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Abstract

Adenovirus (Ad) vaccine vectors have been used for many applications due to the capacity of the Ad capsid
proteins to evoke potent immune responses, but these vectors are often ineffective in the context of pre-existing
anti-Ad immunity. Leveraging the knowledge that E1 E3~ Ad gene transfer vectors are potent immunogens,
we have developed a vaccine platform against small molecules by covalently coupling analogs of small mole-
cules to the capsid proteins of disrupted Ad (dAd5). We hypothesized that the dAd5 platform would maintain
immunopotency even in the context of anti-Ad neutralizing antibodies. To test this hypothesis, we coupled
cocaine and nicotine analogs, GNE and AM1, to dAd5 capsid proteins to generate dAd5GNE and dAd5AM]1,
respectively. Mice were pre-immunized with Ad5Null, resulting in high titer anti-Ad5 neutralizing antibodies
comparable to those observed in the human population. The dAd5GNE and dAd5AM1 vaccines elicited high
anti-cocaine and anti-nicotine antibody titers, respectively, in both naive and Ad5-immune mice, and both
functioned to prevent cocaine or nicotine from reaching the brain of anti-Ad immune mice. Thus, disrupted Ad5
evokes potent humoral immunity that is effective in the context of pre-existing neutralizing anti-Ad immunity,

overcoming a major limitation for current Ad-based vaccines.

Introduction

HUMAN ADENOVIRUS (Ad) gene transfer vectors were
initially used as a vehicle to transfer genes in vivo
(Rosenfeld et al., 1991; Jaffe et al., 1992; Rosenfeld et al., 1992;
Davidson et al., 1993; Li et al., 1993). While highly effective, it
was soon recognized that the Ad capsid was very immuno-
genic (Wilson, 1995; Tatsis and Ertl, 2004), and the resulting
anti-Ad response limited the duration of gene expression and
prevented effective readministration of the vectors (Setoguchi
etal., 1994; Yang et al., 1994; Dai et al., 1995; Gilgenkrantz et al.,
1995; van Ginkel et al., 1995; Yang et al., 1995; Harvey et al.,
1999a; Harvey et al., 1999b). This property of the Ad capsid led
to the use of Ad vectors for vaccines where the protein/
peptide target of the vaccine was expressed as a transgene,
incorporated into the sequence of a capsid gene, or exoge-
nously attached to the capsid (Shiver ef al., 2002; Baez-Astua
et al., 2005; Hashimoto et al., 2005, Worgall et al., 2005;
Chiuchiolo et al., 2006; Matthews et al., 2010; Palma et al.,

2011). However, while highly effective in Ad-naive recipients,
these Adb-based vaccines are usually ineffective in the
presence of pre-existing anti-Ad immunity, a common oc-
currence in the human population (D’Ambrosio et al., 1982;
Piedra et al., 1998; Nwanegbo et al., 2004; Mast et al., 2010). One
solution is to use the Ad capsid proteins, which we hypoth-
esize would maintain immunopotency even in the context of
pre-existing anti-Ad neutralizing antibodies, instead of live,
intact Ad vectors.

We have recently extended the concept of the Ad-based
vaccine to use the Ad capsid as a platform for vaccines
against small addictive molecules by coupling the haptenic
representation of the addictive molecule to the capsid pro-
teins of a disrupted E1"E3~ serotype 5 adenovirus (Hicks
et al., 2011; Wee et al., 2012). Because these molecules are
small, they are not normally recognized by the immune
system and must be coupled to a protein to induce immunity
against the addictive molecule (Carrera et al., 1995; Fox et al.,
1996; Kinsey et al., 2009). Using cocaine as a model for
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addictive small molecules, we demonstrated that covalent
coupling of the cocaine haptens GNC or GNE to the dis-
rupted Ad5 capsid results in a highly effective anti-cocaine
vaccine (Hicks et al., 2011; Wee et al., 2012).

