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Introduction

Synthesis and immunological effects of
C14-linked 4,5-epoxymorphinan analogues as
novel heroin vaccine haptensf

Eugene S. Gutman,? Thomas C. Irvin,? J. Brian Morgan,® Rodell C. Barrientos, (2 °©
Oscar B. Torres, ¢ Zoltan Beck,§°° Gary R. Matyas,® Arthur E. Jacobson*® and
Kenner C. Rice*?

Active immunization is being explored as a potential therapeutic to combat accidental overdose and to
mitigate the abuse potential of opioids. Hapten design is one of the crucial factors that determines the
efficacy of a candidate vaccine to substance abuse and remains one of the most active areas of
research in vaccine development. Herein we report for the first time the synthesis of three novel
opiate surrogates with the linker attachment site at C14, 1 (6,14-AmidoHap), 2 (14-AmidoMorHap), and 3
(14-AmidoHerHap) as novel heroin haptens. The compounds 1, 2, and 3 are analogues with different
substituents at C6: an acetamide, a hydroxyl moiety, and an acetate, respectively. All three haptens had
a phenolic hydroxyl group at C3. The haptens were conjugated to the tetanus toxoid carrier protein,
adjuvanted with liposomal monophosphoryl lipid A/aluminum hydroxide and were tested in mice in
terms of immunogenicity and efficacy. Immunization of mice resulted in antibody endpoint titers of
>10° against all the haptens. Neither of the conjugates of 1, 2, and 3 had induced antibodies with
selectivity broad enough to recognize and bind heroin, 6-AM, and morphine resulting in little to no
protection against the antinociceptive effects of heroin in vivo. Only the mice immunized with conjugate
3 were partially protected against heroin-induced antinociception. These results contribute to the
growing body of knowledge that the linker position and the subtle structural differences in the hapten
scaffold impact the selectivity of the induced antibodies. Together, these highlight the importance of
rational hapten design for heroin vaccine development.

antagonist by sequestering the drugs in the blood, thus preventing
their access to the brain and blunting their physiological effects.’

Active immunization could serve as a potential therapeutic
against opioid use disorders and unintentional overdose.'™
Vaccines induce antibodies that function as a pharmacokinetic
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To induce an immune response, a surrogate of the target drug, also
called a hapten, is synthesized and conjugated to an immunogenic
carrier protein.® The development of vaccines against opioids such
as morphine,’ heroin,® " fentanyl,"*™'® oxycodone,"” and related
drugs have been reported.’

Hapten design has been recognized as a crucial factor that
impacts vaccine efficacy.® It impacts the activation of hapten-
specific B cells that can generate drug-specific humoral response
through a T cell-mediated process.®*® What remains unknown is
the optimum hapten design that can induce polyclonal response
to not only to a target drug but also its structural analogs. Heroin
quickly hydrolyses to 6-acetylmorphine (6-AM) and morphine
through the action of esterases (Fig. 1A).""'® The hydrolysis
product 6-AM, and to some extent, morphine, mediate the
euphoric effects of heroin.?"*> As such, hapten design is particu-
larly important in heroin vaccine development because not only
heroin but also its bioactive metabolites 6-AM and morphine
should be recognized and sequestered by the vaccine-induced
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1 (6,14-AmidoHap)

2 (14-AmidoMorHap)

3 (14-AmidoHerHap)

Fig. 1 Heroin hydrolysis and structures of the haptens described in this study. (A) Hydrolysis of heroin. (B) Structures of haptens 1, 2, and 3.

