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1. Summary
Adenovirus vectors have been shown to be highly effective as vaccine platforms capable of inducing
both humoral and cell mediated immune responses. An Ad serotype 5 vector containing unique
deletions in the E2b region (Ad5 [E1-, E2b-]) has been reported to have several advantages over
conventional Ad5 vectors deleted in only the E1 region (Ad5 [E1-]), including increased carrying
capacity and diminished viral late gene expression. Here, we evaluated a novel Ad5 [E1-, E2b-]
vector utilizing the E.C7 cell line for viral packaging. Its’ effectiveness as a potential vaccine platform
as compared to the currently utilized Ad5 [E1-] based platform was assessed in both Ad5 naïve and
Ad5 immune mice. We employed the HIV-1 Gag gene as the antigenic transgene expressed by the
novel vector. Cellular expression of the Gag was confirmed by Western Blot analysis. Dose response
studies using three intradermal immunizations of 107 to 1010 virus particles (VP) of each construct
revealed that immunization with 1010 VP resulted in the maximum immunological response. Multiple
immunizations of Ad naïve BALB/c mice with an Ad5 [E1-, E2b]-gag vaccine resulted in higher
ELISpot CMI responses as compared to mice immunized with an Ad5 [E1-]-gag vaccine. More
importantly, multiple immunizations of Ad5 immune BALB/c mice with an Ad5 [E1-, E2b]-gag
vaccine resulted in significant increases in ELISpot CMI responses when compared to Ad5 immune
mice vaccinated with an Ad5 [E1-]-gag vector. Preliminary studies in three Ad5 immune non-human
primates (NHP) demonstrated that vaccination with Ad5 [E1-, E2b-]-gag induced elevated levels of
interferon-γ and IL-2 secreting lymphocytes as assessed by ELISpot assays. These studies indicate
that the novel Ad5 [E1-, E2b-] viral vector can be utilized as a potential vaccine platform to induce
elevated CMI responses as compared to current generation Ad5 [E1-] viral vectors even in the
presence of pre-existing Ad5 immunity.
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2. Introduction
Important diseases such as HIV/AIDS, malaria, tuberculosis and Leishmaniasis afflict
hundreds of millions of people and are potentially candidates for vaccine based preventative
or treatment strategies. These vaccines need to be capable of not only large scale, cGMP
compliant production, but also provide for safe and effective induction of both antigen specific
humoral and cell mediated immune (CMI) responses. Vaccination using current generation
recombinant Adenovirus serotype 5 (Ad5) vector vaccines deleted at the E1 or the E1 and E3
regions (Ad5 [E1-]) have been reported to have promise as vaccine platforms for the prevention
and treatment of diseases. Ad5 viruses are ideal for vaccine applications because of their
propensity to induce robust humoral and CMI responses, which has been demonstrated in
murine, canine and non-human primate models as well as in human clinical trials [1–5,6]. A
barrier to the widespread use of current generation Ad5 vector platforms is pre-existing Ad5
immunity present in a high percentage of potential vaccinees. It has been reported that 40 to
60% of humans have detectable levels of neutralizing antibody (NAb) against Ad5 [7].

The adverse effect of Ad5 immunity on the level of B- and T- cell responses to transgene
products expressed by Ad5 [E1-] vectors has been reported in animal models and in humans
[8,9,10,11]. Results from the Merck STEP HIV-1 vaccine trial demonstrated that the Ad5 [E1-]
vector containing HIV-1 transgene inserts (MrkAd5) failed to significantly inhibit trended
HIV-1 infection. This trial involved immunization of approximately 3,000 healthy uninfected
volunteers with MrkAd5, which consisted of three current generation vectors each expressing
an HIV-1 gene: gag, pol, or nef, respectively. Vaccinees who had high titers of Ad5 antibodies
(Ad5>1:200) prior to immunization with MrkAd5 tended to have a higher incidence of HIV-1
infection than those without pre-existing Ad5 immunity (Ad5<1:18). The robustness of the
CMI to the HIV-1 antigens was also weaker in the Ad5 immune individuals [8]. Vaccinees
with pre-existing Ad5 immunity from exposure to wild-type Ad5 could have activated a
memory immune response against the Ad5 vectors. This immune reactivation may have cleared
the vaccine, eliminating the development of a robust CMI response against the inserted Gag,
Pol and Nef products.

