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Abstract

In order to create an effective immunization approach for a potential vaccine to heroin, liposomes
containing monophosphoryl lipid A [L(MPLA)] were tested as an adjuvant system to induce
antibodies to heroin hapten analogs. Four synthetic haptens and two immunization strategies were
employed. In the first strategy, a hydrophobic 23 amino acid immunogenic peptide derived from
the membrane proximal external region of gp41 from HIV-1 envelope protein was embedded as a
carrier in the outer surface of L(MPLA), to which was conjugated a 15 amino acid universal T cell
epitope and a terminal heroin hapten analog. In the second strategy, tetanus toxoid (TT) carrier
protein was decorated with haptens by conjugation, and the hapten-conjugated protein was mixed
with L(MPLA). After immunization of mice, each of the immunization strategies was effective for
induction of IgG anti-hapten antibodies. The first immunization strategy induced a mean end-point
IgG titer against one of two haptens tested of approximately 12,800; however, no detectable
antibodies were induced against the liposome-associated HIV-1 carrier peptide. In the second
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immunization strategy, depending on the hapten used for decorating the TT, end-point IgG titers
ranged from 100,000 to 6,500,000. In this strategy, in which hapten was conjugated to the TT,
end-point 1gG titers of 400,000 to the TT carrier were observed with each conjugate. However,
upon mixing unconjugated TT with L(MPLA), anti-TT titers of 6,500,000 were observed. We
conclude that L(MPLA) serves as a potent adjuvant for inducing antibodies to candidate heroin
haptens. However, antibodies to the carrier peptide or protein were partly or completed inhibited
by the presence of conjugated hapten.

Keywords

Liposomes containing monophosphoryl lipid A; adjuvant system; opiate vaccine; antibodies to
heroin haptens

1. Introduction

In the field of vaccines, adjuvants and adjuvant formulations are becoming increasingly
important as factors for increasing the potency and efficiency of the immune response [1,2].
Liposomes (L), which were originally introduced as biodegradable model membranes and as
therapeutic drug carriers, have emerged as highly adaptable and useful carriers for vaccine
formulations [1-3]. Liposomes containing monophosphoryl lipid A [L(MPLA)] as a potent
adjuvant system have been employed in human trials for proposed vaccines to malaria,
HIV-1, meningococcal type B disease; breast cancer, prostate cancer, and colon cancer [4].

The fundamental basis for using L(MPLA) as an adjuvant system has been that it engages a
variety of adjuvant mechanisms that have additive effects, including a depot effect, binding
and activation of membrane-associated toll-like receptor type 4 (TLR4) during uptake of the
particles by antigen presenting cells, and intracellular processing by both major
histocompatibility antigens type 1 and type 2, to enhance and direct antigen-specific
induction of antibodies and cell-mediated immunity to a variety of antigens [2,4]. Because
of its function as a synthetic membrane that emulates cell membranes, L(MPLA) has also
served as a platform in which chemical interactions of peptides with membrane
phospholipids induced conformation-specific antibodies to membrane-associated antigens
[5,6], and a commercial candidate peptide vaccine to induce conformation-specific
antibodies for treatment of Alzheimer's disease is currently being tested in humans [4,7].

The peptide antigens, and certain protein antigens, cited in the above and other studies were
very poorly immunogenic by themselves in the absence of strong adjuvants, and this is often
a problem that limits vaccine development. However, another category of antigens consists
of molecules known as “haptens” that are completely non-immunogenic as separate
molecules [8], but when haptens are conjugated to carrier macromolecules, generally protein
or polypeptide carriers, hapten-specific antibodies can be induced in addition to carrier-
specific antibodies. In recognition of this phenomenon, haptenic drugs have long been
conjugated to carriers as a general method to induce hapten-specific antibodies for
diagnostic use in clinical immunoassays of drugs [9,10]. The success of the clinical
development of anti-hapten antibodies for immunoassay of drugs has led to a growing
interest in the possibility of developing human vaccines to so-called drugs of abuse in which
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haptenic compounds conjugated to carriers are used as antigens in combination with
adjuvants to induce antibodies that react with psychoactive drugs such as nicotine, cocaine,
methamphetamine, or heroin [11-14]. The underlying rationale for such vaccines is that the
offending neurotropic drugs are captured by vaccine-induced antibodies to the drug in the
blood, thus blocking penetration through the blood-brain barrier and preventing the drug
from binding to drug-specific receptors in the brain.