antibodies. Importantly, antibodies should not cross-react to
therapeutic drugs such as buprenorphine, methadone, naloxone,
and naltrexone. Immunogens used to raise antibodies to opioids
have the linker typically attached at the C2, C3, C6, or N17
positions of the morphinan scaffold (Fig. 1A)."* The facial recog-
nition hypothesis by Matyas et al.,” suggested that antibodies are
generated against the hapten ‘face’ that is exposed during pre-
sentation to the immune system. The linker attachment site
determines which part of the hapten can be effectively exposed.
Early works have suggested that haptens with linker at N17 and
carry specific functionality at the C3 and C6 elicit highly selective
antibodies against drugs with matched substituents at the indi-
cated positions.>>*" For example, by designing a hapten with
appropriate functional groups at C3 and C6, e.g. hydroxyl groups,
antibodies more selective to morphine with minimal cross-
reactivity to 6-AM or heroin could be induced. Ideally, for a
practical heroin vaccine, only one version of the hapten should
suffice to induce antibodies effective against heroin and its
metabolites. We have interrogated many heroin haptens with
distinct functional groups and linker positions and demonstrated
that haptens with different linker sites impacted vaccine
efficacy.>'"'® More recent works have shown that linker sites at
C3 and C6 also yield antibodies selective to target drugs that
translate to protection against heroin-induced physiological
effects.®"” With a few on-going efforts to translate experimental
opioid vaccines to humans,* there is a need to study many
variants of a given hapten to fully understand how the molecular
scaffold ultimately impacts the selectivity of the induced anti-
bodies, which in turn dictate the vaccine efficacy in vivo.

For the first time, we report in this study the synthesis of
epoxymorphinan analogues with the linker attachment site at
C14 (Fig. 1). Our rationale for choosing C14 as the attachment
site for the linker was to continue our work examining the facial
selectivity” presented by different sites of attachment in terms
of producing the optimum immune response. There are about
17 sites (depending on the compound) for possible linker
attachment on the morphinan ring system and it was not

836 | RSC Chem. Biol., 2021, 2, 835-842

obvious which site would be optimal. The C14 position was
reasonably synthetically accessible in an area of the molecule
not yet investigated by us or anyone else in terms of hapten
design. We were able to design a relatively short synthesis that
allowed us to obtain sufficient quantities for in vivo work.
These haptens differ in functionality at the C6 position,
namely, an acetamide, a hydroxyl moiety, and an acetate for
haptens 1, 2, and 3, respectively. We conjugated the haptens to
tetanus toxoid (TT) carrier protein through the thiol-maleimide
reaction using our established procedure.>® The conjugates
were formulated into a vaccine adjuvanted with Army Liposome
Formulation adsorbed to aluminum salt (ALF43A).>®*” The
immunogenicity and efficacy of the vaccines were tested in
mice. Results suggested that attachment of linker at the C14
position is plausible and that modifications at the C6 position
result in the variation of the selectivity of the induced anti-
bodies. In vivo data indicated that the C14-linked haptens did
not provide vaccines that were an improvement over our pre-
viously reported metabolically stable hapten linked at C3.%

Results and discussion
Synthesis of hapten 1

Starting from thebaine, the first step was to introduce the C14
amine (Scheme 1). Using the method of Kirby and McLean,>®
trichloroethyl N-hydroxycarbamate was oxidized with sodium
periodate in the presence of thebaine. The in situ formed acyl
nitroso intermediate efficiently underwent 4+2 cycloaddition
with the diene moiety found in thebaine to give cycloadduct 4
and introduce the desired C-N bond at C14. Pd-catalyzed
hydrogenation reduced the C7-C8 olefin and the carbamate
was cleaved in the reaction to give desired 14p-aminodihydro-
codeinone along with a small inseparable impurity resulting
from the cleavage of the C5-oxide bridge. Previous work had
suggested that performing the reduction in 10-20% acetic acid
would prevent the C5 cleavage; however, when the reduction

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of hapten 1. Reagent and conditions: (a) NalOg4, ag. NaOAc/EtOAc, 23 °C, 96%. (b) (i) Pd/C, Ha, AcOH/NaOAc/MeOH, 23 °C.
(ii) Boc,O, NaHCO3, THF/H,0, 0 to 23 °C, 53%. (c) (i) NHs, Ti(OiPr)4, CHCly, 0 to 23 °C. (ii) NaBH,4, CH,Cl,, 23 °C. (iii) Ac,O, EtzN, CH,Cl,, 23 °C, 81%.
(d) (i) BBrs, CH,Clp, —78 to 23 °C. (i) 3-(tritylthio)propanoic acid, TBTU, EtzN, O to 23 °C, 29%.