The presence of Ad5 immunity has resulted in a variety of immunization protocols designed
to overcome this limitation. Although there is evidence that increasing vaccine dosage can
increase induction of desired CMI responses in Ad-immune animals [12], it can result in
unacceptable adverse effects and also increased immunity against the vector. Investigators have
explored development of Ad based vaccines derived partially or completely from other
serotypes or species, such as chimpanzee AdC68 and AdC1 [10,13,14], under the premise that
NAb and CMI against the serotype or non-human primate viruses are not present in the human
vaccinee. Several important issues with these approaches includes that it has been demonstrated
that Ad5 specific NAb and CD8+ T cells cross react between alternate serotypes of human and
chimpanzee Ad vectors [9,10,15]. Once an alternate serotype is utilized the vaccinee would
mount a serotype specific immune response, a condition that would terminate the future use
of that Ad vector for boosting or re-immunization. Furthermore, it has been confirmed that a
number of alternative serotype Ad vectors have novel innate and adaptive immune response
profiles which may increase safety concerns with their use [15–17]. Such concerns prompt
continued efforts to improve the properties of the safe, well-characterized Ad5 platform.

Minimizing the number of viral genes in an Ad5 vaccine vector can reduce the number of Ad5
viral proteins expressed, possibly reducing the potential of Ad5 encoded viral proteins from
impacting host immune responses [18]. An advanced generation of Ad5 vectors with unique
deletions of the E1, E2b and E3 regions (Ad5 [E1-, E2b-]) has previously been described and
utilized to allow for improved gene transfer in a number of clinically relevant applications
[19–23]. The E2b region encodes the viral DNA polymerase (pol) and the pre-terminal protein
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(pTP) genes, which are required for Ad based genome replication, as well as late gene
expression which encode all the viral structural proteins. Lack of E2b functionality completely
prevents Ad5 replication even in the presence of supra-normal levels of the E1 transactivator
[19–23]. Removal of the E2b region results in a 10,000-fold reduction in the expression of Ad
late genes occurs due to the cis-activation of the Ad major late promoter [20]. As a result of
this unique biology, it has been demonstrated in vivo that Ad5 [E1-, E2b-] vectors lead to an
increased quantity and/or allow for sustained transgene expression in a number of animal
models [23]. Ad5 [E1-, E2b-] vectors also display reduced acute toxicities when directly
compared to Ad5 [E1-] vectors [24,25]. Specifically, Ad5 [E1-, E2b-] vectors were reported
to have decreased toxicity in multiple cell types, including hepatocytes, myocytes, and cochlear
hair cells found in the inner ear [26–29].

We hypothesized that the reduction of toxic Ad5 gene expression and/or induction of immune
responses to these gene products would result in improved CMI responses to Ad5 [E1-, E2b-]
expressed antigenic targets. Furthermore, this might allow for improved vaccine efficacy in
the presence of Ad5 immunity since Ad5 [E1-, E2b] deleted vectors may provoke a decreased
Ad5 specific immune response in this context. This would allow for focused CMI responses
to the desired transgene antigen. We report herein the capability of an Ad5 [E1-, E2b-] vector
to be utilized as a vaccine platform that induces CMI responses. Studies were performed to
directly compare Ad5 [E1-, E2b-] and Ad5 [E1-] vectors’ propensities to induce CMI responses
in Ad5 naïve and Ad5-immune mice. Ad5 [E1-, E2b-] and Ad5 [E1-] vectors were constructed
containing the HIV-1 Gag gene insert as a transgene. We choose the HIV-1 model due to the
importance of CMI responses in controlling the disease [30–32] and also because of the use of
recombinant Ad5 viral vectors as a vaccine platform in HIV-1 clinical trials [31,32]. CMI was
assessed by total number of T cells secreting IFN-γ and IL-2 as determined by ELISpot analysis.
We found that the novel Ad5 [E1-, E2b-] viral vector can induce increased levels of antigen
specific CMI responses following immunization when compared to Ad5 [E1-] vectors in both
Ad5 naïve and Ad5 immune animals despite the presence of high levels of Ad5 neutralizing
activity. The propensity of this vector to illicit robust CMI in Ad5-immune animals also enabled
for homologous boosting. Based upon the numerous improvements noted, we undertook a pilot
study in which Ad5-hyper immune non-human primates (NHP) were immunized with Ad5
[E1-, E2b-]-gag. The immunogenicity of this novel vaccine platform in Ad5 immune vaccinees
was confirmed in the NHP model.

