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A fully synthetic lipopeptide-based methamphetamine vaccine invoked an immune response and demonstrated the potential of
preventing the rewarding and psychoactive effects of methamphetamine.

ABSTRACT

We describe an application of carrier protein-free strategy in constructing a fully synthetic methamphetamine (METH) vaccine that contains three components:
Toll-like receptor 2 ligand, Th2 epitope, and METH hapten. The immunological evaluation in mice revealed high titers of METH-specific antibodies induced by
the construct and the activation of humoral immunity that would be beneficial for neutralization and clearance of the METH molecule. Behavioral experiments
indicated that the synthetic vaccine attenuated the acquisition of METH-induced conditioned place preference and inhibited the initiation and expression of
METH-induced locomotor sensitization. These results demonstrate that the lipopeptide-based vaccine has invoked an immune response and showed the potential

of preventing the rewarding and psychoactive effects of METH
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The number of methamphetamine (METH) abusers has rapidly
grown worldwide in recent years [1]. The consecutive use of
METH usually produces direct effects on the central nervous
system, contributing to euphoria, intense emotions, alterations of
self-esteem, and greater alertness, aggression, and sexual drive
[2-4]. Methamphetamine use can also quickly lead to addiction,
increasing the risk of overdose, which is a significant source of
mortality across multiple populations. However, treatments for
METH addiction are limited and mainly consist of behavioral
and cognitive therapy [5], and no medications have been
approved to date. Thus, more effective treatments are essential to
prevent METH addiction and relieve associated symptoms.

Immunotherapy has been applied for the treatment of various
types of diseases, including cancer [6]. Based on prominent
results from exploiting the immune system, vaccines for METH

addiction have also been investigated [7]. Methamphetamine-
specific antibodies that are induced by such vaccines may
neutralize circulating METH molecules and prevent their
penetration into the brain. Due to the highly simplified structure
of the METH molecule and its low immunogenicity, triggering a
sufficient immune response to generate the necessary specific
antibodies has been extremely difficult. Currently, the
development of METH vaccines relies heavily on the conjugation
of varied haptens to carrier proteins [7, 8], such as keyhole limpet
hemocyanin (KLH) [9]. However, the introduction of foreign
proteins elicits other concerns. First, the high immunogenicity
and complexity of the carrier protein and requisite linker moiety
may result in high titers of non-METH-specific antibodies, which
would lead to immune suppression of the selected antigen [10].
Second, the conjugation of a small molecule to the large protein



usually makes equivalency difficult to control, which may lead to
issues with quality control. Third, heterogeneity of the carrier
protein may cause systemic toxicity [10,11]. Therefore, new
strategies are needed toward the development of novel METH
vaccines for clinical use. The present study describes our efforts
to use a carrier protein-free strategy [12,13] to construct and
immunologically and behaviorally evaluate a fully synthetic
METH vaccine.
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Fig. 1. (A) Proposed mechanism by which the conjugate induces
humoral immunity. (B) Design of the lipopeptide-based
methamphetamine vaccine.
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Considering recent developments in multicomponent vaccines
that contain haptens, T-helper (Th) epitopes, and immunological
activators [14-17], we envisioned that the absence of carrier
protein might be beneficial for improving immune specificity for
the METH antigen and biosafety (Fig. 1A). Thus two three-
component carrier protein-free constructs la and 1lb were
designed, each consisting of a ligand to the Toll-like receptor 2
(TLR2) [18, 19], a Th2 epitope-containing peptide sequence, and
a METH hapten (Fig. 1B). PamsCys has been utilized in several
vaccine candidates as a built-in adjuvant to activate the innate
immune system [16,18,20], presumably as stimuli to the
maturation of dendritic cells and subsequent activation of helper
T cells [21]. To further induce the production of different
subtypes of antibodies from plasma cells [22], the DRAHYNI
peptide sequence, deriving from the E7 open reading frame
protein of human papillomavirus (HPV) type 16, was
incorporated to the construct as the Th epitope. With the METH
hapten serving as a B cell epitope, we hoped that the designed
construct could trigger an immune response, in which T-cell
receptors (TCRs) on the T-helper cell could recognize the Th
epitope that was presented by MHCII and assist with the
differentiation and maturation of naive B cells into plasma cells
[23,24], leading to the production of specific anti-METH IgG
antibodies by strengthening humoral immunity (Fig. 1A).