The theoretical possibility of using liposomes as carriers for inducing anti-hapten antibodies
was shown in earlier studies in rodents with liposomal phospholipid-conjugated haptens
when emulsified with complete Freund's adjuvant, a toxic emulsion that is unsuitable for use
in humans [15]. In previous work in the development of antibodies to opiate (morphine or
heroin) haptens, a variety of adjuvants have been employed, including: complete Freund's
adjuvant [16-20]; Imject® Alum [21,22], which is an aluminum and magnesium salt
adjuvant that is not considered equivalent to aluminum salt adjuvants which are present in
licensed human vaccines [23]; and aluminum hydroxide [24], an adjuvant that is widely
used in human vaccines. Although aluminum hydroxide is an acceptable adjuvant for human
use, it is relatively weak and induces lower titers of antibodies when compared with
liposomes containing MPLA [25,26]. In the present study we investigated the feasibility of
creating synthetic liposomal formulations containing MPLA that could induce high levels of
specific antibodies to synthetic opiate haptens that might be useful as a candidate vaccine to
heroin and similar opiates.

2. Materials and Methods

2.1 Materials and reagents

1,2-Dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG); 1,2-dimyristoyl-sn-glycero-3-
phosphate (DMPC), galactosyl ceramide (GalCer), monophosphoryl lipid A (PHAD™)
(MPLA), and cholesterol (CHOL) were purchased from Avanti Polar Lipids (Alabaster,
AL). Sulfo-3-GalCer (sulfatide), gelatin and bovine serum albumin (BSA) used as an ELISA
blocker were purchased from Sigma-Aldrich (Saint Louis, MO). Tetanus toxoid (TT) was
purchased from Statens Serum Institut (Copenhagen, Denmark). BSA used for coupling to
haptens, SM(PEG), linker and BCA total protein assay kits were purchased from Pierce
Protein Research/Thermo Fisher Scientific (Rockford, IL). Fmoc-dPEG4-OH was obtained
from Quanta BioDesign (Powell, OH), while other Fmoc-protected amino acids and peptide
synthesis reagents were purchased from Applied Biosystems (Foster City, CA). N,N’-
maleoyl-y-aminobutyric acid and S-trityl-mercaptopropionic acid were obtained from
Chem-Impex International (Wood Dale, IL). Immunolon 2HB flat and “U” bottom ELISA
plates were purchased from Thermolab Systems. Peroxidase-linked sheep anti-mouse 1gG
(y-chain specific) was purchased from The Binding Site. 2,2’-azino-di(3-
ethylbenzthiazoline-6-sulfonate) peroxidase substrate system was purchased from KPL, Inc.
4E10 was purchased from Polymun Scientific Immunbiologische Forschung GmbH,
Klosterneuburg, Austria. WR339, a murine monoclonal antibody to gp41, was developed in
our laboratory following immunization with gp145. Pichia pastorisi-expressed recombinant
ectodomain of gp41 (amino acids 541-682) from HIV-1 was purchased from The Biotech
Source (Franklin, MA).
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2.2 Haptens and peptide synthesis

The structures of the synthetic haptens and peptides used are shown in Fig. 1A and 1B,
respectively. HerHap was synthesized as previously described [22]. OMAHap was
synthesized from -oxymorphamine, MorHap was synthesized from morphine, and 6-
AcMorHap was synthesized from hydromorphone (manuscript in preparation). The MPER
carrier contains a 23 amino acid peptide derived from the membrane proximal external
region (MPER) from the gp41 transmembrane HIV-1 envelope protein and a universal T cell
epitope peptide. Peptides were synthesized using an Applied Biosystems 433A peptide
synthesizer and a conventional Fmoc chemistry [27]. The peptide sequences intended for
conjugation with heroin/morphine haptens were capped with N,N’-maleoyl-y-aminobutyric
acid using standard carbodiimide/HOBt coupling chemistry [28], followed by cleavage with
a mixture of 95% TFA, 2.5 % water, and 2.5% triisopropylsilane [29]. All peptides were
purified by reverse-phase HPLC using a Shimadzu Prominence LC-6AD semi-preparative
system, and characterized by mass-spectrometry using a Shimadzu LCMS-IT-TOF system
(Shimadzu Scientific Instruments; Columbia, MD, USA). The purity of the peptides MPER
carrier and PEG-MPER carrier were >95% by HPLC. The molecular weights of MPER
carrier and PEG-MPER carrier were determined to be 5,034.7 and 5447.9, respectively, by
ESI-MS.