Because this vaccine platform is based on Ad capsid
proteins rather than live, intact Ad vectors, we hypothesized
that they would maintain immunopotency even in the con-
text of pre-existing anti-Ad neutralizing antibodies. As a test
of this hypothesis, we assessed two vaccines based on the
disrupted Ad5 platform, one against cocaine and one against
nicotine, and compared the ability of these vaccines to evoke
functional anti-cocaine or anti-nicotine immunity in naive
and anti-Ad5 immunized mice. The anti-cocaine vaccine was
constructed by covalently coupling the cocaine hapten GNE
to the disrupted Ad5 capsid proteins, and the anti-nicotine
vaccine was constructed by covalently coupling the nicotine
hapten AM1 to the disrupted Ad5 capsid proteins (Moreno
et al., 2010; Wee et al., 2012). In contrast to the inability of live
Ad vector vaccines to function in the context of anti-Ad
immunity, both of the dAd5GNE and dAd5AM1 vaccines
functioned equally well in naive mice as well as those pre-
immunized with Ad5.

Methods
dAd5GNE and dAd5AM1 vaccines

A recombinant serotype 5 Ela™, partial E1b~, E3~ Ad
vector (“Ad5”) with either f-galactosidase, luciferase, or
nontranslatable polylinker in the expression cassette in the
El1™ region was propagated and purified to produce Ad5-
LacZ, Ad5Luc, or Ad5Null, respectively (Jaffe et al., 1992;
Rosenfeld et al., 1992; Sprangers et al., 2003). Disruption
of Ad5LacZ vector was carried out (56°C, 45sec) in 0.5%
sodium dodecyl sulfate. The cocaine analog GNE (6-(2R,
35)-3-(benzoyloxy)-8-methyl-8-azabicyclo [3.2.1] octane-2-
carboxoamido-hexanoic acid) or the nicotine analog AM1
(rac 6-((trans-1-methyl-2-(pyridin-3-yl)pyrrolidin-3-yl)methoxy)
hexanoic acid), 300 ug each, were activated overnight at 4°C
after the addition of 7.2 ul charging solution, made by dis-
solving 2.4mg of 1-ethyl-3-[3-dimethylaminopropyl]carbo-
diimide hydrochloride and 2 mg of N-hydroxysulfosuccinimide
in 4 ul H>O and 40 ul dimethylformamide (Hicks et al., 2011).
Conjugation of 200 ug of disrupted Ad vector (“dAd5”) with
charged cocaine or nicotine analog (300:1 hapten to Ad
capsomere molar ratio) was carried out by incubating over-
night at 4°C in 200 ul of phosphate-buffered saline (PBS), pH
7.4. The conjugated dAd5-based vaccines were purified from
excess unreacted small molecules by dialysis against 100 mM
Tris-HCl buffer (pH 7.8) containing 20% sucrose. The
amount of Ad vector protein was quantified by the bi-
cinchoninic acid assay (Pierce Biotechnology, Rockford, IL).

Western analysis

Polyclonal antibody to cocaine and nicotine were pro-
duced using the haptens conjugated separately to keyhole
limpet hemocyanin (KLH) at a ratio of 2:1 (Carrera et al.,
1995) and 0.1 mg formulated in Freund’s adjuvant adminis-
tered intramuscularly to BALB/c mice (CFA; Sigma-Aldrich,
St. Louis, MO). Sera derived from 10-week bleeds were used
for Western analysis of the conjugated dAd5GNE and dA-
d5AM1. Each dAd5 construct was resolved on a 4 to 12%
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gradient polyacrylamide sodium dodecyl sulfate (SDS) gel
under reducing conditions and transferred to a poly-
vinylidene fluoride (PVDF) membrane, probed with the
corresponding anti-drug sera or, to assess for the anti-Ad
capsid components, anti-adenovirus antibody (Abcam,
Cambridge, MA). The membranes were developed with
horseradish peroxidase-conjugated goat anti-mouse IgG
(Santa Cruz Biotechnology, Santa Cruz, CA) and enhanced
chemiluminescence (ECL) reagent (GE Healthcare, Piscat-
away, NJ).

