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Abstract
Nicotine vaccines have shown preliminary evidence of efficacy for enhancing smoking cessation
rates, but the serum nicotine-specific antibody (NicAb) concentrations produced are highly
variable and many subjects do not develop effective levels. As an alternative to vaccination,
passive immunization with nicotine-specific monoclonal antibodies could produce more uniform
serum NicAb concentrations, but its use is limited by their high cost and shorter elimination half-
life. This study investigated supplementing vaccination with monoclonal antibodies in a targeted
fashion to increase vaccine efficacy while minimizing the required monoclonal antibody dose.
Rats were vaccinated and then given individualized supplemental doses of the nicotine-specific
monoclonal antibody Nic311 to achieve a target total serum NicAb concentration known to be
effective for blocking locomotor sensitization (LMS) to nicotine. Rats received vaccine, Nic311,
both, or neither, followed by 0.3 mg/kg nicotine s.c. for 10 days to produce LMS. Combination
immunotherapy completely blocked the development of LMS, while monotherapy with vaccine or
Nic311 alone were only minimally effective. Lower brain nicotine levels were associated with
reduced locomotor activity averaged over days 7-10. Despite its greater efficacy, combination
immunotherapy did not reduce the variability in the resulting total serum NicAb concentrations.
Variability in total serum NicAb concentrations was contributed to by both vaccine-generated
antibody and by Nic311. These data show that combination immunotherapy, using a Nic311 dose
that is by itself only minimally effective, can substantially enhance nicotine vaccine efficacy.
However, variability in serum NicAb levels with combination immunotherapy may make
translation of this approach challenging.
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1. Introduction
Immunization is being studied as a potential treatment for drug addiction. Vaccination with
a suitably designed drug-protein conjugate vaccine stimulates the production of drug-
specific antibodies that bind and sequester drug in serum, reducing or slowing drug
distribution to brain and attenuating behavioral effects [1-4]. Vaccines directed against
nicotine and cocaine have entered clinical trials and have provided early evidence of
efficacy with no important side effects [5-7]. Vaccination for the treatment of nicotine or
other drug addictions has a number of attractive features. Because the antibodies generated
are highly specific for the target drug and do not bind endogenous compounds or structures,
they appear to be quite safe. In principle, even very high antibody concentrations should be
well tolerated. Vaccine-generated antibody is long lasting so that, in contrast to most other
addiction medications, daily dosing is not required. In clinical trials, 3-5 initial monthly
injections followed by a booster dose months later provided a sustained antibody response.
Immunotherapies for opiate, amphetamine, and phencyclidine abuse are also being
developed [8-10].

Efficacy of addiction vaccines in animals is closely correlated with the serum concentration
of drug-specific antibody present; initial observations suggest the same in humans. Two
common themes have emerged from clinical trials. First, efficacy of vaccination is largely
confined to subjects achieving the highest serum antibody concentrations [5-7]. In a phase II
trial of a nicotine vaccine, efficacy for enhancing smoking cessation rates was entirely
attributable to the 30% of subjects with the highest serum nicotine-specific antibody
(NicAb) concentrations [7]. Second, the serum drug-specific antibody concentrations
achieved are highly variable and substantially lower than those achieved in animals [5-7,
11]. Providing a robust and reproducible immune response with consistently high serum
antibody concentrations has emerged as the principle challenge for successful translation of
addiction immunotherapy into clinical use.

Immunization may be achieved actively through vaccination or passively through the
administration of drug-specific monoclonal antibodies. Clinical trials have focused on
vaccination because of its excellent safety profile, long duration of action, and relatively low
cost. Passive immunization with drug-specific monoclonal antibodies provides efficacy in
animals similar to that of vaccination and has advantages that could address the limitations
of vaccination. Passive immunization allows for control of the antibody dose and more
uniform initial serum antibody concentrations [12]. Because monoclonal antibodies are well
tolerated [13], high doses can be administered to achieve higher serum antibody
concentrations than can be produced by vaccination. However, passive immunization is
substantially more expensive than vaccination. In addition, the serum half-life of passively
administered IgG is shorter than IgG generated by vaccination (3 weeks v. several months or
longer in humans) [14], and even humanized or fully human monoclonal antibodies may
themselves be immunogenic [15].