was repeated with either 10 or 20% acetic acid as the solvent,
only the C5 cleavage product was obtained. The crude mixture
was carried through to the Boc protection step and the desired
product 5 and the C5 cleavage product were separated at this
stage. Reductive amination with Ti(O-iPr),, NH; and NaBH,
cleanly afforded the C6-amine®” and conversion to acetamide 6
was straightforward. O-Demethylation was achieved upon treat-
ment with BBr; and the linker was attached with a TBTU-
promoted coupling to give hapten 1.

As mentioned earlier, hydrogenolysis of 4 in the presence of
10% Pd/C resulted in significant amount C5 ring cleavage and was
difficult to reproduce. Kirby and co-workers have observed similar
ring opened side-products when attempting hydrogenation of 4.>°

2

This issue was circumvented by first protecting the C6 position as
the ketal followed by cleavage of the N-O bond and removal of the
Troc group with zinc dust. Hydrolysis of the ketal group after
reduction was accomplished utilizing concentrated HCI, affording
7 in 47% over three steps. 7 was selectively reduced with NaBH, in
methanol affording 8.>” Hydrogenation of 8 utilizing 10% Pd/C
afforded 9 in good yield and no C5 ring cleavage was observed.
Demethylation of 9 with BBr; proceeded smoothly resulting in 10.
TBTU mediated coupling of 10 to 3-(tritylthio)propanoic acid
proved problematic. Sparse amounts of desired hapten 2 were
initially isolated, the bulk of the material going towards over-
coupled C3 phenolic ester. Fortunately, hydrolysis of the C3
phenolic ester with refluxing KOH in ethanol resulted in the

Scheme 2 Synthesis of 2 and 3. Reagent and conditions: (a) (i) CSA, ethylene glycol, 23 °C. (i) Zn, (NH4),CO, 100 °C. (iii) HCl, MeOH/H,0O, 80 °C, 47%.
(b) NaBH4, MeOH, 23 °C, quant. (c) Pd/C, H,, MeOH, 23 °C, 81%. (d) BBrs, CH,Cl,, —78 °C, 84%. (e) 3-(tritylthio)propanoic acid, TBTU, EtsN, DMF, 0 °C.

(i) KOH, EtOH/THF, 80 °C, 45%. (f) Ac,O, DMAP, EtsN, CH,Cl,, 0°C, 39%.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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formation of hapten 2 in moderate yield. Treatment of 2 with
acetic anhydride and catalytic DMAP resulted in acylation at both
C3 and C6 positions. Hydrolysis of the C3-acetyl with aqueous
ammonium hydroxide gave desired hapten 3 in 39% yield
(Scheme 2).

Biological results
Immune response to haptens

The haptens were conjugated to TT carrier protein to obtain the
following respective vaccine immunoconjugates: TT-1, TT-2,
and TT-3. Briefly, the carrier protein was reacted with
SM(PEG),, a heterobifunctional linker that carries an NHS ester
on one end and a maleimide on the other. The primary surface
amines reacted with the NHS end of the SM(PEG), to form
the TT-maleimide. Finally, the hapten was conjugated to the
TT-linker via the thiol-maleimide reaction (Fig. S1, ESIf).'®
Successful conjugation was confirmed by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) (Fig. S2, ESIt). Hapten density was calculated by mass
difference between unconjugated TT and conjugate. Hapten
density ranged from ~29-31 per carrier protein molecule for all
the conjugates. Vaccines were formulated by mixing immunocon-
jugates (10 pg/50 pL dose) with unilamellar ALF43 and aluminum
hydroxide (ALF43A).>*° Immunization of mice resulted in a
temporal increase in the anti-hapten IgG endpoint titers as
measured by ELISA (Fig. 2). These results showed that these
conjugates were immunogenic in mice.

