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Abstract

Both pre-clinical and clinical studies make feasible the use of vaccines as novel therapeutic medications to treat drug addiction. No reports
to date have shown the development of structural models of opiate candidate vaccines for treating human addiction to such compounds. Here
we report on the initial development of a novel structural formulation of a bi-valent vaccine against morphine/heroin. This vaccine was able
to trigger and establish a high titer antibody response to haptenized drug with antibodies displaying equivalent specificities for both morphine
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nd heroin. Such antibodies did not cross-recognize structurally dissimilar opiate medications. Furthermore, the evaluation of the potential
herapeutic effectiveness of this vaccine was targeted to relapse prevention using a schedule of heroin delivery in the rat self-administration

odel. Antibodies against heroin blocked its reinforcing effects in rodents. The type of carrier protein used in this vaccine allows further
valuation of its potential therapeutic value for preventing relapse to heroin addiction in humans.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Heroin addiction is a health problem and successful phar-
acotherapies have been developed to treat the detoxifica-

ion, withdrawal, craving and maintenance of the abstinent
tate of this addictive disorder [1–6]. Such treatments use
ong-acting oral opiate agents such as methadone, levo-�-
cetylmethadol (LAAM) and the recently FDA-approved
uprenorphine that mimic drug action at the opioid receptor
6–8]. Although the effectiveness of drug mimicry has been
ocumented clinically, there remains significant concern and
kepticism towards such treatments [2]. This relates to the
act that the heroin addict is still being exposed to opiates,
nd consequently may develop tolerance to and experience
ithdrawal from the treatment agent [2]. Another problem
ften seen in most out-patient treatments during the mainte-
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nance of heroin abstinence is the high incidence of relapse
to addictive drug consumption [1–6]. An alternative pharma-
cotherapy for both abstinence and prevention of relapse to
heroin addiction is based on blocking heroin from reaching
its opioid receptor target by using naltrexone and naloxone
[7]. Indeed, despite the fact that these antagonists can be
used to treat heroin addiction, their use has limitations as
both drugs are not inactive in the absence of exogenous opi-
ates and they block the binding of the body’s endogenous
opioids (e.g., enkephalins and endorphins) causing negative
emotional effects in the long-term treated patient [2].

As for other drugs of abuse such as cocaine, nicotine,
methamphetamine and phencyclidine [9–11, and references
therein], an alternative approach for heroin addiction might
be an antibody-based antagonism of heroin’s brain entry. The
feasibility of using an active vaccination approach for treat-
ing heroin addiction was explored 30 years ago by Bonese et
al. [12]. They showed that responding maintained by this opi-
ate was selectively abolished after active immunization with
a morphine-6-hemisuccinyl-bovine serum albumin (BSA)
264-410X/$ – see front matter © 2006 Elsevier Ltd. All rights reserved.
oi:10.1016/j.vaccine.2006.01.047
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(M-6-H-BSA) conjugate in a single rhesus monkey trained to
self-administer heroin. Surprisingly, no further progress was
made in conducting more systematic studies focused on the
generation of non BSA-based carrier protein models of opi-
ate vaccines appropriate for human use. Besides, we propose
that once validated at the pre-clinical level, a novel struc-
tural model of a heroin vaccine designed for clinical use,
could be subsequently considered as a candidate medication
in clinical trials to test its potential therapeutic effectiveness
as a co-adjuvant and synergistic therapy for methadone or
buprenorphine in preventing relapse to this opiate addiction.
Furthermore, the use of such a vaccine in combination with
existing therapies could also be useful to reduce the duration
of substituted addiction and development of toxic side-effects
[13] often seen with the long-term use of these pharmacolog-
ical agents, that ultimately contribute to the high incidence
of treatment abandon and heroin relapse [13].

2. Materials and methods

2.1. Preparation of the morphine-tetanus toxoid (M-TT)
vaccine

The synthesis of the hapten for M-TT vaccine used the
commercial formulation of morphine-sulfate·5H O (m.w.
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boxy groups at a pKa of 4.3 potentially present in non-reacted
free succinyl residues esterified to the 6-hydroxy group of
morphine base. These measurements usually showed yields
of ≈98% of the EDC-M-6-H derivative. This latter com-
pound is usually unstable in aqueous solutions and should
be promptly reacted with the tetanus toxoid (TT) used as
carrier protein (CP). The TT (which was the recombinant
non-toxic polypeptide H chain of the tetanus toxin, with an
approximate molecular mass of 100 kDa and 98% of purity)
was covalently derivatized with the amine-reactive cross-
linker reagent with a latent amino group available on demand
the N-(�-trifluoroacetylcaproyloxy)succinimide ester (TFCS,
Pierce, Rockford, IL, USA) 24 h before coupling with the
EDC-M-6-H intermediate. The TFCS was coupled by its
NHS ester functional group to the �-amino groups of the
side chain of lysine residues of the TT. In a representa-
tive synthesis, a 20-fold molar excess of TFCS (134 mM)
is dissolved in a freshly prepared solution of 10–20% DMSO
(Sigma–Aldrich, St. Louis, MO, USA)/80% distilled H2O
and 50 �l of this solution is mixed with 0.5 mM of TT in
a volume of 4 ml of PBS, pH 7.2. Thereafter, the reaction
mixture was incubated at room temperature overnight and
the trifluoroacetyl protecting group of the coupled TFCS is
removed by incubation at pH 8.1 in PBS at room temper-
ature for up to 3 h. The final purification of the TT-TFCS
derivative was carried out by exhaustive dialysis against PBS,
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58.8) (Sigma–Aldrich, St. Louis, MO, USA) as initial
ompound to produce morphine base according to a stan-
ard experimental procedure reported by Simon et al. [14].
fter synthesis, morphine base was subjected to selec-