An alternative to using vaccination or passive immunization alone is to combine these
treatments in an effort to exploit the advantages of each while minimizing their limitations.
Combining these treatments could provide higher serum NicAb concentrations than
vaccination alone while decreasing the cost and use of the monoclonal antibody, because
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smaller doses would be necessary than if used alone. In a proof-of-concept study, Roiko, et
al. (2008) showed that combining vaccination with a fixed and partially effective dose of the
nicotine-specific monoclonal antibody Nic311 produced significantly higher total NicAb
concentrations, greater reductions of nicotine distribution to brain, and greater attenuation of
locomotor sensitization to nicotine than vaccination alone. Because there was considerable
variability in vaccine-generated NicAb concentrations, some rats achieved an effective
serum NicAb concentration with vaccination alone and presumably did not require
combined therapy for efficacy. This finding suggests that instead of administering a fixed
dose of Nic311 to all subjects, an individualized targeted approach to Nic311
supplementation could be used to selectively supplement only those subjects requiring it
while tailoring the Nic311 dose to their vaccine-generated NicAb response.

The purpose of the current study was to assess the feasibility and efficacy of a target
antibody concentration strategy for supplementing vaccination against nicotine with Nic311.
The vaccination schedule was chosen to provide sub-maximal efficacy to avoid a ceiling
effect that could mask an increase in efficacy due to supplemental Nic311 administration.
Each vaccinated animal received only enough Nic311 to increase its serum NicAb level to
the anticipated effective target concentration. Immunization effects were evaluated by
measuring serum NicAb concentrations, LMS to nicotine, and serum and brain nicotine
concentrations.

2. Materials and Methods
2.1 Animals

Male Holtzman Sprague Dawley rats (Harlan, Indianapolis, IN) weighing 275-300 g were
individually housed in temperature- and humidity-controlled rooms and maintained on a 12
h light/dark cycle, with testing taking place during hours 4-6 of the light phase. Animals
were restricted to 18 g/day of rat chow to minimize weight gain and prevent catheter
migration. All protocols were approved by the Minneapolis Medical Research Foundation
Animal Care and Use Committee and were in accordance with National Institute of Health
guidelines.

2.2 Vaccine
The nicotine immunogen 3′-AmNic-rEPA is a 3′-aminomethyl-nicotine hapten conjugated
via a succinic acid linker to the carrier protein recombinant Pseudomonas exoprotein A.
This immunogen generates antibodies that have a high affinity for nicotine (Kd= 20 nM) and
<1% cross-reactivity with similar compounds including acetylcholine, the major nicotine
metabolites cotinine and nicotine-N-oxide, and other neurotransmitters and medications
[16]. Control immunogen was the carrier protein rEPA alone. The vaccine dose was 25 μg
of immunogen in complete Freund’s adjuvant for the initial immunization and incomplete
Freund’s adjuvant for subsequent immunizations in a volume of 0.4 ml.

2.3 Monoclonal Antibody
The monoclonal antibody Nic311 was prepared from mice immunized with 3′-AmNic-
rEPA. Nic311 was purified by protein G chromatography to ≥ 95% protein content with
endotoxin levels of < 0.2 enzyme unit/mg and diluted in phosphate-buffered saline. Nic311
has previously been characterized as an IgG1κ with Kd = 60 nM for nicotine and <1% cross-
reactivity with cotinine, nicotine-N-oxide or acetylcholine [17]. Control IgG was human
polyclonal IgG (Gammagard; Baxter Healthcare Corp., Westlake Village, CA) that does not
bind nicotine or influence nicotine pharmacokinetics or behavior [18].
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2.4 Nicotine
(-)-Nicotine Bitartrate (Sigma-Aldrich, St. Louis, MO) was dissolved in sterile saline and
adjusted to a pH of 7.4 with 1M NaOH. Nicotine doses are expressed as weight of the base.
Serum and brain nicotine levels were measured by solvent extraction of serum or tissue
followed by gas chromatography with nitrogen-phosphorus detection [19]. This assay
measures total nicotine in serum; nicotine bound to antibody as well as unbound (free)
nicotine. Brain nicotine concentrations were corrected for brain blood content [20].