2.3 Coupling of haptens to peptides and protein carriers

Conjugation of haptens with MPER carrier was performed by 1) removing the trityl
protecting group from the haptens with 3% TFA, 3% triisopropylsilane in chloroform (30
min), followed by evaporation of volatile components under vacuum; 2) suspension of the
residue in pH 7.4 PBS buffer at the concentration of about 10 mg/ml; 3) mixing the resulting
suspension with a solution of MPER-carrier in 1:1 methanol-water at the concentration of
about 2-5 mg/ml; 4) agitating the resulting mixture by sonication in a cleaning bath for 1-2
h. The progress of the conjugation was monitored by LC-MS using a Shimadzu LCMS-IT-
TOF system equipped with a RP-UFLC column (Shim-Pack XR-ODS I, 2.0 mm x 150
mm) (Shimadzu Scientific Instruments; Columbia, MD). Purification of the conjugates was
accomplished by HPLC on a Vydac 218TP152022 C18 column (Grace Davison Discovery
Sciences; Deerfield, IL) using a Shimadzu Prominence LC-6AD semi-preparative HPLC
system. The HPLC fractions containing the conjugates with the target masses, as determined
by LC-MS, were pooled and lyophilized to yield hapten-MPER carrier conjugates in a
powder form. The purity of HerHap-PEG-MPER carrier and OMAHap-PEG-MPER carrier
were >95% by HPLC. The molecular weights were of HerHap-PEG-MPER carrier and
OMAHap-PEG-MPER were determined to be 5962.1 and 5838.1, respectively, by ESI-MS.

Conjugation of heroin/morphine haptens with TT and BSA carriers was performed by 1)
activation of the protein carrier with SM(PEG)2 linker by mixing the protein and the linker
solutions (1-2 mg of linker per 1 mg of protein) in pH 7.4 PBS at concentration of about 10
mg/ml and agitation by gentle shaking (1 h); 2) purification of the activated protein by
dialysis in pH 7.4 PBS buffer; 3) removing the trityl protecting group from the haptens with
3% TFA, 3% triisopropylsilane in chloroform (30 min), followed by evaporation of volatile
components under vacuum; 4) suspension of the residue in pH 7.4 PBS buffer at the
concentration of about 10 mg/ml, followed by filtering off the insoluble particulate using
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Pall 0.2 um Acrodisc syringe filters; 3) mixing the resulting filtrate with the activated
protein solution, at about 1 mg of hapten per 1 mg of protein ratio; 4) agitating the resulting
mixture by gentle shaking for 1 h; and 5) purification of the hapten-protein conjugate by
dialysis in pH 6.5 PBS buffer. The resulting conjugate concentrations were measured by a
microplate BCA total protein assay.

2.4 Preparation of liposomes and immunization

2.5 ELISA

Liposomes were prepared as previously described [30]. Four different liposome
formulations were used for immunization with L(MPLA + HerHap-PEG-MPER carrier) and
L(MPLA + OMAHap-PEG-MPER carrier). L(43% Chol) contained DMPC:CHOL:DMPG
(molar ratio, 9:7.5:1) with 51 mg/ml total lipid. L(sulfo-GalCer) contained
DMPC:CHOL:DMPG:sulfo-GalCer (9:7.5:1:1.11) (5 mg/ml sulfo-GalCer) with 56 mg/ml
total lipid. L(71% Chol) contained DMPC:CHOL:DMPG (9:25:1) (71% CHOL) with 45.4
mg/ml total lipid. L(GalCer) contained DMPC:CHOL:DMPG:GalCer (9:7.5:1:1.28) (2
mg/ml GalCer) with 56 mg/ml total lipid. The liposome formulations contained 400 pg/ml
of MPLA (20 pg/mouse) and either 200 pug/ml of HerHap-PEG-MPER carrier, OMAHap-
PEG-MPER carrier, MPER carrier, or MPER (10 pg/mouse), which were dissolved in
methanol and added to the chloroform:methanol lipid mixture prior to rotary evaporation.
The final phospholipid concentration of the liposomes was 50 mM in PBS, pH 6.4.
Liposomes containing MPLA that were mixed with for hapten-TT conjugates for
immunization were L(43% Chol) containing the MPLA, but lacking peptide. The
lyophilized liposomes were hydrated in PBS, pH 6.4, and mixed with hapten-TT conjugates
to give a final dose of 10 pg TT/0.05 ml/mouse. Female BALB/c mice (5 mice/group; 6-8
weeks of age) (Charles River Laboratories, Indianapolis, IN) were immunized
intramuscularly with 0.05 ml of liposomal vaccines.