The synthesis of the designed vaccine was initiated by
preparing the METH hapten with a proper linker used to connect
the Th2 epitope-containing peptide. Accordingly, the synthesis of
compound 7 was carried out by first derivatize D-
methamphetamine (8) [9], whose secondary amine was protected
with a trifluoro acetyl (TFA) group using TFAA (Scheme 1),
leading to the generation of compound 9 in an 83% yield.
Nitration reaction with concentrated nitric acid gave rise to

compound 10 (41%). Hydrogenolysis of the obtained nitro-
substituted METH derivative, followed by amide coupling with
N-Boc-6-aminohexanoic acid, led to the formation of 12 in a
decent yield (57%) over two steps. After the removal of both
protecting groups, a properly functionalized hapten METH
derivative 7 was obtained, appending a linker that is ready for
connecting to the C-termini of the peptides. On the other hand,
Pams;Cys-OH (13) was synthesized based on the previously
reported methods using racemic glycidol as the starting materials
[25,26], as it was demonstrated that the stereochemical
configuration of the glycerol in a synthetic MUC1 antitumor
vaccine was inconsequential to its immunogenicity [26].
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Scheme 2. Synthesis of vaccine 1b.
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Two Th2 epitope-containing peptide sequences, DRAHYNI
and SKKKKDRAHYNI (Scheme 2), were synthesized in a
straightforward manner using Fmoc-based solid-phase peptide
synthesis (SPPS). Notably, a glycine residue was installed at the
peptide C-terminus to avoid possible epimerization in the later
coupling step for connecting the hapten. Moreover, 2-chlorotrityl
chloride resin was utilized for peptide synthesis, which allowed
the cleavage from resin without removal of all other protecting
groups, and ensured the selective conjugation of compound 7 to
the C-terminus of lipopeptide 5. In practice, amide coupling
between amine 4 and Pams;Cys-OH (13) on the resin was



achieved using HATU and NMM, followed by cleavage from the
resin using a DCM/TFE/AcOH cocktail to give compound 5 with
only the C-terminal carboxylate exposed for further reactions.
After amidation with hapten 7, global deprotection using the TFA
cocktail (TFA/TIS/water, 95:2.5:2.5) afforded the crude vaccine
construct. It was observed that crude 1a displayed poor solubility
and dissolved only in DMSO, which made it impossible to be
purified using reverse-phase  high-performance liquid
chromatography (HPLC). In contrast, construct 1b with extra
amino acids SKKKK in the sequence exhibits significantly
improved solubility and could be purified on HPLC, affording
the desired product in good yield (21%). These results indicate
that the introduction of multiple lysines in the sequence is
necessary for the preparation of pure synthetic vaccines with
hydrophobic hapten and lipid chains [27].

With the pure vaccine construct in hand, we evaluated the
immunogenic capability of the vaccine in mice and the possible
combination with suitable adjuvants. Two widely studied
immunostimulants, Alum, and Freund’s adjuvant were chosen in
our study, as they have been utilized in the developments of
vaccines to drugs of abuse and addiction [28]. Female mice (6- to
7-week-old BALB/c) were divided into four groups (n = 6/group)
and subcutaneously injected with different sample solutions (30
pg of vaccine 1b with phosphate-buffered saline (PBS), the
vaccine formulated with Alum, the vaccine with Freund’s
adjuvant [29],and PBS control) on days 0, 14, 28, and 42. Serum
was collected on days 35, 49, 59, 69, 80, and 94 (Fig. 2A).
Antibody titers were analyzed using an enzyme-linked
immunosorbent assay (ELISA) coated with a BSA-METH hapten
conjugate [9] (Fig. 2B). The experimental results showed that the
synthetic vaccine itself was able to stimulate the secretion of 19G
antibodies, where the 1gG titers elicited were tenfold higher than
that of the PBS control group (Fig. 2C). This observation is in
accord with the previous studies on the synthetic vaccine
constructs containing PamsCys, which induce strong humoral

immunity without external adjuvant existed [18, 30]. This data
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further confirmed the self-adjuvanting role of Pams;Cys in the
synthetic vaccine. On the other hand, the vaccine with Freund’s
adjuvant produced significantly higher METH-specific antibody
titers (1:10000 to 1:25000), whereas the vaccine with Alum or
PBS alone produced anti-METH antibodies at low titers,
indicating that Freund’s adjuvant may play an important role in
the process of the immune response induced by this METH
vaccine. By monitoring the mice immunized with vaccine 1b and
Freund’s adjuvant, the assay showed that METH-specific
antibody titers reached the highest level after the fourth
immunization and remained relatively stable for at least one and
half months (Fig. 2D). The persistent antibodies generated could
be beneficial for preventing addictive behaviors and relapse, as
they may sequester METH in the blood and reduce its
distribution to the brain [31].

In order to obtain more information on the possible types of
activation for different vaccine formulations, we further
investigated the isotypes and subtypes of the generated antibodies
(Fig. 2E). In the cases of the mice vaccinated with Freund’s
adjuvant, a higher level of 1gG2a antibodies were elicited than
that of the IgG1 type (IgG2a > IgGl), indicating that FcyRIIb
might be activated [32]. In contrast, the levels of 1gG subtypes in
the group vaccinated without adjuvant were approximately the
same (IgG2a = IgGl), suggesting that the FcyRlIla signaling
pathway was likely activated, thus enhancing antigen processing
and presentation and inducing a T-cell response [32-34]. These
results are also in accord with the literature precedent showing
the use of Freund’s adjuvant promotes an increase in the level of
IgG2a [35]. Moreover, the IgG1 and 1gG2 isotypes are believed
to play crucial roles in antibody-dependent humoral immunity
[23,36,37]. Therefore, the utilized Th2 epitope seemed to be
critical for our vaccine for a class switch from other
immunoglobulins to IgG antibodies, consistent with previous
studies of carbohydrate vaccines without Th epitopes that led to
no or low titers of IgG antibodies [38-40].
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To investigate the effects of this carrier protein-free vaccine on
METH-induced behaviors, conditioned place preference (CPP)