2.5 Immunologic Assays
Serum nicotine-specific antibody (NicAb) concentrations produced by vaccination were
measured by ELISA using 3′-AmNic-polyglutamate as the coating antigen and goat anti-rat
horseradish peroxidase as the detecting antibody [21]. Nic311 concentrations were
determined using goat anti-mouse IgG horseradish peroxidase as the detecting antibody
[18]. Because Nic311 levels in the combination immunotherapy group were measured in the
presence of antibodies generated by vaccination, these levels were corrected for the minimal
(3.2%) cross reactivity of vaccine-generated antibodies with the coating antigen used to
quantitate Nic311.

2.6 Locomotor Activity
Locomotor activity sessions were conducted in open-field activity chambers (MED
Associates, St. Albans, VT) each measuring 43 cm × 43 cm. Horizontal activity was
measured using a 16 × 16 photocell array placed 2.5 cm above the chamber floor.
Interruptions in photocell transmission were measured as horizontal activity and were
recorded using open-field activity software (MED Associates). Chambers were placed inside
sound-attenuating boxes with ambient lighting and exhaust fans to provide white noise.

2.7 Experimental Protocol
2.7.1 Overview—Five groups of rats (n = 8-10 per group) were used (Table 1). A non-
immunized nicotine only group served as a positive control to demonstrate LMS to nicotine
in the absence of immunotherapy, and a non-immunized saline only group served as a
negative control. Those groups receiving vaccine had serum NicAb concentrations measured
prior to beginning the LMS protocol to assure that they were within the desired range. Rats
in the combination group were supplemented with Nic311 after vaccination and prior to the
LMS protocol as needed in order to reach their target total serum NicAb concentration.
Nic311 doses for rats in the Nic311 alone group were matched to the Nic311 doses
administered to the combination group.

2.7.2 Vaccination—Rats were immunized with 3′-AmNic-rEPA or control vaccine on
days 0, 21, and 42 (Fig 1). One week after the third vaccine dose, an indwelling catheter was
implanted in the right jugular vein and blood was obtained to measure vaccine-generated
serum NicAb concentrations prior to starting the LMS protocol. Animals with a pre-LMS
NicAb concentration of 100-150 μg/ml began the LMS protocol one week after blood
sampling. Animals with pre-LMS vaccine-generated NicAb concentrations >150 μg/ml were
monitored every two weeks until NicAb levels had decreased to within the desired range
before starting the LMS protocol. Animals with vaccine-generated NicAb concentrations
<100 μg/ml received a fourth vaccine dose on day 63 and serum NicAb concentrations were
again determined one week later and monitored until in the desired range.

The pre-LMS NicAb concentration range of 100-150 μg/ml was selected because, based on
an expected decline in serum NicAb over the study period (unpublished data), it would
result in a post-LMS serum NicAb concentration range of 80-120 μg/ml. This post-LMS
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NicAb concentration range was shown in pilot studies to produce minimal attenuation of
LMS to nicotine. A partial effect from vaccination was necessary so that any additional
effect of Nic311 in the combination immunotherapy group could be detected.