ive succinylation of its 6-hydroxy group in reflux (6 h at
0–80 ◦C) according to a standard protocol initially reported
y Wainer et al. [15,16] with an excess of succinic anhydride
Sigma–Aldrich, St. Louis, MO, USA) (2 g per 1 g of mor-
hine sulfate) in dry benzene or pyridine (Sigma–Aldrich,
t. Louis, MO, USA). The residue forming the interme-
iate derivative named morphine-6-hemisuccinyl (M-6-H)
as rinsed and re-crystallized ten consecutive times with
0% ethanol/40% distilled H2O (v:v). Thin layer chro-
atography (TLC) was performed in a solvent system of

thanol/dioxan/benzene/NH4OH (8:1:10:1, v:v:v:v) in order
o determine the yield of M-6-H. The product, synthe-
ized and crystallized as described above, usually contained
ess than 5% of morphine base. Analyses of the UV spec-
rum of M-6-H demonstrated undistinguishable values from
hat of morphine, in which the chromophore responsible
or the peak at 285 nm is the phenolic ring, a clear evi-
ence for the absence of reaction at this site (e.g., the
-hydroxy group of the phenolic ring of morphine). One
undred milligrams of M-6-H derivative were activated
or coupling in 100 ml of distilled H2O in the presence
f 100 mg of water-soluble 1-(3-dimethylaminopropyl)-3-
thylcarbodiimide (EDC, Pierce, Rockford, IL, USA). The
H of the mixture was adjusted to 5.5 with 1N HCl. After
h at 37 ◦C of incubation of the reaction mixture, titration of
-6-H with NaOH was performed to determine titratable car-
H 7.2. To prepare the conjugate, the EDC-M-6-H deriva-
ive was coupled by its free imide group to the deprotected
rimary amine group of the TT-TFCS derivative. In a repre-
entative synthesis, 1 �mol of TT-TFCS (e.g., ≈0.7 �mol of
ctive sites for covalent condensation) was mixed with 30 mg
f the EDC-M-6-H derivative (≈70 �mol of active sites for
ovalent condensation) in a volume of 100 ml of PBS, pH
.5 and the reaction mixture was incubated at room temper-
ture overnight in gently stirring. After exhaustive dialysis
gainst PBS, pH 7.4, the purified conjugate was concentrated
y pressure dialysis, aliquoted (unit dose = 1 mg of TT/ml),
reeze-dried, lyophilized and stored in sealed sterile glass
ials. As a control used as antigen for the solid phase of
LISA assays (see below), a synthesis of an additional conju-
ate was carried out as above where BSA (Sigma–Aldrich, St.
ouis, MO, USA) replaced TT as carrier protein. The percent-
ge of conjugation of hapten to carrier protein TT or BSA was
etermined by titration of the number of free amines (lysine
esidues) using o-phtaldehyde (Sigma–Aldrich, St. Louis,

O, USA) according to a standard procedure [17]. Generally,
he percentage conjugation was between 65 and 85%.

.2. Active immunization and ELISA assays

The active immunization studies used male adult rats
f 250–280 g (Harlan, Mexico). During all experimental
onditions they were housed in individual hanging plastic
ages within a temperature (21–24 ◦C) and light (08:00 h
n; 20:00 h off) controlled vivarium. Principles of labora-
ory animal care, as outlined in the National Institutes of
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Health (NIH) were followed. Although this protocol was
not designed to specifically address toxicity, no detrimen-
tal effects of active vaccination were observed in boosted
animals. For initial evaluation of the immunogenicity of the
M-TT vaccine, 10 rats were immunized with the M-TT vac-
cine adsorbed to aluminum hydroxide gel adjuvant (alum,
Imject-R-Alum, Pierce, Rockford, IL, USA) according to
manufacturer’s protocol (Pierce, Rockford, IL, USA). Both
adjuvant and TT alone were used as controls (n = 10 for
each group) in the active immunization protocol. Each ani-
mal was injected subcutaneously (s.c.) at four sites over the
shoulders bilaterally (two inoculation/side), with a total dose
of M-TT vaccine/adjuvant of 250–300 �g/kg/0.25–0.3 ml
alum (≈72 �g/inoculation/animal/boost). Subsequently, 7–8
booster injections were administered using the same unit
dose and coadjuvant and were given over a period of 14–16
weeks (once biweekly). This dosing regimen was adapted
from standard vaccination protocols in rodents recommended
for elicited antibody titer responses to small haptens linked to
high molecular mass carrier proteins [18]. Fourteen days after
each boost animals were invariably bled and sera were col-
lected and frozen at −20 ◦C until use. A solid-phase antibody
capture ELISA assay [19] was used for monitoring anti-
body titer response after each boost in vaccinated animals.
Briefly, ELISA plates were coated with M-BSA conjugate
to limit antibody detection to morphine and antisera were
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USA), methadone (Sigma–Aldrich, St. Louis, MO, USA)
and buprenorphine (Sigma–Aldrich, St. Louis, MO, USA) as
well as Leu-enkephalin and �-endorphin (Tocris Cookson,
Inc., Ellisville, MO, USA).