Hapten-BSA (0.1 pg BSA/0.1 ml/well in PBS, pH 6.4) was added to flat bottom plates and
incubated at 4 °C, overnight. The plates were blocked with 20 mM Tris-HCI-154 mM
sodium chloride-1% BSA, pH 7.4 (blocker) (0.3 ml/well) at room temperature for 2 h.
Serum (0.1 ml/well) diluted in blocker starting at 1:50 in serial 2-fold dilutions in triplicate
was added to the plate. Following incubation at room temperature 1 h, the plates were
washed 4 times with 0.5 ml/well of TBS-0.05% Tween 20®. Peroxidase-linked sheep anti-
mouse 1gG (0.1 pg in 0.1 ml blocker) was added and the plates incubated for 1 hr at room
temperature. The plates were washed and 0.1 ml/well substrate was added. After incubation
for 1 h at room temperature, the absorbance was read at 405 nm. The above procedure was
used for measurement of antibodies to TT using TT (0.1 pg/well) as the coating antigen in
PBS, pH 7.4. ELISA with peptides and gp41 were conducted as described [31]. End point
titer is defined as the dilution at which the absorbance is twice background as defined from
wells lacking primary sera.
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3.1. Immune response to heroin hapten-MPER peptide carrier attached to liposomes
containing MPLA

Four liposome compositions were used as vehicles for immunization of 5 mice each with
L(MPLA + HerHap-PEG-MPER carrier): liposomes containing 43% CHOL; liposomes
containing 43% CHOL and sulfo-GalCer; liposomes containing 43% CHOL and GalCer;
and liposomes containing 71% CHOL. Liposomes containing 43% CHOL have been
routinely used in many clinical trials [4], and 71% CHOL changes the biophysical structure
to allow the induction of anti-CHOL antibodies [32,33].

As shown in Fig. 2A, each of the five mice in each group (20 mice total) mounted an
immune response to the attached HerHap hapten, but no distinctive differences were
observed between the liposome compositions. The average end point titer of antibodies to
the hapten of all of the 20 mice taken together was approximately 12,800 (Fig. 2C). It is
clear that the L(MPLA + HerHap-PEG-MPER carrier) was an excellent immunogen for
induction of antibodies to a heroin hapten, and neither the induction nor the binding of
antibodies was affected by sulfo-GalCer, GalCer, or 71% CHOL. In contrast to HerHap, no
detectable antibodies to OMAHap were observed in 20 mice after immunization with
L(MPLA + OMAHap-PEG-MPER) containing the same liposomal lipid combinations (Fig.
2B).

Despite the immune response to the hapten observed after immunization with L(MPLA +
HerHap-PEG-MPER carrier), none of the 20 mice had any detectable antibodies either to
MPER or MPER carrier (Fig. 3A and 3C). Absence of antibodies to MPER was also
observed after immunization with L(MPLA + OMAHap-PEG-MPER) (data not shown).
Immune responses to MPER after immunization with L(MPLA + MPER) and liposomal
MPLA with MPER-conjugated lipopetides have been previously documented [31,34], and
antibodies to MPER and to MPER carrier were observed in many of the mice immunized
with L(MPLA + MPER-carrier) (Fig. 3B and 3D). In addition to the absence of anti-MPER
antibodies induced when using L(HerHap-MPER carrier) (Fig. 3a and 3C), antibodies to the
native gp41 protein were not detected (Fig. 3E and 3F). Thus, the presence of either HerHap
or OMAHap attached to the MPER carrier had a profound inhibitory effect on the ability of
the mice to induce antibodies either to MPER itself or to the complete MPER carrier or to
the native gp41 protein.