2.7.3 Passive Immunization—Rats in the combination immunotherapy group received
Nic311 when the vaccine-generated pre-LMS serum NicAb was within the desired range as
above. Nic311 doses were calculated to provide a target post-LMS total serum NicAb
concentration (vaccine-generated NicAb + Nic311) of 200 μg/ml, based on pilot data
suggesting that this total serum NicAb concentration should be sufficient to markedly
suppress LMS to nicotine. Nic311 doses were calculated as a proportionality based on
preliminary data showing that a dose of 27 mg/kg produces a serum Nic311 concentration of
100 μg/ml 24 hours after dosing. The difference between each rat’s measured vaccine-
generated serum NicAb concentration and the target of 200 μg/ml was used to determine the
required Nic311 dose. Rats began the first locomotor activity test session 60 minutes after
receiving their initial supplemental dose of Nic311. Because Nic311 has a half-life of 7 days
in the rat, an additional 50% of the initial Nic311 dose was administered on day 7 of the
LMS protocol to maintain the desired total serum NicAb concentration [22]. Rats were
studied in 6 cohorts of 6-12 animals each using a balanced design. Rats in the Nic311 only
group of each cohort received a dose of Nic311 matching the mean of the individual Nic311
doses administered to rats in the combination immunotherapy group of that cohort (cohorts
1-6 received 25, 32, 22, 32, 30.5, and 30 mg/kg Nic311, respectively).

2.7.4 Locomotor Activity Measurement—Locomotor sensitization, or the progressive
increase in locomotor activity elicited by repeated nicotine exposure, was used to examine
the ability of NicAbs to attenuate the behavioral effects of nicotine. The locomotor
sensitization protocol consisted of two habituation sessions in the locomotor chambers
followed by 10 consecutive test sessions; all sessions lasted 30 minutes each. All animals
received saline s.c. immediately prior to the habituation sessions. During test sessions, the
saline control group continued to receive saline while all other groups received 0.3 mg/kg
nicotine s.c. [22]. Following the tenth test session (40 min after nicotine dosing), rats
received pentobarbital 50 mg/kg to confirm catheter patency and were sacrificed with brain
and serum samples collected for analysis.

2.8 Statistical Analyses
Serum NicAb concentrations, serum nicotine levels, and brain nicotine levels were analyzed
using separate one-way ANOVAs followed by Bonferroni’s post test for between-group
comparisons. Locomotor activity was measured as total horizontal distance traveled over
each 30-min session. Data during habituation and test sessions were analyzed using separate
two-way ANOVAs with group as a between-subjects factor and day as a within-subjects
factor. The primary outcome for this study was locomotor activity on days 7-10 as used
previously [22]. To confirm that the non-immunized nicotine control group exhibited
sensitization, a paired-samples t-test was used to compare activity in this group during the
first (test day 1) and final (mean of test days 7-10) days of sensitization. Mean distance
traveled over test days 7-10 was compared among groups using a one-way ANOVA
followed by Bonferroni’s post-test. Within-session data on test days 1 and 10 were analyzed
as 5-minute blocks using separate two-way ANOVAs with group as a between-subjects
factor and time as a within-subjects factor, followed by Bonferroni’s post-test for between-
group comparisons.

Relationships between total serum NicAb concentrations, serum nicotine levels, brain
nicotine levels, and mean locomotor activity over days 7 to 10 were analyzed using linear
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regression with Pearson’s correlation coefficient for normally distributed data or Spearman’s
correlation coefficient for non-normally distributed data.

2.9 Exclusions
Two rats receiving only Nic311 and one rat receiving the combination of treatments were
excluded from all analyses due to technical problems. Two non-immunized rats were
excluded only from serum nicotine concentration analyses due to loss of sample.