Immunization with Ad5 vector and assessment
of anti-Ad5 titers

Female BALB/c mice were immunized by three intra-
muscular injections, 4 weeks apart, of Ad5Null (2><1010
particle units) in 50 ul of PBS. Neutralizing antibody titers
were determined by an in vitro assay with A549 cells in
96-well plates. Ad5LacZ (3x10° particle units; lacZ- -
galactosidase) was incubated with serial dilutions of sera
from Ad5Null administered mice or naive control serum at
37°C for 45 min and then used to infect cells at a multiplicity
of infection of 100. At 48 hours post-infection, f-galactosidase
activity was assayed (Stratagene, La Jolla, CA). The neu-
tralizing antibody titer was expressed as the reciprocal of
serum dilution at which 50% inhibition of Ad5LacZ was
observed. All animal studies were conducted under proto-
cols reviewed and approved by the Weill Cornell Institu-
tional Animal Care and Use Committee.

Immunization with dAd5 conjugate vaccines

The Ad5-immune and naive control mice were immunized
by intramuscular injection to the quadriceps with 4 ug of
dAd5 conjugate vaccines (AAd5GNE or dAd5AM1) in 50 ul
volume, formulated in 20% Adjuplex™ (Advanced Bio
Adjuvants, LLC, Omaha, NE) at 3 and 6 weeks. Quadriceps
muscle was located by palpating the anterior portion of
the femur and was used for both the prime and boost vac-
cine administrations. Blood was collected from the trans-
ected tail vein, allowed to clot, centrifuged at 10,000g for
20min, and the resulting serum was stored at —20°C. To
assess the effectiveness of the anti-Ad5 neutralizing anti-
bodies generated by immunization with Ad5Null in vivo,
Ad5Luc (5x10'° particle units) was administered intrave-
nously to the Ad5-immune or naive control mice, and 3 days
later mice were sacrificed, organs were collected, and lucif-
erase activity was assessed in tissue homogenates (Promega
Corp, Madison, WI).

In vitro assessment of anti-cocaine and anti-nicotine
antibody titers

Wells of flat-bottomed 96-well enzyme immunoassays/
radioimmunoassays plates (Corning, New York, NY) were
coated with 100 ul of 1mg/ml GNE or AM1-conjugated bo-
vine serum albumin (BSA, ratio of 1:2) in carbonate buffer,
pH 9.4, overnight at 4°C. Anti-Ad5 antibody titers were
similarly assessed by ELISA using Ad5LacZ (10° particle
units/well). The plates were washed with 0.05% Tween 20 in
PBS (PBS-Tween) and blocked with 5% dry milk in PBS for
30min at 23°C. Two-fold serial dilutions of serum were ad-
ded to each well and incubated for 90 min at 23°C. The plates
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were washed four times with PBS-Tween. For total immu-
noglobulin G (IgG), 100l of 1:2000 diluted horseradish
peroxidase—conjugated goat anti-mouse IgG (Santa Cruz
Biotechnology) in 1% dry milk in PBS was added to each
well and incubated for 90 min at 23°C. Peroxidase substrate
(100 ul/well; Bio-Rad, Hercules, CA) was added and incu-
bated for 15min at 23°C. For the rabbit anti-mouse IgG iso-
type-specific antibody, 100 ul of anti-IgG1, IgG2a, or IgG2b
(Bio-Rad) was added to each independent well and incu-
bated in 1% dry milk in PBS for 90 min at 23°C. The plates
were washed four times, goat anti-rabbit horseradish per-
oxidase conjugate was added, incubated for 90 min at 23°C,
and the plates washed again. Peroxidase reactions were
stopped by addition of 2% oxalic acid (100 ul/well). Absor-
bance was measured at 415 nm. Anti-small molecule hapten
antibody titers were calculated by interpolation of the lo-
g(OD)-log(dilution) with a cutoff value equal to two-fold the
absorbance of background.