< c
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Fig. 2 Time course of immune response to haptens 1, 2, and 3. Female
BALB/c mice (n = 10 per group) were immunized at weeks 0, 3, 6, and
14 and sera from indicated weeks were collected for IgG endpoint titer
measurements. The coating agents used for ELISA measurements were
BSA conjugates of the appropriate hapten.
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Inhibition of heroin-induced antinociception

The vaccine efficacy was evaluated by heroin challenge experi-
ments in mice using the tail immersion test. This test serves as
one of the standard behavioral assays in evaluating the noci-
ceptive response.”**%*!' On week 16, mice were challenged
subcutaneously with 1.0 mg kg™ " heroin. Results indicated that
mice immunized with TT-1 did not differ significantly with that
of naive, unimmunized mice (Fig. 3). Mice immunized with
TT-1 had partial (~60% MPE) but not significant protection
(»p = 0.1362). Mice immunized with TT-3 had modest (~30%
MPE) but significant (p = 0.0010) protection compared with
unimmunized mice. Taken together, these results indicate that
immunization using TT-3 could inhibit the antinociceptive
effects of heroin in mice.

Serum binding to heroin and metabolites

The overarching goal of a heroin vaccine is to induce antibodies
that could potentially sequester heroin and its bioactive meta-
bolites in the blood to prevent or slow down their access to the
brain."®* To rationalize the observed in vivo data, we evaluated
the potential of mice sera to sequester heroin, 6-acetyl-
morphine (6-AM), and morphine. Sera collected at week 14
from immunized and unimmunized mice were used. Results
showed that none of the sera from mice immunized with TT-1,
TT-2, and TT-3 have significantly sequestered heroin in vitro
(Fig. 4A). Sera from mice immunized with TT-1 and TT-3, but
not TT-2 have significantly sequestered 6-AM (Fig. 4B). Only the
sera from mice immunized with TT-2 have significantly seques-
tered morphine (Fig. 4C). Morphine is assumed to contribute
little to the early effects of heroin.' The inability of antibodies
to block heroin and 6-AM could explain why TT-2 did not
protect animals against the antinociceptive effects of heroin
(Fig. 3). 6-AM has been found to drive behavioral effects in mice
after heroin administration.>"?> Although TT-1 also bound
6-AM, the sequestration is weaker compared with TT-3, which
may explain the partial but not significant protection observed
in the antinociceptive assay (Fig. 2). These data suggest that
antibodies induced by TT-1, TT-2, and TT-3 had distinct and

100
80 Bl TT-1 (6,14-AmidoHap)
B TT-2 (14-AmidoMorHap)
lbl_J 60 EE TT-3 (14-AmidoHerHap)
s x& Hl Unimmunized Control
2 404
204
o-
Haptens
Fig. 3 Inhibition of antinociceptive effects of heroin in vivo. Female BALB/

c mice (n = 10 per group) were immunized on weeks 0, 3, 6, and 14, and
challenged with heroin (1 mg kg™) s.c. on week 16. Inhibition of anti-
nociception was tested 15 min post-heroin injection using tail immersion
and the results were reported as % MPE. Data shown are mean =+ std error
of the mean. Comparisons were made using ordinary one-way ANOVA
and significance was defined as p < 0.05. ** p = 0.0010.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Heroin and metabolite sequestration of sera from mice immunized
with TT-hapten conjugates. Female BALB/c mice (n = 10 per group) were
immunized at week 0, 3, 6 and 14 and sera from week 14 were pooled for
in vitro drug sequestration experiments. Pooled sera were diluted with
equilibrium dialysis (ED) buffer containing the indicated drug at 5 nM,
incubated in an ED plate against ED buffer. The concentration of the drug
post-equilibrium was measured by LC-MS/MS, and fraction bound was
computed. Data shown are mean + std dev. of triplicate determinations.
Comparison was made against unimmunized control sera using a two-
tailed, unpaired t-test. Statistical significance was defined as p < 0.05
(****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05). (A) Heroin.
(B) 6-Acetylmorphine (6-AM). (C) Morphine.