3. Results
3.1 Serum Antibody Concentrations

Six of 10 rats in the vaccine only group had post-LMS serum NicAb concentrations within
the intended range of 80-120 μg/ml. The mean serum NicAb concentration for this group of
81±24 μg/ml was somewhat lower than anticipated but still within the intended range (Table
2). Seven of 9 rats in the combination immunotherapy group had post-LMS total serum
NicAb concentrations (vaccine-generated NicAb + Nic311) of >160 μg/ml and the mean
concentration of 192±75 μg/ml was close to the targeted 200 μg/ml. The individual
contributions of vaccination and Nic311 to the total serum NicAb concentration in the
combination group are shown in Table 2. There was considerable variability in the total
serum NicAb concentration in the combination group (range 58-274 μg/ml). The Nic311
alone group did not have a specific intended serum NicAb range since Nic311 doses in this
group were matched to those in the combination group. The mean Nic311 dose administered
to the combination and Nic311 groups was 30±4 mg/kg (range 21-38 mg/kg).

3.2 Locomotor Activity
3.2.1 Sensitization to nicotine (Fig 2a)—During habituation there was a significant
effect of day (p = 0.0004), reflecting a decrease in activity over the habituation sessions for
all groups, but no effect of group or interaction. Over all 10 days of sensitization there was a
significant effect of day (p = 0.009) and group (p = 0.04) and interaction between the two (p
= 0.005). The non-immunized nicotine control group exhibited a significant increase in
activity between the first and final days of testing (p = 0.02), confirming that this nicotine
dosing regimen produced sensitization.

3.2.2 Treatment effects on days 7-10 (Fig 2b)—There was an effect of treatment (p =
0.007) on activity averaged over days 7-10. Only the non-immunized saline control and
combination immunotherapy groups showed significantly lower mean activity scores than
the non-immunized nicotine control group; the monotherapy groups (vaccine only and
Nic311 only) did not differ from the non-immunized nicotine control group. The 3 treatment
groups (vaccine only, Nic311 only, combination immunotherapy) did not differ from each
other.

3.2.3 Within session effects (Fig 3)—Within session analysis on day 1 showed no
effects of treatment, but an effect of time (p < 0.0001) and interaction (p = 0.002). Over the
first 5-minute block of the session, the non-immunized saline control group showed
significantly greater activity than all other groups, showing an initial suppression of activity
in animals receiving nicotine (Fig 3a). Within session analysis of day 10 indicated a
significant effect of group (p = 0.02), time (p < 0.0001), and interaction (p < 0.0001). Over
the first 5-minute block, activity in the non-immunized nicotine control group was greater
than in all other groups (Fig 3b). Activity levels in the combination immunotherapy group
and the non-immunized saline control group were lower than either of the monotherapy
groups.
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3.3 Serum and Brain Nicotine Concentrations
The combination immunotherapy and vaccine alone groups had higher total serum nicotine
concentrations (bound + free) and lower brain nicotine concentrations than the non-
immunized nicotine control group (Fig 4 and Table 2). Serum and brain nicotine levels in
the Nic311 alone group did not differ from the non-immunized nicotine control group. The
brain nicotine level in the combination immunotherapy group was lower than that of the
Nic311 only group or the non-immunized nicotine control group (p < 0.05). The difference
in brain nicotine levels between the combination immunotherapy and vaccine alone groups
approached significance (p = 0.07).

3.4 Correlations
Higher serum NicAb concentrations were associated with larger effects on nicotine
distribution. There was a significant negative correlation between serum NicAb and brain
nicotine concentrations (Fig 5). There was a trend toward a positive correlation between
serum NicAb and serum nicotine concentrations overall; however, these correlations for
each individual treatment group were highly significant (Fig 5a). Nicotine concentrations
were correlated with the mean distance traveled across days 7 to 10 (Fig 6), with lower
serum levels and higher brain levels associated with greater distance traveled. There was no
correlation between serum NicAb concentration and distance traveled on days 7 to 10.

4. Discussion
Combination immunotherapy using a target serum NicAb concentration strategy provided
substantially greater attenuation of LMS to nicotine than vaccination alone. Enhanced
efficacy was achieved using a mean supplemental Nic311 dose that was by itself only
minimally effective. These data support the potential use of targeted combination
immunotherapy to improve the efficacy of vaccination against nicotine while minimizing the
required monoclonal antibody dose.