Cocaine and nicotine pharmacokinetics

Naive or dAd5 hapten conjugate vaccinated mice (with
and without pre-existing Ad5-immunity) were anesthe-
tized by intraperitoneal injection of ketamine (100 mg/kg)
and xylazine (10 mg/kg) 2min prior to tail-vein adminis-
tration of 2.5ug cocaine or 0.4 ug nicotine with 1.0 uCi
[®H]cocaine or [PH]nicotine (PerkinElmer, Waltham, MA).
One min later, the mice were sacrificed and brain and trunk
blood were collected separately. Brain tissue was homog-
enized in PBS, and 300 ul of brain homogenate and 50 ul
of serum were added to separate 5-ml liquid scintillant
(Ultima Gold™; PerkinElmer), assayed in triplicate for
tritium, and normalized with a standard quenching curve.
For the blood compartment, cocaine or nicotine was nor-
malized to serum volume and brain was normalized to
brain wet weight.

Statistics

All data are expressed as means+standard error. Com-
parisons between groups were conducted by one-way or
two-way paired t-test.

Results

To assess the capacity of the disrupted Ad vaccine platform
to evoke immunity against small molecules in the presence of
pre-existing Ad5 immunity, two distinct vaccines were cre-
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ated by covalently conjugating either a nicotine or a cocaine
hapten to a disrupted serotype 5 E1"E3~ Ad5LacZ gene
transfer vector. Western analysis demonstrated that the dis-
rupted adenovirus was covalently coupled to each of the two
drug analogs, the cocaine hapten or the nicotine hapten, to
create dAd5GNE or dAd5AMI, respectively (Fig. 1).

Anti-Ad5 immunity in mice

Anti-Ad5 immunity was first generated in mice (Fig. 2A).
Administration of the Ad5Luc vector in naive control mice
showed high expression of the luciferase transgene in the
liver, heart, and spleen, but at markedly reduced expression
of luciferase in these organs in Ad5-immune mice (Fig. 2B).
This reduced efficacy of Ad5 vectors in the context of pre-
existing Ad5 immunity is the dilemma for Ad5-based vac-
cines in the human population (D’Ambrosio et al., 1982;
Piedra et al., 1998; Chirmule et al., 1999; Harvey et al., 1999a;
Harvey et al., 1999b; Nwanegbo et al., 2004; Sumida et al.,
2004; Mast et al., 2010).

Efficacy of disrupted Ad5-based small molecule
vaccines in the context of Ad5 immunity

The serum from two groups of mice (n=10/group) 2
weeks following the last of three intramuscular administra-
tions of Ad5Null had high titer anti-Ad5 neutralizing anti-
bodies, significantly greater than the naive control group,
and comparable to titers observed in humans (both p<0.03;
Fig. 3A and B). Serum from naive mice had no detectable
Ad5 neutralizing antibodies.

The dASGNE or dAd5AM1 vaccines evoked high levels of
anti-cocaine or anti-nicotine antibody titers in naive mice
(Fig. 3C and D). This was also true in Ad5-preimmune mice,
indicating no significant effect of the anti-Ad5 immunity on
the efficacy of the dAdS5GNE and dAd5AMI1 vaccines
(p>0.9, naive vs. Ad5-immune vaccinated with dAd5GNE at
8 weeks; p>0.08, naive vs. Ad5-immune vaccinated with
dAd5AM]1 at 10 weeks).

Vaccination with dAd5 maintains existing Ad5
immunity and evokes anti-Ad5 in naive mice

Although designed to evoke high-titer response to target
molecules (cocaine and nicotine, respectively), vaccination
with the disrupted Ad5 small molecule vaccines simulta-
neously maintained or boosted primary immunity against
Ad5 (Fig. 4). dAd5GNE vaccination evoked high levels of