3. Materials and Methods
3.1. Animals

Specific pathogen-free, BALB/c mice (Jackson Laboratory, Bar Harbor, Maine) ages 6 to 8
weeks were housed in animal facilities at the Infectious Disease Research Institute (Seattle,
Washington) and all procedures were conducted according to IACUC approved protocols.
Cynomolgus macaques were housed at the Southern Research Institute (SRI, Frederick, MD)
and all protocols were reviewed and approved by appropriate animal care and biosafety
committees before initiation of the study. NHP peripheral blood mononuclear cells (PBMC)
and serum samples were collected by SRI and shipped overnight to Etubics Corporation
(Seattle, WA) for analysis.

3.2. Vaccine Vectors
Using the HXB Gag gene (Genbank Accession # K03455) derived from pVRC3900 (kindly
provided by the Vaccine Research Center, NIAID) [33] the Ad5 [E1-]-gag and [E1-, E2b-]-
gag vector platforms were constructed, and vaccines were purified according to previously
published procedures [19]. Briefly, the HXB Gag cDNA was sub-cloned into the E1 region of
the Ad5 [E1-] or Ad5 [E1-, E2b-] vectors using a previously described homologous
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recombination based system and Gag protein production was placed under the expressional
control of a cytomegalovirus (CMV) enhancer/promoter element. The replication deficient
virus was then propagated in the HEK-293 (Ad5 [E1-]) or E.C7 (Ad5 [E1-, E2b-]) packaging
cell lines, CsCl2 purified, and titered as described previously [26–29]. The infectious unit and
particle numbers of the Ad5 [E1-]-gag and Ad5 [E1-, E2b-]-gag were compared. Infectious
titers were determined on 293 cell monolayers which had plaque-forming titers of 3.0 × 1010

and 5.0 × 1010 PFU/ml for the Ad5 [E1-]-gag and Ad5 [E1-, E2b-]-gag virus preparations,
respectively. The manufacturing particle concentrations were determined
spectrophotometrically and were 1.1 × 1012 virus particles/ml for both viral lots. Thus, the
ratios of particle number to PFU were similar for both virus lots, 36 versus 22 VP/PFU,
respectively.

3.3. Immunization
Mice were injected with Ad5 [E1-]-gag or Ad5 [E1-, E2b-]-gag intradermally into a hind
footpad and NHP were immunized intradermally in a hind leg below the knee. Ad5 vector
constructs were delivered at a dose of 1010 virus particles (VP) to both mice and NHP unless
otherwise noted. Doses were administered in 25 μl of injection buffer (20 mM HEPES with
3% sucrose) and control mice were injected with injection buffer alone.

3.4. Western Blot Analysis
Human lung carcinoma cells (A-549) (ATCC number CCL-185), (106) were infected at a MOI
of 200 VP per cell. Vehicle treated A-549 cells served as a mock-infected control group. Cells
were harvested 44 h post infection and lysed by four freeze-thaw cycles. The cell lysate was
then separated on a 10% SDS-polyacrylamide gel and transferred onto a PVDF membrane (GE
Healthcare, Piscataway, NJ). Membranes were then blocked with TBS containing 5% (w/v)
blocking reagent (GE Healthcare, Piscataway, NJ) for 2 hours at room temperature and
sequentially incubated with mouse anti-p24 antibody (1:2000) (Advanced Bioscience
Laboratories, Gaithersburg, MD) and goat anti-mouse-HRP conjugated antibody (1:5000)
(KPL) for an hour at room temperature. Positive reactivity was visualized by
chemiluminescence using an ECL Western Blotting analysis system (GE Healthcare,
Piscataway, NJ) according to the manufacturer’s specifications.

3.5. Adenovirus 5 Neutralization Assay
A human embryonic kidney (HEK-293) cell line (supplied by Dr. Jeffrey Chamberlain,
University of Washington) was cultured at a cell concentration of 2 × 103 cells/well in 96-well
plates in culture medium consisting of DMEM plus 10% fetal calf serum (FCS). After
incubating for 24 hours at 37°C in 5% CO2, dilutions of heat inactivated (56 °C for 60 minutes)
test sera were prepared in 100 μL volumes of culture media, mixed with 4 × 107 VP Ad5-null,
and incubated for 60 minutes at room temperature for virus neutralization activity. After
incubation, the samples were added to microwells containing the HEK-293 cells in triplicate
and incubated for an additional 72 hours. Wells containing medium only or medium with cells
plus 4 × 107 Ad5-null VP in triplicate served as controls. To quantify resultant cell killing, 40
μL of CellTiter 96® AQueouse (Promega, Madison, WI) was added to all wells and incubated
for 75 minutes at 37°C in 5% CO2. Following this incubation, media was removed from each
well and transferred to a second microwell plate and analyzed at 492nm using a Finstruments
Microplate reader and endpoint Ad5 NAb titers were then determined.