and locomotor sensitization models were utilized to assess
efficiency in mice in vivo. After active immunization, the mice



underwent CPP training (0.5 mg/kg METH, s.c.) for 8 days and
then were tested (Fig. 3A) [41]. The repeated-measures analysis
of variance (ANOVA) of CPP scores revealed a significant main
effect of test phase (Fi3s = 21.17, P < 0.0001). The mice that
received the emulsion of vaccine and Freund’s adjuvant had the
lowest CPP scores during test (Fig. 3B), suggesting that higher
anti-METH antibody titers may have slowed or reduced the entry
of METH molecules into the brain, thus demonstrating better
efficacy in preventing METH addiction. These results indicate
that this vaccine that was formulated with Freund’s adjuvant
prevented the acquisition of METH-induced CPP by neutralizing
the ability of METH to support contextual conditioning and
decreasing its rewarding effects.
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Fig. 3. Immunization with the lipopeptide-based vaccine inhibited
methamphetamine-induced conditional place preference (CPP). (A)
Timeline of immunization, CPP training, and test. (B) Conditioned
place preference scores during baseline and test sessions. The data
are expressed as mean + SEM. n = 12-13/group.

A locomotor sensitization model was then used to evaluate the
effect of the vaccine on the psychomotor stimulant effect of
METH. The procedure for locomotor sensitization was based on
our previous studies [42], consisting of three phases: initiation,
withdrawal, and expression. During initiation, the mice received
METH injections (1 mg/kg, i.p.) for 14 consecutive days, and
locomotor activity was measured on days 1, 5, 10, and 14 (Fig.
4A). The repeated-measures ANOVA of locomotor activity
revealed significant effects of vaccine (Fz40 = 3.455, P < 0.05)
and test phase (Fsi120 = 34.67, P < 0.0001) and a significant
vaccine x test phase interaction (Fe 120 = 3.25, P < 0.01; Fig. 4B).
The post hoc analysis showed that control mice exhibited a
significant increase in locomotor activity after the METH
injection compared with the group that was vaccinated with
Freund’s adjuvant on the last day of the initiation phase (P <
0.0001). The group that was vaccinated without the adjuvant
exhibited a tendency toward a decrease in locomotor activity
compared with the control group. After 10 days of withdrawal,
locomotor activity was tested following a METH challenge (1
mg/kg, i.p.) on days 24 and 34 (Figs. 4C and 4D). The one-way
ANOVA revealed a significant main effect of vaccine (day 34:
Fa3s = 5.906, P < 0.01). The post hoc analysis showed a
significant difference between the PBS control and adjuvant-
vaccinated groups, indicating that the vaccine with Freund’
adjuvant inhibited the initiation, expression, and maintenance of
METH-induced locomotor sensitization. These behavioural
results suggest that our tri-component lipopeptide-based vaccine
effectively prevented the rewarding and psychoactive effects of
METH.

In the animal study, we observed no significant difference in
animal states between mice with the non-adjuvanted vaccine and
the ones in the control group, such as their weight, vital signs,
and the capability of motion after immunization. The survival
rate of the vaccinated group is 100%. Moreover, none of the
animals with the non-adjuvanted vaccine experienced local
reactogenicity or adverse events in the following behavioral test,
indicating that this METH vaccine is generally safe for the
animal. These observations are in accord with the previous
studies showing the safety of full synthetic three-component
vaccine and lipopeptide [43-45].
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Fig. 4. Immunization with the lipopeptide-based vaccine prevented
the initiation and expression of methamphetamine-induced
locomotor sensitization. (A) Timeline of immunization and
locomotor activity test. (B) Locomotor activity during the training of
locomotor sensitization. (C) Locomotor activity after the
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In summary, we have developed a METH vaccine candidate
that was composed of the TLR2 ligand Pam3Cys, a Th2 epitope,
and a METH hapten. Immunological and behavioural analyses of
this vaccine in combination with Freund’s adjuvant revealed that
a robust humoral immune response was induced, and behavioural
effects of METH were counteracted in mice. This carrier protein-
free strategy may be beneficial for amplifying the
immunogenicity of a hapten with a simple structure and
minimizing an undesirable immune response. The preparation of
this construct was also convenient and easily characterized, thus
ensuring homogeneity of the vaccine and demonstrating an
advantage with regard to quality control. Our findings provide
valuable information for the further development of anti-METH
vaccines, which may also be of use to the design of new vaccines
for other drugs of abuse that could be promising for the treatment
of addiction.
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