2.3. Study of active immunization antagonism on heroin
self-administration

Antibody antagonism studies used male adult rats of
250–280 g (Harlan, Mexico). During all experimental condi-
tions they were housed in individual hanging plastic cages
within a temperature (21–24 ◦C) and light (08:00 h on;
20:00 h off) controlled vivarium. Principles of laboratory ani-
mal care, as outlined in the National Institutes of Health (NIH)
were followed. Heroin self-administration experiments were
carried out in eight experimental operant chambers for rats
(TSE Systems, Bad Homburg, Germany) fully equipped for
self-administration of drugs. The chambers were connected
to an OBS interface (TSE Systems, Bad Homburg, Ger-
many), and a Pentium 4 PC was programmed with TSE
software (TSE Systems, Bad Homburg, Germany) to con-
trol experimental events. Rats were divided into three groups
(10 animals per group for a total of 30 animals) for the
heroin self-administration paradigm, which used a unit dose
of 0.06 mg/0.2 ml of sterile saline solution/kg body weight
per infusion heroin (Sigma–Aldrich, St. Louis, MO, USA).
O
o
m
t
t
i
a
s
d
i
p
s
a
m
v
m
h
e
w
i
F
s
w
(
r
h
s
e
a
s

dded at a range of serial dilutions in triplicate. A biotin-
abeled secondary anti-rat antibody (Jackson Immunore-
earch, West Grove, PA, USA) coupled to a detection sys-
em of the VECTASTAIN Elite ABC Peroxidase Kit (Vec-
or Lab, Burlingame, CA, USA) and OPD (Sigma–Aldrich,
t. Louis, MO, USA) as chromogenic substrate were used

o detect immunopositive signals. Antibody titers were ini-
ially defined as the inverse of the serum dilution that gave
0% of the maximal response. No anti-morphine antibod-
es were detected following immunization with either alum
r TT alone (data not shown). A standard equilibrium dial-
sis assay [20] with radiolabeled morphine (14C-morphine,
7 mCi/mmol, Amersham Bioscience Corp., Piscataway, NJ,
SA) was used to quantify the antibody concentration of the

mmune sera and values were expressed in mg/ml of sera.
hese data were used to estimate the heroin-binding capacity
f the immune serum in mg/ml and the affinity of the antisera
or heroin binding. A pool of high-titer antisera (≈1:100,000)
ontained high-affinity antibodies (2.5–4 × 109 M−1) with

combined heroin binding capacity of up to 9–14 �M
0–6–0.8 mg/ml antigen-specific antibody). The specificity
f the anti-morphine antibodies was determined by using
he ELISA assay described above, where antisera from rats
mmunized with the M-TT vaccine were incubated with vary-
ng concentrations of competitors (0.0001–100 �M) repre-
ented by heroin and its metabolites (6-monoacetyl-morphine
nd morphine 3-and-6-glucuronides, Sigma–Aldrich, St.
ouis, MO, USA). Additional competitors used included
ompounds such as naloxone (Sigma–Aldrich, St. Louis,
O, USA), naltrexone (Sigma–Aldrich, St. Louis, MO,
ur heroin self-administration protocol in the rat was based
n reported protocols [17,21] in which this dosing regi-
en produces opiate tolerance and dependence that parallels

he behavior of chronic heroin use in humans. Cues (i.e.,
one plus light) were presented to signal heroin availabil-
ty during drug self-administration training and were absent
long both extinction and reinstatement. Briefly, prior to
urgery, rats (n = 30) were trained to press a lever for the
elivery of food pellets. Jugular vein catheters were then
mplanted, and 1 week later the heroin self-administering
rotocol began. In daily 4 h sessions, animals were trained to
elf-administer intravenous infusions of 0.06 mg/kg heroin on
fixed-ratio 10 schedule of reinforcement (FR10). A mini-
um of 10 days of stable baseline response rates of ±10%

ariation in the number of infusions, at the FR10 in all ani-
als was defined as baseline acquisition. After heroin intake

ad stabilized, substitution of normal saline was used for
xtinction of heroin self-administration behavior. Animals
ere normally subjected to an additional cycle of heroin

ntake acquisition/extinction before beginning immunization.
ollowing heroin self-administration baseline training, ses-
ions were discontinued for a 2-week period, and then rats
ere immunized with alum alone (n = 10), alum plus TT

n = 10) and alum plus M-TT vaccine using the immunization
egimen described above. During the immunization period,
eroin self-administration sessions were discontinued and
era were collected from immunized animals 14 days after
ach boost for monitoring the antibody titer using the ELISA
ssay described above. Boosted animals generally acquired
ustained maximal antibody titers after the fourth to fifth
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boosts. Reacquisition of heroin self-administration behavior
was studied with the 0.06 mg/kg dose of heroin in all control
and M-TT vaccine-treated rats. This dose was studied for
10–15 post-immunization sessions in all immunized groups.
Analyses of antibody effects were calculated by averaging
the total number of heroin infusions (drug intake) over the
10–15 post-immunization days in order to provide an overall
evaluation of the entire post-immunization effects.