3.6. Enzyme-Linked Immunospot (ELISpot) Assay
An ELISpot assay was used to detect HIV-1 Gag specific IFN-γ and IL-2 producing T cells
from either fresh or cryopreserved mouse splenocytes previously stimulated with a
recombinant p24 protein (IDRI, Seattle, WA). NHP PBMC were stimulated with a pool of 15

Gabitzsch et al. Page 4

Immunol Lett. Author manuscript; available in PMC 2010 January 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



amino acid peptides with an 11-mer overlap (NIH). The murine ELISpot assay was run
according to the manufacture’s protocols (eBioscience, San Diego, CA). For the NHP ELISpot
assay, we utilized procedures previously described for IL-2 by R&D Systems, Minneapolis,
MN and for IFN-γ by MABTECH, Cincinnati, OH. Mouse splenocytes or NHP PBMC were
used at a concentration of 2 × 105 cells/well and reported as the number of spots per 106 cells
per well. HIV-1 p24 protein (IDRI, Seattle, WA), Adenovirus 5 (Viraquest, North Liberty, IA)
and carcinoembryonic antigen protein (CEA) (Aspen Bio Pharma, Castle Rock, CO), was used
at a final concentration of 1 μg/well. HIV-1 Gag, Pol (NIH), Nef (NIH), herpes simplex virus
glycoprotein B (HSV-gB2) (Anaspec, San Jose, CA), Cytomegalovirus (CMV-CEF21)
(Anaspec, San Jose, CA), and influenza virus (Flu-CEF9) (Anaspec, San Jose, CA) peptides
were utilized at 0.2 μg of each peptide/well. Cells stimulated with concanavalin A (ConA) at
a concentration of 0.0625 μg/well served as a positive control. Cells were also stimulated with
Adenovirus 5 (Ad5) Colored spot-forming cells (SFC) were counted using an Immunospot
ELISpot plate reader (Cellular Technology, Shaker Heights, OH) and responses were
considered to be positive if, 1) 50 SFC were detected/106 cells after subtraction of the negative
control and, 2) SFC were ≥2-fold than those in the negative control wells. SFC quantities are
reported as the number of observed spots per 106 cells per well.

3.7. Statistical analysis
Statistically significant differences in the mean cellular immune responses between groups of
animals were determined by Student’s t-test (p<0.05), using GraphPad PrismR (GraphPad
Software, Inc.).

4. Results
4.1. Cellular Expression of Gag by Ad5 [E1-]-gag and Ad5 [E1-, E2b-]-gag vaccines in vitro

HIV-1 Gag protein expression by the Ad5 [E1-]-gag and Ad5 [E1-, E2b-]-gag vectors was
evaluated and confirmed prior to use in immunizations. A-549 cells were infected with the
vaccine virus platforms and analyzed by Western blot analysis as described above. Transgene
product could be detected using HIV-1 Gag antibody, indicating that cells infected with the
recombinant Ad5-gag vaccines expressed HIV-1 Gag (data not shown).

