In the primed vaccinated groups, the lung virus titers at 1, 3, 

6 and 10 months were 4.29, 2.97, 2.81 and 2.86 logs, respectively (Fig. 6). Significant and 

continual reductions in the lung virus titers in the primed vaccinated groups were observed 
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as the vector immunity declined with time (Fig. 6). The lung virus titers in the naïve 

vaccinated group were significantly lower than those in the control or the primed vaccinated 

groups at 1 and 3 months, but at 6 and 10 months, the differences in the lung virus titers 

between the primed and naïve vaccinated groups were statistically similar (Fig. 6). The 

protection results, therefore, correlate with the improvement of both humoral and CMI 

responses after 6 months post-inoculation with HAd-GFP.

DISCUSSION

Pre-existing AdV vector immunity is an important factor that could significantly inhibit the 

efficacy of an AdV vector by compromising vector uptake by susceptible cells due to the 

presence of vector-neutralizing or vector cross-neutralizing antibodies. AdV is a common 

human pathogen, and there are more than 60 different types of HAdVs that are known to 

infect humans, so that the majority of individuals are infected with one or more AdV types 

early in their lives leading to a high occurrence of pre-existing AdV vector immunity [17, 

18, 34]. Therefore, several less prevalent HAdV types, as well as nonhuman AdVs including 

ChAdV, BAdV, and others, have developed as gene delivery systems to circumvent pre-

existing vector immunity [5, 35–39].

Earlier we demonstrated that moderate levels of vector immunity [520 virus-neutralization 

(VN) titer] did not adversely impact the protective efficacy of a two-dose HAdV-C5-based 

influenza vaccine [20]. Further increases in vector immunity (up to 2240 VN titers) were 

overcome either by increasing the vaccine dose by 5-fold or by using an alternate route of 

vaccination. Furthermore, in the presence of exceptionally high levels of vector immunity 

(~3040 VN titers), immunization with a 5-fold vaccine dose still resulted in approximately 

3.3–3.7 log reductions in lung virus titers. Similarly, in a separate study, the impact of vector 

immunity on a HAdV-C5-based HIV vaccine in phase I clinical trial was shown to be 

overcome by increasing the vaccine dose [40]. Therefore, moderate to high levels of vector 

immunity do not present an insurmountable obstacle to using AdV vectors as vaccines.

In addition to pre-existing AdV vector immunity, the development of AdV vector-specific 

neutralizing antibodies could play an important role in inhibiting the vaccine efficacy of the 

same vector carrying the same or a different insert on repeated immunizations. This is a 

particular concern for vaccines, such as for influenza, which is typically given annually. 

Here we examined whether AdV neutralizing antibody titers decline enough to permit 

annual vaccination with the same AdV vector. To address this critical need, we mimicked the 

pre-existing AdV vector immunity in the mouse model by immunizing the first time with a 

HAd vector containing the GFP gene, followed by immunization with the same vector 

expressing HA of an H5N1 influenza virus 1, 3, 6, and 10 months post-HAd-GFP 

inoculation. By using a single dose of vaccine vector and challenging with an antigenically 

heterologous H5N1 influenza virus, we tested the ability of the vaccine to induce a robust 

immune response despite the presence of pre-existing vector immunity.

HAdV-C5-neutralizing antibody titers declined with a half-life of approximately 6 months. 

Preexisting vector titers of 333±67 only inhibited the development of GFP-specific antibody 

levels to approximately 26.6% compared to naïve animals inoculated with HAd-GFP. By10-
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month post-HAd-GFP inoculation, HAdV-C5-neutralizing antibody titers dropped below 

300, suggesting that immunization with the same vector will be effective. As expected, there 

was a continual decline in GFP-specific antibody levels with time, but significant levels 

persisted at least for 10 months signifying that immunogen-specific immune responses with 

AdV vectors are usually long-lasting. Earlier in naïve mice immunized twice with HAdV 

vector expressing HA of a H5N1 virus, significant levels of humoral and CMI responses 

conferring complete protection from morbidity and mortality following challenge with a 

lethal H5N1 influenza virus were demonstrated even after one year [10].