FIG. 1. Characterization of dis-
rupted Ad5-based anti-haptenic
conjugate vaccines. Conjugation
of haptens cocaine or nicotine to
disrupted E1"E3~ Ad5. (A) Anti-
cocaine  Western analysis  of
dAd5GNE. Lane 1, Ad5LacZ; lane
2, dAd5GNE. (B) Anti-Ad5 Western
of dAd5GNE. Lane 3, Ad5LacZ;
lane 4, dAd5GNE. (C) Anti-nicotine
Western analysis of dAd5AMI.
Lane 5, Ad5LacZ; lane 6, dA-
d5AM1. (D) Anti-Ad5 Western of
dAd5AM]1. Lane 7, Ad5LacZ; lane
8 8, dAd5AMI.
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FIG. 2. Anti-Ad5 pre-existing immunity blocks Ad5 vector-
directed transgene expression. Pre-existing Ad5-immunity
was evoked in BALB/c¢ mice (n=3/group) by intramuscular
immunization with 2x10'° particle units Ad5Null at 0, 4,
and 8 weeks. Ad5 neutralizing antibody titers were assessed
by Ad5LacZ-based neutralizing assay at 10 weeks. To eval-
uate Ad5 vector-directed transgene expression, Ad5Luc
(5% 10" particle units) was administered intravenously to
Ad5-immune or naive control mice. After 3 days, luciferase
activity was measured in liver, heart, and spleen homoge-
nates and normalized to total protein concentration. (A) Ad5
neutralizing antibody titers before Ad5Luc administration
in naive mice and Ad5Null treated mice. (B) Ad5 vector-
mediated luciferase expression in naive and Ad5-immune mice.

anti-Ad5 antibodies in naive control mice, similar to levels
observed in Ad5-immune mice (p>0.3 at 6 weeks; p>0.1 at
8 weeks). Likewise, dAd5AM1 evoked higher anti-Ad5 an-
tibody titers in both naive control and Ad-immune mice,
although the naive mice were slightly higher at 8 weeks
(p>0.1 at 5 weeks; p<0.008 at 8 weeks).

Antibody isotypes evoked by the dAd5 vaccines

Both disrupted Ad5 small-molecule vaccines evoked sim-
ilar levels of each IgG isotype in naive and Ad5-preimmune
mice (Fig. 5A and B). For both vaccines, the small molecule
antibody titers were similar for IgG1 and IgG2a, which were
both higher than IgG2b titers. There was no significant dif-
ference in naive and Ad5-preimmune groups (p>0.09).
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Vaccine efficacy

When ®H-labeled cocaine or nicotine was administered
intravenously, the levels of each drug were reduced in the
brains of vaccinated mice compared to naive mice, even in
the context of anti-Ad immunity (Fig. 6).

Cocaine distribution analysis showed a dAd5GNE
vaccine-mediated 65% reduction in the brain of Ad5-immune
mice (p<0.005) and 63% reduction in naive control mice
(p<0.003; Fig. 6A), both compared to non-vaccinated con-
trols. Importantly, there was no significant difference
between the cocaine content in the brain of dAd5GNE-
vaccinated Ad preimmune mice and naive controls (p>0.4).
The majority of the cocaine in dAd5GNE-vaccinated mice
was IgG bound at the same level, regardless of existing pre-
Ad5 immunity (dAd5GNE-vaccinated Ad5-immune IgG
bound vs dAd5GNE-vaccinated naive controls, p >0.2; Fig. 6C).
In contrast, levels of IgG-bound cocaine in non-vaccinated
mice were significantly lower (dAd5GNE-vaccinated Ad5-
immune vs. non-vaccinated IgG bound, p <0.0006).

In Ad5 naive mice, brain drug levels from administered
nicotine were markedly lower in the dAd5AM1-vaccinated
group compared to naive controls (vaccinated vs. untreated,
p<0.0006) and similarly in Ad5-preimmune mice (vacci-
nated vs. untreated, p <0.006; Fig. 6B). There was no signif-
icant difference between the dAd5AM1-vaccinated cohorts
(naive vs. Ad5-preimmune, p>0.4). A large fraction of the
nicotine in dAd5AMI-vaccinated mice was IgG bound at
the same level, regardless of existing pre-Ad5 immunity
(dAd5AM1-vaccinated Ad5-immune, IgG bound vs. dAdSAM1-
vaccinated naive controls, p>0.1), whereas IgG bound-
nicotine in non-vaccinated controls was significantly lower
(dAd5AM1-vaccinated vs. non-vaccinated, IgG bound, p<
0.03; Fig. 6D).