2.4. Statistical analyses

Statistical differences of antibody effects over the 10–15
post-immunization sessions in all immunized groups (con-
trol and M-TT vaccinated) were calculated from one depen-
dent measure (e.g., infusions) for between-group treatment
comparisons. Two-factor analysis of variance (ANOVA) was
performed and the Newman–Keuls procedure was use for
post-hoc comparisons. Significance was set as P ≤ 0.05.

3. Results and discussion

3.1. Vaccine design

We initially designed and synthesized a novel structural
formulation of a morphine-tetanus toxoid (M-TT) vaccine
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gate, distant enough from structural domains of the carrier
protein and in appropriate spatial orientation to be recog-
nized by the immune system as antigen [23,24]. This in turn
causes such haptens to become highly immunogenic [23].
With this rationale, we first hypothesized that our structural
formulation of the M-TT vaccine should be efficient enough
for triggering a robust response of antibodies of differing
affinities and specificities to different structural determinants
of morphine shared with related structural opiate analogs
such as heroin and its neuroactive metabolites. Second, the
M-TT vaccine not only uses a highly immunogenic carrier
protein appropriate and authorized [22] for human use but
also introduces a spacer linker arm that is twice the length
of ones normally used in other morphine-6-hemisuccinyl-
BSA conjugates to covalently haptenize morphine to its
C-6 hydroxyl function through two stable amide bonds
(Fig. 1). This spacer linker arm is formed by an aliphatic
chain of carbon atoms of low structural complexity, which
may reduce its potential role as immunopredominant deter-
minant when haptenized morphine is exposed to immune
cells.

3.2. Vaccine immunogenicity and characterization of
humoral response

We further investigated the immunogenic capability of
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ble to generate a robust and sustained immunologic humoral
esponse for heroin upon active vaccination. In the M-TT con-
ugate (patent pending #PCT/MX2005/000049), drug was
ovalently haptenized to the �-amino free groups of the side
hain of lysine residues of the highly immunogenic car-
ier protein tetanus toxoid (TT) using a long (≈20.15 Å)
pacer linker arm (Fig. 1). Overall, the structural design
f this morphine conjugate was based on exploiting prac-
ical structural rules derived from previous works, report-
ng successful preparations to make highly antigenic small
apten-based conjugates [19,22]. There has been demon-
trated that the length of the spacer linker arm and its degrees
f freedom, place the haptenized moieties of each conju-

ig. 1. Structural design of the novel morphine-tetanus toxoid (M-TT) vac
liphatic chain of carbon atoms containing two stable amide bonds. The mor
DC-M-6-H. The �-amino groups from the lysine side chain residues of t
T-TFCS through a stable amide bond. The TT-TFCS was covalently conde
mide bond the complete structural formulation of the M-TT vaccine.
he M-TT vaccine to trigger a sustained and robust humoral
mmunologic response to the haptenized drug [12,23,25].
lthough this protocol was not designed to specifically

ddress animal toxicity testing, no major detrimental effects
t general health level such as anaphylaxis, convulsions,
oss of body weight and appetite, as well as in differences
n ambulatory activity and mortality were observed between
ontrol versus vaccinated animals. Other safety parameters
easured included injection site inspection and palpation.
owever, there were little local injection reactions such as

rythema and subcutaneous nodules early (i.e., 1–7 days)
fter immunization, probably due to mechanical process
f M-TT vaccine injection. Nonetheless, further standard

e total length of the linker spacer arm is nearly 20 Å and is formed by an
-hemisuccinyl-morphine (M-6-H) was coupled to the reactive intermediate
oxoid (TT) were derivatized with TFCS to form the reactive intermediate
the free imide group to EDC-M-6-H, thus forming through a second stable
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Fig. 2. Characterization of the immune humoral response to M-TT vaccine in actively vaccinated rats. (A) Time-course of the anti-morphine antibody titer
response in boosted rats with the M-TT vaccine. The solid vertical arrows point for booster injections and 14 days after antibody titers were measured in the
experimental group (empty circles on the graph) (mean ± S.E.M.; n = 10). (B) Individual variability of serum antibody levels from same group of animals
showed in (A). Symbols (©, �, �, �, ♦, �, �, �,�, �) are the serum levels (mg/ml) in individual animals. Time-course of the kinetics of decay (C) and
recovery (D) of titers of the anti-morphine antibodies. A slow and progressive decay in serum antibody levels (C) was observed after the boost (solid vertical
arrow) (mean ± S.E.M.; n = 10), reaching detectable levels ≥1:20,000 after 3–4 months and later rapidly recovering to maximal levels (≈1:80–100,000) within
the first 5–14 days after reboost (solid vertical arrow) (D). Titers are expressed on the ordinate axis as the inverse of the sera dilution that gave 50% of the
maximal response and points are the mean ± S.E.M. of serum antibody levels from ten vaccinated animals. (E) Analyses of the specificity of anti-morphine
antibodies. Anti-morphine antibodies showed equivalent specificities for immunological recognition for heroin (♦), morphine (©), morphine-ovalbumine (�),
the neuroactive metabolite, M-6-G (*) and inactive metabolite M-3-G ( ), as well as 6-MAM (�). No significant antibody cross-reactivity was observed for
Leu-enkephalin (�) and �-endorphin ( ) including therapeutic opiate compounds such as methadone ( ) naltrexone (�) and buprenorphine (�). Values of
antibody binding to the antigen adsorbed to the solid phase of the ELISAs are expressed as absorbance units at each point of varying concentration of indicated
competitors from ten vaccinated animals.