different selectivity towards the target drugs. In contrast, sera
from mice immunized with the TT-6-AmHap candidate vaccine
effectively bound heroin, 6-AM and morphine.>*

Antibody affinity is an important determinant of vaccine
efficacy.® We measured the average antibody-drug dissociation
constant (Kg) of the sera that bound a given drug. The sera
from mice immunized with TT-1 and TT-3 had Ky values of
5.74 + 0.52 nM and 3.12 £ 0.32 nM, respectively, against 6-AM.
This apparent difference in Ky values is consistent with the
in vivo data (vide supra). The sera from mice immunized with
TT-2 had a K4 value of 2.89 + 0.60 nM against morphine. The K4
values for heroin could not be calculated since none of the sera
bound heroin. These nanomolar K4 suggest strong antibody-
drug interaction comparable to antibodies induced by 6-AmHap
conjugated to TT that ranged from 0.44 to 1.60 nM.*?

Hapten design dictates the selectivity of the induced
antibodies.”'"**** Previous works have shown that subtle
modifications at the C3 and C6 positions could have a large
effect on the resulting vaccine efficacy. In this study, we showed
that by changing the substituent at the C6 position, we effec-
tively altered the selectivity of the induced antibodies. Specifi-
cally, TT-1 and TT-3, where C6 has been substituted by an
acetate group and an amide group, respectively, induced anti-
bodies that effectively sequestered 6-AM. On the other hand,
when the C6 position was substituted with a hydroxy group, as
in TT-2, no sequestration of 6-AM was observed. Importantly,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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none of these conjugates sequestered heroin. Although hapten
3 is susceptible to in vivo hydrolysis, to form hapten 2, anti-
bodies induced by TT-3 did not bind morphine suggesting that
hydrolysis at the C6 position to afford the formation of 2 is in
accord with the slower rate of heroin hydrolysis at C6. With
heroin, dissociation at C3 occurs more rapidly than the hydro-
lysis at C6.""

The observed serum binding can be rationalized in terms of
the space-filling models of the drugs and the haptens (Fig. 5).
Shown in Fig. 5 are the minimized structures of the opioids and
haptens. At the molecular level, it can be envisioned that the
portion of the molecule distal from the linker is the face that is
effectively presented to the immune system for recognition.
These faces have been marked by letters A and B and are
emphasized by a blue arc. These structures suggest that heroin,
having two acetyl groups at C3 and C6 positions, has a distinct
structure compared to any of the haptens. Specifically, the
haptens 1, 2, and 3 have a hydroxy substituent at the C3
position suggesting that these haptens might not induce anti-
bodies that recognize heroin: this is consistent with the binding
data (Fig. 4A). Similarly, the epitopes presented from TT-1 and TT-
3 resemble that of 6-AM, as such, these conjugates induced
antibodies that sequestered 6-AM (Fig. 4B). Of note, TT-1 had
an acetamide group at the C6 position, while TT-3 had an acetate
substituent. This single-atom difference (nitrogen vs. oxygen) of
the C6 substituent resulted in significantly different binding to
6-AM (Fig. 4B). One possible explanation for this is that despite
the overall similarity of the molecular geometry of 1 and 3, the
oxygen atom is more electronegative than nitrogen, which may
result in a stronger hydrogen bonding interaction during antigen
presentation causing more effective recognition by the B cells;
such a theory remains to be further investigated. A similar
observation was noted before where a single atom difference in
the heroin vaccine design yielded a significantly different affinity
of the induced antibodies.* On the other hand, because hapten 2
has a distinct substituent at C6, a hydroxy, sera from mice
immunized with TT-2 could not recognize and bind 6-AM. Taken
together, these observations agree with previous works™'">*?*
that subtle differences in hapten structure could result in varying
selectivity of the induced polyclonal sera.