4.2. Dose response assessment of Ad5 [E1-]-gag and Ad5 [E1-, E2b-]-gag vector
immunizations

Optimal immunizing dose was determined by evaluating dose effect on CMI response
induction. Groups of naïve mice were immunized three times at two week intervals using
107, 108, 109, or 1010 VP of Ad5 [E1-, E2b-]-gag or Ad5 [E1-]-gag. We chose to employ a
three-immunization vaccination regime because it has been used in recent Ad5 based clinical
trials [7]. Fourteen days after the third vaccination, CMI responses were determined by IFN-
γ and IL-2 ELISpot assays as described in the material and methods section. ELISpot IFN-γ
responses were detected after three immunizations with 107, 108,109 and 1010 VP of Ad5 [E1-,
E2b-]-gag or Ad5 [E1-]-gag but the levels of IFN-γ secreting splenocytes were significantly
elevated after three immunizations with 1010 VP of either vector (Figure 1A). Mice that
received 1010 VP of Ad5 [E1-, E2b-]-gag had a statistically significant higher number
splenocytes secreting IFN-γ than mice that were immunized with Ad5 [E1-]-gag at that same
dose. Low levels of ELISpot IL-2 responses were detected after three immunizations of Ad5
[E1-]-gag at all four doses but increasing the dose made no statistical improvement in CMI
response. Mice immunized with 107 VP of Ad5 [E1-, E2b]-gag exhibited a low level of IL-2
secretion, which increased and remained elevated after three immunizations of 108, 109 or
1010 VP of Ad5 [E1-, E2b]-gag (Figure 1B). These results indicated that the optimal dose to
be used in a three administration immunization regime in this murine model is 1010 VP of Ad5
[E1-, E2b-]-gag or Ad5 [E1-]-gag.
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4.3. CMI response to a single immunization in Ad5 naïve mice
To assess the induction of CMI following a single immunization, naïve BALB/c mice were
immunized once with 1010 VP of Ad5 [E1-, E2b-]-gag or Ad5 [E1-]-gag. Fourteen days later,
Gag-specific CMI responses were determined by IFN-γ and IL-2 ELISpot assays as described
above. Mice immunized once with Ad5 [E1-, E2b-]-gag demonstrated a higher trend of IFN-
γ secreting splenocytes than mice immunized once with Ad5 [E1-]-gag, but the difference was
not significant (Figure 2A); however there was a statistically significant higher (p=0.029)
number of splenocytes secreting IL-2 in mice immunized once with Ad5 [E1-, E2b-]-gag
(Figure 2B). Splenocytes from the vaccinated mice were also assessed for non-specific
cytokine secretion by stimulation with multiple irrelevant antigens including the HIV-1
antigens Pol and Nef, carcinoembyronic antigen (CEA), Herpes Simplex Virus glycoprotein
B (HSV-gB2), Cytomegalovirus (CMV-CEF21) and influenza virus (IV-CEF9). No non-
specific IFN-γ or IL-2 secretion was detected in splenocytes from mice vaccinated with either
vector (Figure 3). Splenocytes were also stimulated with Ad5-null to confirm positive
vaccination (Figure 3).

4.4 CMI response to multiple immunizations in Ad5 naïve mice
To determine if the Ad5 [E1-, E2b-] platform could out perform the current generation Ad5
[E1-] platform in a homologous boost immunization regime, mice were immunized three times
at two week intervals intradermally with 1010 VP of Ad5 [E1-, E2b-]-gag or Ad5 [E1-]gag.
Splenocytes were harvested fourteen days after the final vaccination and evaluated by IFN-γ
and IL-2 ELISpot. Mice immunized three times with Ad5 [E1-]-gag did not have statistically
significant elevated levels of IFN-γ (p=0.39) or IL-2 (p=0.20) secreting splenocytes as
compared to mice injected once with Ad5 [E1-]-gag (Figure 2A). There was no immune “boost”
achieved after multiple immunizations with the current generation platform. Conversely, mice
immunized three times with Ad5 [E1-, E2b-]-gag did demonstrate a Gag specific immunologic
boost after homologous immunizations, with a statistically significant higher number of
splenocytes secreting INF-γ (p=0.046) after three immunizations as opposed to once (Figure
2B). These mice did not have a significant boost in IL-2 secretion with multiple immunizations
but the levels remained elevated. The immunity to Ad5 as a result of the primary vaccination
did not affect the robustness of immune response induced by subsequent vaccinations. These
results demonstrate the ability utilize the Ad5 [E1-, E2b-] platform in homologous vaccination
regimens.

4.5. CMI response induction in Ad5 immune mice
To test our hypothesis that the Ad5 [E1-, E2b-] platform would outperform the current
generation Ad5 [E1-] vector in the presence of Ad5 immunity, we first developed an Ad5
immune murine model. In order to render animals immune to the Ad5 virus, naïve mice were
immunized once, twice or three times with 1010 VP of an Ad5 [E1-]-null (vector containing
no transgene insert) to induce Ad5 neutralizing antibody (NAb). Fourteen days after the final
immunization of the Ad5 [E1-]-null vector, Ad5 NAb titers were measured by the Ad5
neutralization assay described above. As shown in Figure 4, Ad5 NAb titers averaged 1:25
after one immunization, 1:350 after two immunizations and 1:3500 after 3 immunizations.
Based on these results, mice were given two immunizations with Ad [E1-]-null to be considered
“Ad5 immune”. Please note in the Merck STEP trial participants with an Ad5 antibody titer
>1:200 were considered to have “high” pre-existing Ad5 antibody titers. BALB/c mice were
pre-immunized twice with 1010 VP Ad5 [E1-]-null to induce Ad5 NAb endpoint titers of
≥1:200 which was confirmed in Ad5 NAb assays. These mice were then immunized three times
at two week intervals with 1010 VP of Ad5 [E1-, E2b-]-gag or Ad5 [E1-]-gag. Splenocytes
were collected 14 days after the final immunization and then assessed by IFN-γ and IL-2
ELISpot as described above. As shown in Figure 5, Ad5 immune mice immunized with Ad5