The use of drug-specific monoclonal antibodies alone to block the behavioral effects of
addictive drugs has been well studied in rodents and is remarkably effective, but high doses
are generally needed [17, 22-26]. Nic311 doses required to attenuate or block LMS, nicotine
discrimination, or the re-acquisition of nicotine self-administration in rats when Nic311 is
used alone have ranged from 80-160 mg/kg [22, unpublished data]. The primary impediment
to using monoclonal antibodies as a monotherapy for addiction is the cost of such high
doses. The use of similar doses of monoclonal antibodies has clinical precedent in the
treatment of some cancers or immunological disorders, but is less appealing for a
widespread problem such as tobacco addiction [27, 28]. The possible need for repeated
administration of monoclonal antibody to sustain its effects could further increase the
required dose. Occasional immune responses to the monoclonal antibody, even if it is
humanized, may also reduce its efficacy [15, 29]. Minimizing the required monoclonal
antibody dose through targeted combination immunotherapy could address these concerns to
some extent. While the mean initial Nic311 dose of 30 mg/kg used in this study was still
appreciable, it was lower than the 80 mg/kg used in a prior study of combination
immunotherapy in which supplemental Nic311 was administered as a fixed dose rather than
in a targeted manner [22].

Nic311 is a murine monoclonal antibody and would need to be humanized or replaced with
a fully human monoclonal to be suitable for clinical use. Nevertheless Nic311 provides a
convenient experimental tool to investigate the combination immunotherapy concept and
how to optimize it. Extrapolation of required antibody doses from rats to humans is difficult
but it is possible that the Nic311 doses required by smokers would be lower than those
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suggested by the rat model. Clinical trials of nicotine vaccines show that smoking cessation
can be enhanced with lower vaccine-generated serum NicAb concentrations (40-100 μg/ml)
than are typically required in rat behavioral studies of nicotine vaccines (100-300 μg/ml) [7,
22, 30, 31]. It is also possible that the current study overestimated the required Nic311 dose
because immunotherapy produced essentially complete blockade of LMS; a lower Nic311
dose might have been effective as well.

Blockade of LMS by combination immunotherapy in this study was essentially complete,
producing activity levels comparable to that of saline controls. It is interesting that both
Nic311 alone and vaccine alone were only marginally effective, yet the serum NicAb
concentrations in the Nic311 alone group were nearly twice those of vaccine-generated
NicAb in the vaccine alone group. This apparent difference in potency between Nic311 and
vaccine-generated antibodies was likely due to their different affinities for nicotine (Nic311
Kd = 60 nM; vaccine-generated NicAb Kd = 20 nM) [16, 18].

A limitation of the experimental design is that vaccine-generated serum NicAb
concentrations were selected to be within a relatively narrow range so that vaccine alone
would have the desired minimal efficacy in the LMS model. As a result, the twofold range
of Nic311 doses required in the combination immunotherapy group was not as wide as
might otherwise have been the case. It could be argued that a fixed Nic311 dose of 30 mg/kg
(the mean dose required) would have produced the same result. However, it is unlikely that a
fixed dose approach would be as useful if the vaccine-generated NicAb concentrations had
been as variable as the antibody levels reported in nicotine vaccine clinical trials.

The trends in the pharmacokinetic data were consistent with the LMS data but by several
analyses did not reach statistical significance. This result was anticipated and is not
surprising. The primary outcome measure for this study was LMS and the protocol was
designed to optimize this behavioral measure rather than effects on drug levels, which are
greatest shortly (1-25 min) after a nicotine dose and are less apparent with repeated or
chronic nicotine dosing [32, 33]. Nevertheless, the trends in the serum and brain nicotine
levels were consistent with the behavioral data. In addition, expected correlations were
observed between the serum NicAb and nicotine concentrations as well as between serum or
brain nicotine concentrations and distance traveled in the LMS protocol across days 7-10.