rodent toxicity studies [9–11 and references therein] should
be addressed to explore for potential systemic vaccine-
induced adverse effects at the level of histophatological
damage in organs and blood cells. Animals were immu-
nized with the M-TT conjugate and bled at varying times.
The anti-morphine antibodies were monitored by ELISA
assays [19]. A progressive increase in the titer of specific

antibodies was observed during the four initial boosts
(Fig. 2A). Maximal sustained antibody titers (≈1:100,000,
0.8 ± 0.2 mg of specific immunoglobulin/ml of sera) were
invariably reached after the fourth boost (Fig. 2A and
B), and remained sustained over a period of a year with
periodic administration of repeated booster. Additionally,
a narrow variability of antibody serum levels (geometric
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mean ± S.E.M. in mg/ml for boost 1 = 0.052 ± 0.013;
boost 2 = 0.53 ± 0.103; boost 3 = 0.75 ± 0.046; boost
4 = 0.81 ± 0.02; boost 5 = 0.80 ± 0.31; boost 6 = 0.78 ± 0.025
and boost 7 = 0.79 ± 0.033) were observed in this group of
vaccinated animals after each boost (Fig. 2B). This latter
result suggests that individual variation in active antibody
production would not impair the M-TT vaccine effectiveness
in blunting relapse to opiate consumption (see below in Sec-
tion 3.4), because based on other animal self-administration
studies for cocaine and nicotine, vaccine treatment effective-
ness most likely depends upon critical antibody threshold
level [9,10]. Furthermore, a noteworthy finding was that
the high-titer anti-morphine antibody responses observed
in our study was several fold higher than those reported
for other vaccines for drugs of abuse tested in rats, and
nearly an order of magnitude higher than the best currently
used vaccines in humans [9,10]. However, it is worth to
mention that such comparisons do not necessarily reflect
a superior immunogenic capability of the M-TT vaccine
for heroin than other tested addictive vaccine conjugates.
For example, use of different vaccine dosing schedules and
structurally dissimilar carrier hapten proteins (i.e., tetanus
toxoid versus either BSA or B subunit polypeptide from
cholera toxin) as well as haptenized drugs (i.e., cocaine and
nicotine) may ultimately account for differential immune
responses to addictive drugs either in rodent or humans.
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3.3. Characterization of specificity of antibodies

As heroin is a synthetic morphine analogue produced
by acetylation of the phenolic 3-hydroxyl and alcoholic 6-
hydroxyl groups, blocking morphine through either its 3- or
6-hydroxyl functional groups could be useful for generating
antisera unable to distinguish morphine from heroin [28–30].
Thus, the M-TT vaccine (Fig. 1) was synthesized by hapteniz-
ing morphine through its 6-hydroxy functional group for gen-
erating antibodies with equivalent specificity to heroin and
the metabolites from both opiates. Heroin is rapidly metabo-
lized in blood [31] by sequential deacetylation of two separate
ester bonds to yield sequentially 6-monoacetylmorphine (6-
MAM), morphine and two glucuronide metabolites named
morphine-3-�d-glucuronide (M-3-G) and morphine-6-�d-
glucuronide (M-6-G) [24]. Interestingly, 6-MAM and M-6-G
have intrinsic efficacy to activate mu-type opioid receptors,
thereby possibly contributing to the highly addictive proper-
ties of heroin [32–35].

A competition ELISA (Fig. 2E) was used to evaluate
the specificity of the anti-morphine antibodies. There was
no significant recognition for structurally dissimilar thera-
peutic opiate compounds such as buprenorphine, methadone
and naltrexone. An absence of cross-recognition was also
observed for a representative opioid peptide sequences such
as leu-enkephalin and �-endorphin. Conversely, the antisera
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urthermore, preliminary studies on synthesis of different
orphine conjugates performed by our research group (data

ot shown) [26,27] were based on the structural model
f the morphine-6-hemisuccinyl-BSA conjugate reported
y Bonese et al. [12]. In these studies, we used KLH,
voalbumin, tyroglobulin and BSA as carrier proteins to
aptenize morphine through aliphatic spacer linker arms of
arying lengths (i.e., 2–6 Å). Overall, a common feature of
hese latter vaccine models was its low serum drug-specific
ntibody concentrations elicited (0.02–0.08 mg/ml) when
ompared to the M-TT vaccine [26,27]. Since morphine by
tself is a very poorly immunogenic hapten [19], we could
rgue that the superior anti-morphine antibody response
licited by our M-TT vaccine could be due to the use of a
ighly immunogenic carrier protein (tetanus toxoid) [22]
nd both the nature and length of the spacer linker arm
hrough which morphine is haptenized and acquires enough
patial freedom in the conjugate to become highly antigenic
nd immunogenic for the immune system.