Gabitzsch et al. Page 6

Immunol Lett. Author manuscript; available in PMC 2010 January 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[E1-, E2b-]-gag exhibited significantly higher levels of IFN-γ (p=0.004) and IL-2 (p=0.003)
secreting splenocytes as compared to Ad5 immune mice immunized with Ad5 [E1-]-gag. These
results indicate the superiority of the Ad5 [E1-, E2b-] vector in eliciting CMI responses to the
desired transgene in Ad5 immune vaccinees as compared to the Ad5 [E1-] vector in this model.

4.6. CMI response induction in Ad5 immune cynomolgus macaques
Due to the encouraging results from the Ad5 immune murine study, a small preliminary study
was performed in Ad5 immune NHP. Three Cynomolgus macaques were injected with a single
does of 1010 VP viable wild type Ad5. Wild type Ad5 was used to create Ad5 immunity that
mimics the Ad5 immune response found in humans who acquired the virus naturally in their
environment. Ad5 NAb titers were measured 30 days after administration and the NHP titers
were ≥1:50 (data not shown), representing “medium” Ad5 immunity. The Ad5 immune NHP
were then immunized three times on days 0, 27, and 58 with Ad5 [E1-, E2b-]-gag (1010 VP/
dose). Peripheral blood mononuclear cells (PBMC) from individual NHP were collected and
CMI responses were assayed 32 days after the final immunization with Ad5 [E1-, E2b-]-gag.
ELISpot analysis indicate that all three NHP responded similarly with an average frequency
of 223 ± 70 SFC/106 PBMC producing INF-γ, and 207.1 ± 94 SFC/106 PBMC producing IL-2
(Figure 6). These values were significantly (P<0.05) elevated when compared to their baseline
values. The Ad5 viral NAb titers were monitored throughout the immunization regime. Ad5
NAb titers increased following each vaccination and ranged from 1:1000 to 1:20,000 at the
termination of this study (data not shown). These results indicate that a CMI response was
elicited by the Ad5 [E1-, E2-] platform to the desired transgene antigen even in the presence
of Ad5 immune responses in this NHP model.

5. Discussion
The need for successful vaccine prophylaxis against difficult to treat indications and infectious
pathogens such as human immunodeficiency virus (HIV), H5N1 influenza, malaria, certain
bioterrorism agents and cancers is evident. A plethora of investigations have been conducted
utilizing live viral based vector vaccines due to their propensity to elicit significant cell
mediated immunity [1,34]. Among the cadre of recombinant viral vectors, Ad5 based platforms
appear to have a number of advantages, including the direct infection of antigen-presenting
(dendritic) cells [35–38], induction of a 5–10 fold greater CMI response than other vectors
such as modified Vaccinia Ankara (MVA) based vectors [11,39,38]; and live Ad-vectors
provide a higher protective effectiveness on a per-cytotoxic T cell basis [39]. Unfortunately,
the commonality of human exposure to Ad5 has resulted in widespread Ad NAb titers that may
reduce the effectiveness of these immunizing vectors [6,40–43]. The use of alternate Ad
serotypes to avoid this challenge may not be satisfactory for a number of reasons including
recent findings that Ad serotypes have novel biodistribution and innate immune response
profiles and cross reactivity between serotypes [9,17,44]. Also, once that alternate serotype is
used you face the same anti-vector immunity challenge currently hindering Ad5 platforms.