Discussion

Adenovirus gene transfer vectors were originally designed to
transfer genes in vivo, where they are highly effective in gen-
erating expression of the transgene (Rosenfeld et al., 1991; Jaffe
et al., 1992; Rosenfeld et al., 1992; Davidson et al., 1993; Li et al.,
1993). It was soon recognized, however, that the Ad capsid
proteins are highly immunogenic, leading to high levels of
anti-Ad capsid humoral and cellular immunity that limits Ad-
mediated gene expression to 1 to 2 weeks and prevents ef-
fective gene expression upon readministration of the vector
(Setoguchi et al., 1994; Yang et al., 1994; Gilgenkrantz et al.,
1995; Dai et al., 1995; van Ginkel et al., 1995; Wilson, 1995;
Yang et al., 1995; Harvey et al., 1999a; Harvey et al., 1999b;
Tatsis and Ertl, 2004). Further, because immunity against hu-
man Ad is common in the population, pre-existing anti-Ad
immunity reduces the effectiveness of Ad vector-mediated
gene transfer (D’Ambrosio et al., 1982; Piedra et al., 1998;
Chirmule et al., 1999; Harvey et al., 1999a; Harvey et al., 1999b;
Nwanegbo et al., 2004; Sumida et al., 2004; Mast et al., 2010).

Anti-Ad immunity is a challenge for many Ad vectors
for gene transfer; although they are highly effective in
generating immunity against the capsid proteins, the adeno-
virus vaccines, including replication-deficient, attenuated, or
competent vaccines, are less effective in the context of pre-
existing Ad immunity (van Ginkel et al., 1995; Harvey et al.,
1999a; Fitzgerald et al., 2003; Tatsis and Ertl, 2004; McCoy
et al., 2007; Seregin and Amalfitano, 2009). However, it was
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FIG. 4. Anti-Ad>5 antibody titers before and after dAd5 haptenic vaccine administered. BALB/c mice (n=10/group) were
immunized intramuscularly with 2x 10" particle units Ad5Null at —10, —6 and —2 weeks, followed by vaccination with
dAd5GNE or dAd5AM1 (4 ug each) at 0, 3, and 6 weeks compared to naive control mice (n=10/group) vaccinated with
dAd5GNE or dAd5AML1 at 0, 3, and 6 weeks. (A) Serum anti-Ad5 antibody titers in dAd5GNE vaccine-administered mice,
assessed by ELISA at —10, 0, 3, 6, and 8 weeks in naive and Ad5-preimmune mice. (B) Serum anti-Ad5 antibody titers in
dAd5AM1 vaccine-administered mice, assessed by ELISA at —-10, 0, 2, 5, and 8 weeks in naive and Ad-preimmune mice.
Antibody titers are mean values+SEM.
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FIG. 5. Antibody IgG isotype titers evoked by dAd5-based
vaccines in naive and anti-Ad5 preimmune mice. Antibody
isotypes in dAd5GNE or dAd5AM1 vaccinated naive and
Ad5-immune mice at 5 weeks were evaluated by isotype-
specific secondary antibodies on ELISA for IgG1, IgG2a, and
IgG2b. (A) Anti-cocaine IgG isotype titers in dAd5GNE-
vaccinated mice. (B) Anti-nicotine IgG isotype titers in
dAd5AM1-vaccinated mice. Antibody titers are mean
values + SEM.

derived from detergent-disrupted and heat-denatured Ad5
(Hicks et al., 2011; Wee et al., 2012). While highly effective in
generating high-titer immunity against the addictive small
molecule (Hicks ef al., 2011; Wee et al., 2012), the focus of the
present study was to ask whether disrupted Ad5 vaccines
would also be effective in the context of high levels of pre-
existing anti-Ad5 immunity. The data demonstrates that, in
the context of anti-Ad5 immunity that blocks Ad5 gene-
transfer vectors from effectively transferring genes in vivo,
anti-cocaine and anti-nicotine vaccines based on disrupted
Ad5 are highly effective in generating anti-cocaine and anti-
nicotine. These observations suggest that vaccines comprised
of molecules coupled to disrupted Ad5 capsid proteins rep-
resent a platform vaccine strategy equally effective in the
context of anti-Ad5 naive or anti-Ad5 immunity.