Thereafter, we characterized the progressive decay of the
iters of anti-morphine antibodies in non-boosted immunized
nimals. Antibody titers showed a significant decay in a time-
ependent manner, reaching its lowest levels (≈1:20,000,
.16 mg/ml) 120 d after re-boost (Fig. 2C). Following the
ignificant antibody titer decay, a rapid recovery of maximal
evels (≈1:80,000–1:100,000, 0.6–0.8 mg/ml) was observed
ithin the first 5–14 days during a subsequent re-boost

Fig. 2D). These latter data confirm the effectiveness of the
-TT vaccine to induce immunologic humoral memory to

his opiate.
ecognized with equivalent specificity 6-MAM, M-3-G and
-6-G. These data suggest the immunogenic capability of

ur M-TT vaccine to generate a humoral response of anti-
orphine antibodies displaying equivalent specificities not

nly for heroin but also for its active metabolites. As antibod-
es cannot cross the blood-brain barrier, anti-morphine anti-
odies could represent efficacious pharmacological agents to
etain heroin and its active metabolites in the plasma. The
bsence of cross-recognition of anti-morphine antibodies for
ndogenous opioid peptides, such as leu-enkephalin and �-
ndorphin, indicates a potential safe clinical use of the M-TT
accine, because no cross-reactivity to endogenous opioid
eptides would be generated in immunized subjects. Addi-
ionally, the lack of antibody cross-recognition to methadone,
uprenorphine and naltrexone makes possible to propose a
otential combined use of the M-TT vaccine with these agents
or treating heroin maintenance [1,3,6].

.4. Therapeutic effects of the MTT vaccine

Heroin is known to have potent reinforcing effects that
ontribute to rapid addiction and high rates of relapse after
ong periods of abstinence [3,6]. Among the many factors
hat lead to heroin recidivism, re-exposure to the drug itself
as been proven to be one of the most powerful in humans
nd animals [2,4–6]. Therefore, we next explored the efficacy
f active immunization with the M-TT vaccine in prevent-
ng reacquisition of heroin self-administration in rats. A rat

odel of relapse was used where animals were trained to self-
dminister a moderate reinforcing dose of heroin (0.06 mg/kg
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Fig. 3. Active immunization with the M-TT vaccine prevents relapse
to heroin taking behavior in rats. After stable baselines of heroin self-
administration (0.06 mg/kg per infusion) were acquired, animals were sub-
jected to a period of extinction by substituting saline for the drug, actively
vaccinated with the M-TT vaccine (n = 10) or control solutions (either alum
alone, n = 10 or alum plus TT, n = 10) and re-exposed to the same unit dose of
self-administered heroin. Within each experimental group, a minimum of 10
days of stable baseline response rates at the FR10 in all animals were aver-
aged (±S.E.M.) and defined as pre-immunization baseline intake of drug
(white bars). Pre-immunization saline infusions were averaged (±S.E.M.)
over 5 extinction sessions (stripped bars). Vaccination effects were ana-
lyzed by comparing the averaged (±S.E.M.) heroin infusions during 10–15
post-immunization sessions from M-TT and control vaccinated animals
(solid bars). *Significantly different (F2,27 = 15, P < 0.005) from the post-
immunization baseline values of control groups immunized with either alum
alone (alum) or alum plus carrier protein (TT + alum).

per infusion), subjected to a period of extinction by substi-
tuting saline for the drug, vaccinated, and then re-exposed to
same unit dose of heroin (Fig. 3). Immunization with the M-
TT vaccine induced a high titer response of heroin-specific
antibodies in all immunized animals. Serum antibody lev-
els ranged from 0.60 to 0.80 mg/ml 14 days after the last
vaccine boost (usually after the fourth). Heroin (0.06 mg/kg)
self-administration behavior was fully re-established to pre-
immunization levels on the second to third day of drug re-
availability, remaining relatively sustained through the 10–15
days of testing at this dose in all control rats. The averaged
baseline of infusions/15-days of testing was 23.5 ± 6.5 for
animals vaccinated with alum alone and 22.5 ± 4.5 for ani-
mals vaccinated with alum plus the carrier protein. In contrast
to vaccinated control, animals immunized with the M-TT
vaccine did not reacquire heroin-taking behavior through-
out the 15 days of testing with same heroin dose. For the
group of ten subjects, immunization with the M-TT vaccine
significantly reduced (F2,27 = 15, P < 0.005) total infusions
(4 ± 2) when compared to vaccinated control. Additionally,
there were not significant differences for total infusions after
saline substitution in vaccinated control (3 ± 1 for alum and
3 ± 2 for alum plus carrier protein vaccination) and M-TT
(3 ± 1) immunized animals. The effectiveness of a vaccine
on antibody serum concentration of specific antibodies has
been demonstrated for cocaine and nicotine vaccines [9,10],
a
c

can be surmounted by escalating the drug dose. Importantly,
rats in this study did not compensate for vaccination with
increased self-administration of 0.06 mg/kg heroin. How-
ever, the potential surmountability of the antibody-induced
blockade with higher doses of self-administered heroin will
have to be explored. Central to the potential therapeutic
value of the M-TT vaccine is its high immunogenic capac-
ity of inducing a high titer antibody response that does
not fluctuate over a wide range and that is at least 10-fold
greater that what has been previously described for other
drugs of abuse [9,10 and references therein]. A pool of
high-titer antisera (≈1:100,000) contained high-affinity anti-
bodies (2.5–4 × 109 M−1) with a combined heroin binding
capacity of up to 9–14 �M (0.6–0.8 mg/ml antigen-specific
antibody). Such high antibody titers would also predict a low
probability of antibody surmountability with increasing unit
doses of heroin (i.e., ≈0.1–0.8 mg/kg) tested in rodents in
other self-administering protocols for this opiate. Addition-
ally, questions such a minimum titer for immunoprotection,
ease of saturation of the antibody and the possibility of its
recovery from opiate saturation have been deferred in the
present work and should be approached in future studies.
Collectively, these data would provide valuable immunophar-
macological information useful for designing potential future
clinical trials.