Serum binding to therapeutic drugs

Antibodies induced by vaccines against opioids should not
cross-react with drugs used for the management of opioid use
disorders. The TT-3 conjugate attenuated the antinociceptive
effects of heroin, which could be attributed to its ability to
sequester 6-AM, suggesting the potential of this conjugate for
further studies. We thus evaluated the cross-reactivity of sera
from mice immunized with TT-3 against buprenorphine,
methadone, naloxone, and naltrexone. Results of ED-LC-MS/
MS revealed that no binding to any of the therapeutic drugs
tested was observed in the week 14 sera at 1:100 to 1:800
dilutions (Fig. 6). At these dilutions, significant binding was
observed for 6-AM or morphine (Fig. 4). The space-filling
models of these drugs (Fig. S3, ESIt) suggest that subtle
differences in the C6 and N17 positions significantly change

RSC Chem. Biol., 2021, 2, 835-842 | 839
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Fig. 5 Space-filling models of opioids and haptens. Structures shown were minimized using the built-in MM2 method in ChemDraw 19.1. Postulated
regions of the molecule recognized by the antibodies are labeled A and B and marked by a blue arc.

the 3D orientation these drugs in reference to 6-AM, effectively
deviating from the predicted sites where the anti-3 could bind
to. These results corroborate with previous findings using
analogous but structurally distinct haptens that sera from
immunized animals do not cross-react with therapeutic
drugs.”®

Comparison with other heroin haptens

Many heroin surrogates have been reported and tested for
immunogenicity and efficacy.>'"'® Early works'"** have sug-
gested that the linker site at N17 could induce more selective
antibodies. Janda’s group has reported the use of a dynamic
hapten with acetate groups at C3 and C6 with linker at N17
mimicking the intact heroin scaffold."™** This dynamic hapten
degrades in vivo to generate a hydroxyl group at the C3 position
that generated antibodies that could sequester heroin and
6-AM with no cross-reactivity to morphine.'***® Pravetoni’s
group used a morphine analog with C6 as a linker attachment
site® analogous to the hapten design by Anton and Leff.** Both
Janda’s (N17 linked) and Pravetoni’s (C6 linked) haptens have
been shown to elicit protection against heroin-induced
effects."’>*” Our previous hapten designs had the linker
attached at C3, C6, and N17.°°® This is the first report of
heroin haptens with linker attachment site at C14.

840 | RSC Chem. Biol., 2021, 2, 835-842

The immunological effects, in terms of vaccine efficacy, of
these C14-linked haptens are inferior to our previously reported
haptens. The following haptens showed protective effects
against heroin-induced effects: 6-PrOxyHap (C3-linked), Mor-
Hap (C6-linked), and DiAmHap (N17 linked).>”® DiPrOxy-
Hap (N17 linked) did not elicit protective effects in vivo.®
DiAmHap carries acetamide groups at C3 and C6, while DiProx-
yHap has oxopropyl groups at these sites. Despite both linked
at N17, DiAmHap and DiPrOxyHap showed opposing effects,
suggesting that the functional groups at C3 and C6 positions
are also important. Serum binding and ELISA experiments
performed on animal sera immunized with these protein-
hapten conjugates revealed varying selectivity. Linker attach-
ment at C14 did not induce antibodies with broad enough
selectivity to simultaneously recognize and sequester heroin,
6-AM and morphine. It has been reported that a hydrolytically
inactive acetamide at C3 induced high selectivity to heroin but
not to 6-AM.>* Conversely, a hydrolytically active acetate group
at C3 induced antibodies that are selective to both heroin and
6-AM.** The haptens reported in this study had no hydrolyzable
group at C3 position which may explain why no cross-reactivity
to heroin was observed. These findings reinforced the impor-
tance of fine-tuning the hapten structure to elicit antibodies
with the desired selectivity to the target drugs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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