To overcome the challenge of pre-existing Ad5 immunity, the propensity of a novel Ad5 [E1-,
E2b-] vector to successfully induce CMI immune responses in both Ad5 naïve and Ad5 immune
animals was investigated and compared with CMI responses observed with a current generation
Ad5 [E1-] vector. Ad5 [E1-, E2b-] and Ad5 [E1-] vectors were constructed to express the
HIV-1 Gag gene as a “target” antigen. In Ad5 naïve mice the new Ad5 [E1-, E2b-] platform
performed as well as, if not better than the potent current generation Ad5 [E1-]-vector. A
striking difference between the two platforms was not expected in Ad5 naïve animals because
there was no Ad5 immunity present to interfere with either vector’s delivery of the transgene.
Also, extended transgene expression observed when using the Ad5 [E1-, E2b-] platform did
affect the CMI response due to the short time course of the experiment. When the two vaccines
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were employed a homologous immunization regime the Ad5 [E1-, E2b-] platform elicited an
immune “boost” after re-immunization where the Ad5 [E1-] platform did not. The immune
response against the Ad5 [E1-] vector induced by the primary vaccination appeared to hinder
subsequent vaccinations with that platform. The capability to re-immunize a vaccinee with the
same vector platform may reduce safety concerns due to cross reactivity between vectors and
also can simply immunization regimes.

The significant finding of the present study is the propensity of this novel Ad5 [E1-, E2b-]
vector to induce CMI responses in the presence of Ad5 immunity. Animals who were first
made immune to Ad5 and then immunized with the Ad5 [E1-, E2b-] platform were still
mounted transgene specific CMI responses in the presence of anti-vector immune responses.
As demonstrated before and re-confirmed in our studies, this was not achieved using the current
generation Ad5 [E1-] platform. This was demonstrated in a NHP model, a model that has been
previously reported to be resistant to induction of antigen CMI responses when Ad5 [E1-]
vaccines were employed [9]. The capability to immunize individuals with Ad5 immunity with
the Ad5 [E1-, E2b-] platform may not only allow for successful vaccination in Ad5 immune
populations, but confers the possibility of re-immunization against other antigens utilizing the
Ad5 [E1-, E2b-] expression platform within the same vaccinee.

The mechanism by which this vector overcomes pre-existing Ad5 immunity is not defined but
there are likely several contributing factors, the most notable being a significant reduction of
expression of viral late genes [18]. Deletion of the E2b region blocks the expression of
downstream promoters resulting in the reduction of Ad5 late gene protein production and
therefore a reduction of Ad5 vector epitopes. Deletion of the E1- region does not render the
Ad5 virus completely replication deficient and at higher multiplicities of infection (MOIs)
several Ad5 [E1-] promoters are active permitting late gene expression [18,46,47]. In vivo Ad5
[E1-] vectors have been reported to express Ad5 early and structural genes as well as replicate
their genome in vivo [48,49]. We suggest that the lack of Ad5 late gene expression from the
Ad5 [E1-, E2b-] vectors enables cells infected with this virus to avoid deleterious host immune
responses directed against the Ad5 antigens, thereby “focusing” immune responses toward the
desired transgene antigen. Further studies are presently underway in an attempt to understand
why this vector platform overcomes pre-existing Ad5 immunity.

Several attributes of the Ad5 [E1-, E2b-] vector that make it a favorable delivery platform for
gene therapy also make it a suitable candidate for vaccine applications. The vector can be
successfully propagated to high titers in the E.C7 packaging cell line and purified using
conventional methods [21]. With additional deletions of the Ad5 genome, increased gene-
carrying capacity is achieved enabling a 12kb cassette for transgene insertion. The increased
cloning capacity of the vector allows for insertion of multiple genes [50]. This is advantageous
for vaccine development against pathogens such as HIV-1, where a multigene vaccine
approach can broaden antiviral immune responses without incurring immune interference
[51]. The Ad5 [E1-, E2b-] vector has been reported to exhibit extended transgene expression
at higher levels than first generation Ad [E1-] vectors, which results in increased protein load
[23]. The increased transgene protein load may result in augmentation of the induction of an
immune response to the transgene in the vaccinee and may increase the immune response to
less antigenic transgene targets. Patient safety is a concern when utilizing live recombinant
viral constructs, which may revert to wild type virus through recombination events. Due to the
more extensive genetic deletions in the Ad5 [E1-, E2b-] vector platform, multiple
recombination events are required to generate replication competent virus, thus limiting the
theoretical potential of wild-type reversion