The M-TT vaccine introduces two novel structural advan-
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nd is likely with a heroin vaccine as well. Thus, a major con-
ern with vaccines for drug addiction in general is that they
ages never presented by other morphine conjugates synthe-
ized in the past, including the pioneer M-6-H BSA conjugate
sed by Bonese et al. [12]. Firstly, the use of a highly immuno-
enic hapten carrier protein (tetanus toxoid) appropriate and
icensed for human vaccination. Secondly, the presence of a
onger linker spacer arm of aliphatic residues of carbon atoms
hrough which morphine is covalently linked to hapten car-
ier protein using two stable amide bonds. Whether the very
igh serum and sustained antibody concentrations over time
ttained in our study would be achievable in humans using
he M-TT vaccine, who have shown to develop lesser and
ery variable anti-drug antibody titer response than exper-
mental animals [9–11 and references therein], is an issue
hat remains to be explored in future Phases I–IIa clinical
rials. Although the current studies suggest that the M-TT
accine represents an attractive candidate medication to test
afety and immunogenicity in Phase I clinical trials against
eroin and/or morphine, additional detailed studies should
e addressed to evaluate potential toxic side effects in other
xperimental animals (i.e., rabbits or primates). Furthermore,
imilar to the cocaine vaccine, TA-CD [11,36], a clinical trial
rogram could be developed to further evaluate the safety,
mmunogenicity, and efficacy of M-TT in human volunteers.
iven that the antibodies generated after immunization with
-TT cannot cross the blood-brain barrier, treatment effects

re not expected to be psychoactive. Therefore, the M-TT
accine may serve as a therapeutic adjunct to other pharma-
otherapies aimed at heroin addiction treatments to maintain
rolonged abstinence to this opiate with classical pharma-
ological agents [3,6,7]. Moreover, as illicit opiate use is
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common among heroin addicts using these treatment modal-
ities [13], having circulating anti-heroin antibodies is likely
to reduce the use of such illicit substances, as their reinforc-
ing effects would be blocked. Furthermore, the use of the
M-TT vaccine in combination with existing therapies could
also be useful to reduce the duration of substituted addiction
and development of deleterious side-effects often seen with
the long-term use of these pharmacological agents [13] that
ultimately contribute to the high incidence of treatment aban-
don and heroin relapse [13]. For example, naltrexone is not
inactive in the absence of exogenous addictive opiates and
blocks the action of the body’s endogenous opoid peptides
(i.e., enkephalins, dynorphins and endorphins), and this can
cause negative emotional effects (such as depressed mood),
which reduce patient compliance [1–3]. Additionally, clini-
cally documented long-term side effects such as constipation,
weight gain, decreased libido and menstrual irregularities
(resulting from hyperprolactinemia) have been reported in
using methadone for heroin maintenance [37 and references
therein]. Finally, the M-TT vaccine could be used as an alter-
native medication in heroin maintenance treatments in many
countries where the medical prescription and authorization
of use of pharmacological agents such as methadone and
buprenorphine/naloxone are not yet available. Heroin addic-
tion is a complex disease where one of the major problems to
be improved is the high incidence of relapse during mainte-
n
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ance to same or other addictive drugs (i.e., cocaine). Thus,
n this world of multiple drug abuse/polydrug abuse, it is
ikely that such complex drug-intake patterns could only be
uccessfully treated by using a combination of both current
nd novel therapeutic medications (i.e., simultaneous active
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r. Gerardo Heinze for their encouragement in this study, to
r. Rodrigo Arreola, Dr. Alberto Salazar and the Ass. Res.

uan Carlos-Calva for their input and help in the preparation
f the manuscript. This work was supported by grants from
he Fundacion Gonzalo del Rio Arronte and The National

nstitute of Psychiatry, Project INP-2040.

eferences

[1] Deslandes PN, Pache DM, Sewell DE. Drug dependence: neu-
ropharmacology and management. J Pharm Pharmacol 2002;54(7):
885–95.

[2] Nestler EJ. From neurobiology to treatment: progress against addic-
tion. Nat Neurosci 2002;5(Suppl.):1076–9.

[3] Sevarino AK, Olliveto A, Kosten RT. Neurobiological adaptations to
psychostimulants and opiates as a basis of treatment development.
Ann N Y Acad Sci 2000;90:51–87.

[4] Withers NW, Pulvirenti L, Koob GF, Gillin JC. Cocaine abuse and
dependence. J Clin Psychopharmacol 1995;15(1):63–78.
by competitive inhibition of 14C-morphine binding. J Immunol
1973;110(3):667–73.

17] Martin TJ, Dworkin SI, Smith JE. Alkylation of mu opioid receptor
by beta-funaltrexamine in vivo: comparison of the effects on in situ
binding and heroin self-administration in rats. J Pharmacol Exp Ther
1995;272(3):1135–40.