3.2 Immune response to heroin hapten-TT carrier mixed with liposomes containing MPLA

Each of the haptens, HerHap, OMAHap, MorHap, and 6-AcMorHap, was conjugated to TT
and mixed with liposomes containing MPLA. Although each of the conjugate formulations
was highly immunogenic in mice, the relative respective anti-hapten titers observed differed
greatly, with MorHap (6,500,000) (Fig 4C) > HerHap (3,000,000) (Fig 4A) > 6-AcMorHap
(500,000) (Fig 4D) > OMAHap (100,000) (Fig 4B). The relatively lower anti-hapten
response of OMAHap-TT was consistent with the previously mentioned absence of anti-
hapten antibodies observed after immunization with L(MPLA + OMAHap-PEG-MPER).
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Remarkably, despite the above differing antibody titers to the different haptens conjugated
to TT, with every conjugated hapten the immune response to the TT carrier was the same
(400,000) (Figs 5A-D). However, as with the HerHap-MPER carrier formulations attached
to liposomes containing MPLA (Fig 3), the immune response to the hapten-free carrier itself
[TT mixed with L(MPLA)] was much higher than to any of the TT conjugates (Fig 5E).
Thus, the conjugated hapten inhibited, but did not eliminate, the immune response to TT.
The end result is that the titer to TT was greater than the titer to hapten after immunization
with either 6-AcMorHap-TT or OMAHap-TT, but much lower than after immunization with
MorHap-TT or HerHap-TT.

4. Discussion

The theoretical basis that underlies a potential vaccine against a haptenic drug such as
nicotine, cocaine, methamphetamine, or an opiate (such as heroin or morphine), each of
which drug has a receptor in the brain, is that specific antibodies to the drug will retard or
block transmission of the drug across the blood-brain barrier [13,14]. The major challenge
for such a vaccine, therefore, is to induce high titers of specific IgG antibodies that will
block the drug, and this challenge is best addressed by using both a highly potent and safe
adjuvant formulation and an appropriate hapten that is conjugated to a suitable carrier. In the
present study we used liposomes containing MPLA as an adjuvant system, and four
synthetic haptens were tested, HerHap, OMAHap, MorHap, and 6-AcMorHap, each of
which might be used in a candidate vaccine to heroin.

In this study two different carrier/adjuvant strategies for haptens were employed. In the first
strategy, HerHap or OMAHap was conjugated to a hydrophobic carrier that contained a 23
amino acid MPER peptide that spontaneously associates with the outer surface of bilayers of
liposomes containing MPLA during liposome formation (Fig. 6A). Under the conditions
used this resulted in a mean titer of 12,800 to HerHap, but no detectable antibodies were
induced to OMA-Hap. However, after immunization of mice by using the second carrier-
adjuvant strategy, in which each of the four haptens was directly conjugated to TT for
immunization and each hapten conjugate was simply mixed with liposomes containing
MPLA (Fig. 6B), even higher 1gG endpoint titers of 6,500,000 for MorHap, 3,000,000 for
HerHap, 500,000 for 6-AcMorHap, and 100,000 for OMAHap were observed. The epitope
density of HerHap conjugated to TT might have differed from that on the surface of
L(MPLA + HerHap-PEG-MPER), possibly explaining the different titers observed with the
two adjuvant systems. In addition, although there were differences in titers obtained with the
two different carriers and the four different haptens, experience has shown that direct
translation of titers in mice with different adjuvant systems cannot be reliably used as a
predictive measure of anticipated titers that would occur in humans [2].

Comparisons of titers obtained with various haptens, carriers, and adjuvants in other studies
in the literature are complicated by the widespread use of “mid-point” titers (i.e., serum
required for 50% of maximum absorbance in ELISA) [22, 36-38]. With mid-point titers it is
difficult to differentiate whether the plateau of absorbance in the ELISA is due to a plateau
of substrate in the assay as opposed to an immunological plateau. Although titers obtained in
mice and rats might differ because of species differences, in one study examination of the
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IgG titration curve of serum from rats 10 days after being immunized 4 times with a
morphine/heroin hapten coupled to keyhole limpet hemocyanin with complete and
incomplete Freund's adjuvant appeared to suggest an end point titer of approximately
100,000 [39]. Clearly, the down-selection of a hapten that would be most suitable for further
testing for a candidate human vaccine to heroin would be dependent both on the titer and
specificity of the induced antibodies based on affinity to heroin and its degradation products,
and detailed studies of affinities are underway. We conclude from these results that
liposomal MPLA can induce potent immune responses to heroin haptens, and liposomal
MPLA might serve as a useful adjuvant system for inducing antibodies for a candidate
opiate vaccine.