Herein we have presented the novel Ad5 [E1-, E2b-] vector vaccine platform. Our data indicates
that higher levels of CMI responses can be induced to specific, non-Ad5 antigens delivered by
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the Ad5 [E1-, E2b-] vector as compared with a current generation Ad5 [E1-] vector vaccine
platform. This novel Ad5 [E1-, E2b-] platform can induce a potent CMI response against the
vectored antigens even in the presence of Ad5 immunity. This was most clearly evident in an
Ad5 immune non-human primate model, a model that has been previously reported to be
resistant to induction of antigen CMI responses when Ad5 [E1-] vaccines were employed [9].
In light of the recent results of the STEP trial, utilizing an Ad5 [E1-] vector vaccine developed
by Merck [8], it is clear there is a need for improved viral vector vaccine platforms. Recent
work indicates that alternatives proposed to overcome pre-existing Ad5 immunity, such as use
of alternative serotype based Ad vaccines, may have more problems than anticipated which
warrants further investigation into the well-characterized Ad5 based platform [15,17]. Based
upon the encouraging preliminary results reported herein, we believe further studies on this
novel Ad5 [E1-, E2b-] vector platform are warranted including studies into the mechanism of
action, challenge models as well as defining responses from distinct T cell populations.
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Figure 1. Dose titration of Ad5 [E1-]-gag and Ad5 [E1-, E2b-]-gag and resultant CMI responses
Naïve BALB/C mice (n=5/group) were immunized three times using doses of 107, 108, 109 or
1010 VP of Ad5 [E1-, E2b-]-gag. Fourteen days after the final immunization splenocytes from
the mice were assessed by ELISpot analysis. The greatest induction of CMI was achieved by
using 1010 VP of the vector. White = Ad5 [E1-]-gag; Black = Ad5 [E1-, E2b-]gag. The error
bars depict the standard error of the mean (SEM).
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Figure 2. Multiple immunizations induces greater CMI response
Naïve BALB/C mice (n=5/group) were immunized once or three times at fourteen day intervals
with 1010 VP of Ad5 [E1-]-null, Ad5 [E1-, E2b-]-null, Ad5 [E1-, E2b-]-gag, Ad5 [E1-]-gag
or injection buffer alone (control). Fourteen days after the final immunization splenocytes were
assessed for (A) IFN-g or (B) IL-2 secreting splenocytes by ELISpot analysis. The error bars
depict the SEM.
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Figure 3. CMI against Ad5 [E1-, E2b]-gag and Ad5 [E1-]-gag does not to cross react with other
antigenic targets
Splenocytes from BALB/c mice immunized once or three times at fourteen day intervals with
1010 VP of Ad5 [E1-, E2b-]-gag or Ad5 [E1-]-gag. Fourteen days after the final immunization
splenocytes from the mice were assessed by ELISpot for non specific (A) IFN-g or (B) IL-2
secretion by stimulation with the non-immunizing antigens HIV-1 Pol, HIV-1 Nef,
carcinoembryonic antigen (CEA), Herpes Simplex Virus glycoprotein B (HSV-gB2),
Cytomegalovirus (CMV-CEF21), and influenza virus (IV-CEF9). Splenocytes were also
stimulated with Ad5-null to confirm positive vaccination. Values for control mice were less
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than 10 spots. White = Ad5 [E1-]-gag; Black = Ad5 [E1-, E2b-]-gag. The error bars indicate
the SEM.
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Figure 4. Induction of Ad5 NAb after immunization with Ad5-null in mice
Circulating Ad5 Neutralizing antibody titers present in serum from mice immunized one, two
or three times with 1010 VP of Ad5-null. Note the increasing levels of NAb after each
immunization. The error bars indicate the SEM.
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Figure 5. CMI response induction in Ad5 immune mice
BALB/c mice were pre-immunized 2 times with 1010 VP Ad5 null to induce NAb endpoint
titers of 1/200. They were then immunized three times with 1010 VP Ad5 [E1-]-gag or Ad5
[E1-, E2b-]-gag. Splenocytes were collected 14 days after the final immunization and assessed
for (A) IFN-γ and (B) IL-2 secreting splenocytes by ELISpot. Note the significantly (P<0.005)
higher levels of IFN-γ and IL-2 secreting cells in mice that were immunized with Ad5 [E1-,
E2b-]-gag. White = Ad5 [E1-]-gag; Black = Ad5 [E1-, E2b-]-gag. The error bars depict the
SEM.
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Figure 6. CMI response induction in Ad5 immune cynomolgus macaques
Peripheral blood mononuclear cells (PBMC) from individual NHP were collected and CMI
responses were assayed 32 days (Day 90) after the final immunization with Ad5 [E1-, E2b-]-
gag. Note the significantly (P<0.05) elevated levels of (A) IFN-γ and (B) IL-2 secreting cells
from the PBMC sample taken after the vaccination protocol as compared to a baseline sample
(Day –8) taken before vaccinations. The error bars depict the SEM.
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