Immunization of mice shortly after initial inoculation with HAdV vectors, in the presence of 

high levels of vector immunity, did lead to a significant reduction in both CMI and humoral 

immune responses to the vaccine antigen. However, as vector immunity declined over time, 

humoral as well as CMI immune responses following immunization with HAd-H5HA were 

easily detectable, and by 10 months post-HAd-GFP inoculation were more mildly affected 

by vector immunity. Moreover, these immune responses, particularly at 6 and 10 months, 

resulted in significant protection as measured by reduction in the lung virus titers following 

challenge with an antigenically heterologous H5N1 influenza virus. Again, by 10 months 

post-HAd-GFP inoculation, protection was very similar to that seen in mice that had no 

vector immunity, further supporting the notion that annual vaccination with an AdV vector-

based vaccine will be practical.

One of the major limitations of the mouse model is the lifespan since one-year-old mouse is 

an old mouse with somewhat impaired immune system. Also, mice are not a natural host for 

HAdV-C5, and hence there is no possibility of recurrent infection in the periods between 

vaccinations. Therefore, the decay of vector immunity with time in humans may vary 

significantly in the mouse model. Since it may not be easy to conduct a vector immunity 

decline study for an AdV that is a common human pathogen due to the likelihood of natural 

exposure during the study period. It will be necessary to conduct a study in humans with a 

less prevalent HAdV or nonhuman AdV vector to determine the decay kinetics of vector 

immunity. Serum samples from the human subjects immunized with an AdV-based vaccine, 

e.g., Ebola vaccine, over time may serve as an excellent source to determine the decay of 

vector immunity with time in humans.

In summary, it is clear from this study that both pre-existing AdV vector immunity and the 

development of vector-neutralizing antibodies following the first inoculation with any AdV 

vector are important in determining a successful strategy for an AdV vector-based gene 

delivery. Development of some less prevalent HAdV types, as well as nonhuman AdVs as 

gene delivery vehicles, is essential to have optimum options for various applications ranging 

from the vaccine to gene therapy. Our results suggest that it may be better to use a different 

AdV vector for the second inoculation if the period between the two inoculations is less than 

6 months. However, the same vector may be used again successfully if the period between 

the two inoculations is more than 10 months at least for the vaccine applications.
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Fig. 1. Diagrammatic representation of animal immunization and challenge studies.
To mimic preexisting vector immunity and the development of vector-specific immune 

responses following first-time vaccination with an Ad vector-based vaccine, 5 to 6-week-old 

BALB/c mice were mock-inoculated (with PBS) or inoculated with 107 PFU of HAdV-C5 

via the i.n. route (the natural route of HAdV-C5 infection in humans) to develop high levels 

(>200 virus-neutralizing antibody titers) of pre-existing vector immunity. At 1-month post-

inoculation, the primed animals were inoculated i.m. with 108 PFU of HAd-GFP to mimic 

the conditions for a first inoculation with the AdV vector-based vaccine. Subsequently, at 1, 

3, 6, and 10 months post-HAd-GFP inoculation, naïve- or HAdV-primed animals (10 mice/

group) were vaccinated i.m. with 108 PFU of HAd-ΔE1E3 or HAd-H5HA. Before each 

immunization, blood samples were collected from the cheek vein. For immunogenicity 

studies, five animals from each group were euthanized under anesthesia at 4 weeks after 

immunization, and the blood and spleen were collected to monitor humoral and cell-

mediated immune responses. For protection studies, the remaining five immunized animals 

were challenged i.n. with 100 mouse infectious dose 50 (MID50) of VN/1203/RG, 

euthanized at 3 days post-challenge, and the lungs were collected to determine the lung virus 

titers. PBS, phosphate buffer saline; i.n., intranasal; i.m., intramuscular; HAdV-C5, Human 

adenovirus type 5; HAd-ΔE1E3, HAdV-C5 empty vector with deletions in E1 and E3 

regions; HAd-GFP, HAd-ΔE1E3 vector with the GFP gene inserted in the E1 region; HAd-