Approaches to circumventing pre-existing Ad-immunity

“Live” Ad are potent immunogens and thus useful as
vaccine platforms (Rosenfeld et al., 1991; Jaffe et al., 1992;
Rosenfeld et al., 1992; Davidson et al., 1993; Li et al., 1993;
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Shiver et al., 2002; Tatsis and Ertl, 2004; Baez-Astua et al.,
2005; Hashimoto et al., 2005; Worgall et al., 2005; Chiuchiolo
et al., 2006; Matthews et al., 2010; Palma ef al., 2011). Un-
fortunately, Ad-based vaccines fail to elicit the same potent
immunity in the context of existing anti-Ad immunity. In
animal models, it has been possible to partially overcome
pre-existing anti-Ad5 immunity by increasing vaccine dos-
age or by altering prime-boost regimens with plasmid DNA,
alternative Ad serotypes, or construction of chimeric cap-
someres (Mastrangeli et al., 1996, Casimiro et al., 2003;
Worgall et al., 2005; Roberts et al., 2006; Seregin and Amal-
fitano, 2009; Matthews et al., 2010; Palma et al., 2011). The
disrupted adenovirus vaccine platform used in the present
study was developed to target small addictive drugs (Hicks
et al., 2011; Wee et al., 2012). Importantly, the disrupted Ad
platform shows the same efficacy in the context of the pre-
existing Ad5 environment as compared to naive controls.
Interestingly, an anti-cocaine vaccine made with the intact
virion does not circumvent pre-existing Ad5 immunity to the
same degree, suggesting that the mechanism of how dis-
ruption of the Ad5 proteins negates susceptibility to pre-
existing immunity may be that the neutralizing antibodies
against the adenovirus recognize conformational epitopes.
Although we have not tested peptides, proteins, carbohy-
drates, or lipids attached to the disrupted Ad capsid pro-
teins, we hypothesize that such vaccines would also be
equally effective in both Ad5 naive or preimmune mice
(Worgall et al., 2005). However, unlike large molecules where
significant memory persists, vaccines against small mole-
cules based on the Ad capsid as a platform may require
frequent booster administrations to maintain high levels of
immunity.

Small-molecule drugs

Drug addiction has had a significant negative impact on
public health, and with many drugs there are still no thera-
peutic options (Maraj et al., 2010; SAMHSA, 2010). As targets
for therapeutic vaccines, addictive drugs pose significant
challenges: these are small molecules with poor im-
munopotency, and therapy requires a high antibody titer to
sequester the drug (Kinsey et al., 2009; Moreno and Janda,
2009). The strategy of directing the immune response against
a small-molecule target has typically been achieved by con-
jugation of the hapten to a potent human immunogen such
as cholera, tetanus, pseudomonas toxins, or keyhole limpet
hemocyanin (Carrera et al., 1995; Fox et al., 1996; Hieda et al.,
2000; Kantak et al., 2000; Carrera et al., 2004; Moreno et al.,
2010). The goal for each of these approaches is to evoke a
robust antibody response in the host such that antibody-
mediated sequestering of the administered drug abrogates
transfer across the blood-brain barrier. In our prior study
with cocaine, and in the present study with nicotine, we
show efficacy of the dAd5 vaccine platform to elicit high titer
antibodies directed toward drugs of abuse, likely because of
the highly immunogenic Ad5 capsid proteins (Gahery-Se-
gard et al., 1998; Worgall et al., 2005; Roberts et al., 2006;
Matthews et al., 2010; Palma et al., 2011). Based on this data, it
is likely that this platform will also function well as a carrier
for other small nonimmunogenic molecules.

Because a large percentage of the population has anti-
Ad immunity, a challenge remained to leverage the full
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potential of Ad-based vaccines in the context of Ad
immunity. Our study demonstrates the efficacy of the
dAd5 vaccine platform as a potent carrier for haptens,
effectively circumventing pre-existing Ad5-immunity
and directing a robust immune response toward non-
immunogenic targets. The dAd5-based vaccine against the
drugs nicotine and cocaine significantly reduces drug ac-
cess to the central nervous system even in the context of
anti-Ad5 immunity.
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