18] Harlow E, Lane D. Immunizations. In: Harlow E, Lane D, editors.
Antibodies, a laboratory manual, vol. 1, 1st ed. New York, USA:
Cold Spring Harbor Laboratory; 1988. p. 55–136 [Chapter 5].

19] Gamaleya N, Tagliaro F, Parshin A, Vrublevskii A, Bugari G, Dorizzi
R, et al. Immune response to opiates: new findings in heroin addicts
investigated by means of an original enzyme immunoassay and mor-
phine determination in hair. Life Sci 1993;53(2):99–105.

20] Steward MW. Overview: introduction to methods used to study the
affinity and kinetics of antibody–antigen reactions. In: Weir DM, edi-
tor. Handbook of experimental immunology, vol. 1, 4th ed. Oxford,
England: Blackwell Scientific Inc.; 1986 [Chapter 25].

21] Carrera MR, Schulteis G, Koob GF. Heroin self-administration in
dependent wistar rats: increased sensitivity to naloxone. Psychophar-
macol (Berl) 1999;144(2):111–20.

22] Dennehy PH. Active immunization in the United States: develop-
ments over the past decade. Clin Microbiol Rev 2001;14(4):872–
908.

23] Van Regenmortel MHV. Antigenicity and inmunogenicity of syn-
thetic peptides. Biologicals 2001;29(3–4):209–13.

24] Van Regenmortel MHV. From absolute to exquisite specificity.
Reflections on the fuzzy nature of species, specificity and antigenic
sites. J Immunol Methods 1998;216(1–2):37–48.

25] Berzofsky AJ, Berkahuer JI. Regulation of Immune response:
immunogenicity and antigen structure. In: Paul EW, editor. Funda-
mental immunology. 5th ed. Philadelphia, PA: Lippincott, Wlliams
& Wilkins Inc.; 2003. p. 631–84 [Chapter 21].

26] Anton B, Leff P. Intravenous self-administration of morphine and
heroin is prevented after active immunization with a morphine vac-
cine in the rodent. In: 63rd annual meeting of the college on
problems of drug dependence (CPDD/NIDA); 2001.



3240 B. Anton, P. Leff / Vaccine 24 (2006) 3232–3240

[27] Anton B, Leff P. Addictive morphine and heroin self-administration
behavior is prevented after active immunization with a morphine
vaccine in the rodent. Soc. Neurosci. Abstr., vol. 27, Program No.
685.7; 2001.

[28] Van Vunakis H, Wasserman E, Levine L. Specificities of anti-
bodies to morphine. J Pharmacol Exper Ther 1972;180(2):514–
21.

[29] Gross SJ, Grant D, Wong SR, Schuster R. Critical antigenic
determinants for production of antibody to distinguish morphine
from heroin, codeine and dextromethorphan. Immunochemistry
1974;11(8):453–6.

[30] Usagawa T, Itoh Y, Hifumi E, Takeyasu A, Nakahara Y, Uda T.
Characterization of morphine-specific monoclonal antibodies show-
ing minimal cross-reactivity with codeine. J Immunol Methods
1993;157(1–2):143–8.

[31] Kamendulis LM, Brzezinski MR, Pindel EV, Bosron WF, Dean
RA. Metabolism of cocaine and heroin is catalyzed by the same
human liver carboxylesterases. J Pharmacol Exp Ther 1996;279(2):
713–7.

[32] Brown GP, Yang K, Ouerfelli O, Standifer KM, Byrd D, Paster-
nak GW. 3H-morphine-6-beta-glucuronide binding in brain mem-
branes and an MOR-1-transfected cell line. J Pharmacol Exp Ther
1997;282(3):1291–7.

[33] Halliday AJ, Bartlett SE, Colitz P, Smith MT. Brain region-
specific studies of the excitatory behavioral effects of morphine-
3-glucuronide. Life Sci 1999;65(2):225–36.

[34] Selley DE, Cao CC, Sexton T, Schwegel JA, Martin TJ, Childers
SR. mu-Opioid receptor-mediated G-protein activation by heroin
metabolites: evidence for greater efficacy of 6-monoacetylmorphine
compared with morphine. Biochem Pharmacol 2001;62(4):447–55.

[35] Mantione KJ, Goumon Y, Esch T, Stefano GB. Morphine 6-beta
glucuronide: fortuitous morphine metabolite or preferred peripheral
regulatory opiate? Med Sci Monit 2005;11(5):MS43–6.

[36] Martell BA, Mitchell E, Poling J, Gonsai K, Kosten TR. Vaccine
pharmacotherapy for the treatment of cocaine dependence. Biol Psy-
chiatry 2005;58:158–64.

[37] O’Connor PG, Fiellin DA. Pharmacologic treatment of heroin-
dependent patients. Ann Intern Med 2000;133:40–54.


	A novel bivalent morphine/heroin vaccine that prevents relapse to heroin addiction in rodents
	Introduction
	Materials and methods
	Preparation of the morphine-tetanus toxoid (M-TT) vaccine
	Active immunization and ELISA assays
	Study of active immunization antagonism on heroin self-administration
	Statistical analyses

	Results and discussion
	Vaccine design
	Vaccine immunogenicity and characterization of humoral response
	Characterization of specificity of antibodies
	Therapeutic effects of the MTT vaccine

	Acknowledgements
	References