H5HA, HAd-ΔE1E3 vector with the HA gene from A/HK/156/H5N1 influenza virus 

inserted in the E1 region.
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Fig. 2. The decline in vector immunity with time in the mouse model.
Six to 8-week-old BALB/c mice were inoculated with 107 PFU of HAdV-C5 via the i.n. 

route and at 1-month post-inoculation, the primed animals were inoculated i.m. with 108 

PFU of HAd-GFP. Following 1, 3, 6, and 10 months post-HAd-GFP inoculation, blood 

samples were collected from the cheek vein to monitor the development of HAdV-C5-

neutralizing titers by virus neutralization assay. The data are depicted as mean ± SD from 10 

mice. HAdV-C5, Human adenovirus type 5.
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Fig. 3. Inhibition of GFP-specific antibody response in HAdV-C5-primed mice compared to 
naïve mice following inoculation with HAd-GFP.
A) Naïve or HAdV-C5-primed mice were immunized with HAd-GFP, and blood samples 

were collected at 1 month post-immunization. B) HAdV-C5-primed mice were immunized 

with HAd-GFP, and blood samples were collected at 1, 3, 6 and 10 months post-

immunization. GFP-specific ELISA antibody levels were determined in all serum samples. 

**, significant at p<0.01 and ****, significant at p<0.0001. The statistical analysis was done 

by Bonferroni post-test and one-way ANOVA using GraphPad Prism 6.
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Fig. 4. Increase in HA-specific antibody levels following immunization with HAd-H5HA with a 
decline in vector immunity with time.
At 1, 3, 6, and 10 months post-HAd-GFP inoculation, naïve or HAdV-primed BALB/c mice 

were immunized i.m. with 108 PFU of HAd-H5HA, and at 4 weeks after the immunization 

with HAd-H5HA, the blood samples were collected to monitoring the development of HA-

specific antibody levels by ELISA. ns, non-significant at p<0.05; *, significant at p<0.05; 

and ****, significant at p<0.0001. The statistical analysis was done by Bonferroni post-test 

and two-way ANOVA using GraphPad Prism 6.

Sayedahmed et al. Page 16

Vaccine. Author manuscript; available in PMC 2019 October 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Increase in the number of HA-specific IFNγ secreting CD8 T cells following immunization 
with HAd-H5HA with a decline in vector immunity.
At 1, 3, 6, and 10 months post-HAd-GFP inoculation, naïve or HAdV-primed BALB/c mice 

were immunized i.m. with 108 PFU of HAd-H5HA, and at 4 weeks after the immunization 

with HAd-H5HA and the spleens were collected to monitoring the number of HA-specific 

IFNγsecreting CD8 T cells by ELISpot. The data are represented as the mean ± standard 

deviation (SD) of spot-forming units (SFU). ns, non-significant at p<0.05; *, significant at 

p<0.05; **, significant at p<0.01; ***, significant at p<0.001; and ****, significant at 

p<0.000; The statistical analysis was done by Bonferroni post-test and two-way ANOVA 

using GraphPad Prism 6.
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Fig. 6. Enhancement in heterologous H5N1 influenza protection efficacy following the decline of 
HAdV-C5 neutralizing antibody titers with time.
At 1, 3, 6, and 10 months post-HAd-GFP inoculation, naïve or HAdV-primed BALB/c mice 

were immunized i.m. with 108 PFU of HAd-H5HA or HAd-ΔE1E3, and at 4 weeks after the 

immunization with HAd-H5HA and the animals were challenged i.n. with 100 mouse 

infectious dose 50 (MID50) of VN/1203/RG, euthanized at 3 days post-challenge, and the 

lungs were collected and processed for lung virus titers to monitor protection efficacy. The 

data are shown as mean Log10 TCID50±SD, and the detection limit was 0.5 Log10 

TCID50/ml. ns, non-significant at p<0.05; *, significant at p<0.05; **, significant at p<0.01; 

***, significant at p<0.001; and ****, significant at p<0.000. The statistical analysis was 

done by Bonferroni post-test and two-way ANOVA using GraphPad Prism 6.
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