Despite its efficacy, the targeted combination immunotherapy approach did not reduce
overall variability in the total serum NicAb concentrations measured at the end of the LMS
protocol (range 58-274 μg/ml). Variability in the vaccine-generated contribution to the
serum NicAb concentrations was expected, but variability in Nic311 levels was also
considerable. Nic311 concentration variability likely represented individual differences in
both the volume of distribution and clearance of Nic311 over the 10 day protocol. The
elimination half-life of Nic311 in rats is 7 days so that the 10 day protocol was long enough
for differences in Nic311 elimination to have a substantial effect [22]. The elimination half-
life of monoclonal antibodies in humans is 3 weeks [34], longer than in rats, but because the
usual duration of treatment for tobacco dependence (e.g. with counseling or marketed
medications) is 6-12 weeks or longer, variability in monoclonal antibody elimination could
be an issue for human use as well.

The current study extends earlier findings on combination immunotherapy by showing that
an individualized target concentration strategy can be used to produce complete blockade of
LMS to nicotine and that this can be achieved using a Nic311 dose that is by itself only
minimally effective. This approach to immunotherapy has the potential to produce greater
efficacy than is possible with vaccination alone while minimizing the Nic311 dose required.
A possible limitation to this approach is that the resulting total serum NicAb concentrations
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are highly variable and may require monitoring to assure they remain above the targeted
level.
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Highlights
Combination immunotherapy was studied to enhance nicotine vaccine efficacy
Vaccination was supplemented with a nicotine-specific monoclonal antibody A target
concentration strategy was used to minimize the required antibody dose The combination
of treatments attenuated locomotor sensitization to nicotine in rats Combination
immunotherapy was more effective than either therapy alone
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Fig. 1.
Schedule of treatments. Animals were assessed for serum NicAb level starting at 1 week
after the third vaccine dose. If serum NicAb levels were below the intended range after the
third vaccine dose, a fourth dose was administered at day 63. When the serum NicAb level
was within the intended range, the animal underwent 2 days of habituation, received the first
dose of Nic311, and began nicotine dosing for the LMS protocol.
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Fig. 2.
a) Locomotor activity (mean ± SE) measured across all days for the entire 30 minute
session. Initial unmarked days are non-nicotine habituation sessions and days 1 through 10
are nicotine test sessions. The non-immunized nicotine control group showed sensitization
to nicotine, * p < 0.05, mean across days 7-10 compared to day 1. b) Effects of treatment on
the primary outcome, mean distance traveled over the 30 minute session across days 7-10
(mean ± SE), * p < 0.05, ** p < 0.001 compared to non-immunized nicotine control group.
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Fig. 3.
Within-session locomotor activity (mean ± SE) in 5-minute blocks. a) Day 1; All groups
receiving nicotine had lower activity than the saline control group, reflecting an initial
decrease in activity due to nicotine, * p < 0.05. b) Day 10; All immunized groups as well as
the non-immunized saline control group had lower locomotor activity than the non-
immunized nicotine alone group, * p < 0.05. The combination immunotherapy and non-
immunized saline control groups had lower activity than either of the monotherapy groups, #
p <0.05.
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Fig. 4.
Nicotine concentrations obtained 40 min after the final nicotine dose of the LMS protocol
(mean ± SD). * p < 0.05, ** p < 0.001 compared to non-immunized nicotine control group;
# p < 0.05 compared to combination group.
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Fig. 5.
a) Relationship of serum nicotine concentration to serum NicAb concentration across all
groups; smaller figures show the relationship of serum nicotine concentration to serum
NicAb concentration within individual treatment groups. b) Relationship of brain nicotine
concentration to serum NicAb concentration.
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Fig. 6.
Relationship of mean distance traveled on days 7 through 10 to serum (a) and brain (b)
nicotine concentrations.
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Table 1

Group design

Group
Active

Immunization
(Vaccine)

Passive
Immunization

(Nic311)
Nicotine

Nicotine control − − +

Vaccine only + − +

Nic311 only − + +

Combination + + +

Saline control − − −
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