Interestingly, both HerHap and OMAHap blocked the induction of antibodies to the MPER
peptide carrier, a highly immunogenic antigen when attached to liposomes containing
MPLA. This observation was unexpected because according to immunological theory both
the hapten itself and the carrier of the hapten should be immunogenic [40]. It is possible that
the conformation of the MPER peptide, sandwiched between the conjugated hapten and the
outer surface of the liposomal membrane to which the MPER was attached precluded the
appropriate display of the MPER as an antigen. Alternatively, some sort of immunological
competition between the hapten and the MPER peptide might have occurred. Immunization
of mice with each of the four hapten-TT conjugates using the second immunization strategy
(Fig. 6B) also resulted in high titers (400,000) against the TT itself that were markedly less
than the observed titer (6,500,000) after immunization of unconjugated TT was mixed with
liposomes containing MPLA. Thus, it appears that competition or inhibition by the haptens
and TT, or steric hindrance by numerous conjugated hapten molecules on the outer surface
of TT (as schematically indicated in Fig. 6B), may have reduced the immune response to the
TT carrier. Thus, in contrast to the results with MPER-carrier, hapten-TT conjugates induce
antibodies, albeit with reduced titers, against the TT carrier.
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Fig. 1. Heroin haptens (A) and hapten coupling strategy to peptide (B) and protein (C) carriers
used in the study. The MPER carrier contains both a 23 amino acid
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Fig. 2.
Serum 1gG responses to heroin haptens coupled to MPER carrier 9 weeks after primary

immunization. Mice were immunized with L(MPLA + HerHap-PEG-MPER carrier) (A, C)
or L(MPLA + OMAHap-PEG-MPER) (B, D) at week 0, 3 and 6. ELISA was conducted
with the appropriate hapten coupled to BSA. Each curve represents an individual mouse (5
mice/liposome formulation). Each symbol (circle, triangle, square, diamond, inverted
triangle) represents a different mouse in the group. Values represent the mean + standard
deviation of triplicate determinations.
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Fig. 3.

Segrum 1gG responses to MPER, MPER carrier and gp41 9 weeks after primary
immunization. Mice were immunized with L(MPLA + HerHap-PEG-MPER carrier) (A, C,
E) or L(MPLA + MPER carrier) (B, D), at weeks 0, 3 and 6. Each curve represents an
individual mouse (5 mice/liposome formulation). Monoclonal antibodies 4E10 and WR339
(5 ng/well) were used as positive controls for the assay for gp41 antibodies (F). Values
represent the mean + standard deviation of triplicate determinations.
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Ll

Ll

Serum 1gG responses to heroin haptens coupled to TT 9 weeks after primary immunization.
Mice were immunized with L(MPLA) + HerHap-TT (A) or L(MPLA) + OMAHap (B),
L(MPLA) + MorHap (C), or L(MPLA) + 6-AcMorHap (D) at 0 and 6 weeks. ELISA was
conducted with the appropriate hapten coupled to BSA. Each curve represents an individual
mouse (5 mice/liposome formulation). Values represent the mean + standard deviation of
triplicate determinations. The red line is an average of the 5 mice. Pre-immune sera were not

elevated above assay background levels.
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Fig. 5.
Serum 1gG responses to TT 9 weeks after primary immunization. Mice were immunized

with L(MPLA + HerHap-TT) (A) or L(MPLA + OMAHap) (B), L(MPLA + MorHap) (C),
L(MPLA +6-AcMorHap) (D), or L(MPLA) + TT (E) at 0 and 6 weeks. Each curve
represents an individual mouse (5 mice/liposome formulation). Values represent the mean +
standard deviation of triplicate determinations. The red line is an average of the 5 mice. Pre-
immune sera were not elevated above assay background levels.
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Fig. 6.
Schematic illustrations of two hapten/adjuvant formulations used for immunization of mice

to induce antibodies to heroin hapten. (A) L(MPLA) having surface-attached 23 amino acid
MPER peptide to which the T helper peptide and heroin hapten were coupled. (B) Heroin
hapten was coupled to TT and the coupled TT-hapten was mixed with L(MPLA) that served
as an adjuvant. The entire TT was used for coupling with heroin hapten analogs, but for
simplicity the graphic illustrates is the 2.3 A X-ray crystal structure of tetanus neurotoxin
light chain, obtained from the RCSB Protein Data Bank (PDB ID: 1Z7H) [35].
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