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Abstract

The ongoing opioid crisis, now into its second decade, represents a global public health challenge. Moreover, the opioid
crisis has manifested despite clinical access to three approved opioid use disorder medications: the full opioid agonist
methadone, the partial opioid agonist buprenorphine, and the opioid antagonist naltrexone. Although current opioid use
disorder medications are underutilized, the ongoing opioid crisis has also identified the need for basic research to develop
both safer and more effective opioid use disorder medications. Emerging preclinical evidence suggests that opioid-targeted
vaccines or immunopharmacotherapies may be promising opioid use disorder therapeutics. One premise for this article is to
critically examine whether vaccine effectiveness evaluated using preclinical antinociceptive endpoints is predictive of vac-
cine effectiveness on abuse-related endpoints such as drug self-administration, drug discrimination, and conditioned place
preference. A second premise is to apply decades of knowledge in the preclinical evaluation of candidate small-molecule
therapeutics for opioid use disorder to the preclinical evaluation of candidate opioid use disorder immunopharmacotherapies.
We conclude with preclinical experimental design attributes to enhance preclinical-to-clinical translatability and potential
future directions for immunopharmacotherapies to address the dynamic illicit opioid environment.

1 Rationale for Opioid-Targeted Vaccines
as Candidate Opioid Use Disorder

Vaccine effectiveness should be assessed in terms of Medications

opioid agonist potency shifts.

Although the opioid crisis has been mostly documented in
North America, this ongoing crisis represents a global pub-
lic health issue. For example, the latest estimates from the
United Nations Office on Drugs and Crime put the number

Vaccine effectiveness on a preclinical endpoint should
be directly compared to effectiveness with naltrexone or
buprenorphine treatment.

Vaccine effectiveness should be evaluated on preclinical of opioid users at 53 million and an increase of 56% from
endpoints that are analogous to clinical opioid use disor- previous estimates [1]. Currently, there are three medications
der endpoints to enhance translational concordance. clinically utilized in opioid use disorder (OUD) treatment.

These medications include the mu-opioid receptor (MOR)
antagonist naltrexone, the MOR partial agonist buprenor-
phine, and the full MOR agonist methadone [2]. These
medications decrease the risk of opioid-related fatality [2,
3], and both methadone and buprenorphine are among the
World Health Organization’s List of Essential Medicines [4].
However, limitations of these medications have also been
identified. For instance, the use of naltrexone requires the
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methadone), clinical limitations are mostly related to abuse
liability concerns [7, 8], which restricts their clinical avail-
ability and contributes to medication underutilization. In
addition, buprenorphine and methadone can also produce
opioid dependence as a result of their MOR agonist activ-
ity, and treatment cessation would result in the emergence
of opioid withdrawal signs [9]. In summary, the limita-
tions of current OUD therapeutics highlight the need for
the development and evaluation of novel medications that
retain effectiveness and minimize the limitations of current
OUD treatments.

One strategy under investigation for OUD treatment
includes opioid-targeted vaccines or immunopharmacother-
apies. The fundamental components of an opioid-targeted
vaccine are the hapten, the immunogenic carrier molecule,
and adjuvants [10—12]. The hapten is a molecule that is
structurally similar to the target opioid (e.g., oxycodone,
heroin, or fentanyl) with the addition of a “linker” structure.
This linker structure facilitates the conjugation of the hap-
ten to an immunogenic carrier molecule (e.g., adenoviruses,
nanoparticles, or foreign proteins). This immunoconjugate is
formulated with adjuvants (e.g., alum or Toll-like receptor
agonists) intended to further stimulate the immune response
and all these components collectively constitute a vaccine.
Upon vaccine administration, the subject’s immune system
generates antibodies against the hapten that circulate in the
periphery. If a vaccinated subject is exposed to the targeted
opioid, the antibodies should bind to the target opioid, gen-
erating an antibody-opioid complex that should be unable
to pass through the blood-brain barrier. This peripherally
sequestered opioid should be unable to interact with cen-
trally located opioid receptors that mediate the abuse-related
behavioral effects of opioids [13, 14]. The net effect is the
potency of the opioid to produce centrally mediated effects
is decreased and more opioid would be needed to overcome
the antibodies and cross the blood—brain barrier to activate
centrally located opioid receptors. Therefore, this antibody-
mediated decrease in opioid potency mimics potency shifts
produced by conventional MOR antagonists (e.g., naltrex-
one), and has resulted in opioid-targeted vaccines being
referred to sometimes as “immunoantagonists.”

Opioid-targeted vaccines have been hypothesized to con-
fer several advantages over currently used OUD treatments
(see [12] for a recent commentary). A primary advantage
of opioid-targeted vaccines over traditional pharmacothera-
pies is that anti-opioid antibodies have no known interac-
tions with receptors or proteins in the brain or periphery,
suggesting that the antibodies would confer a low risk of
receptor-mediated side effects. Prototypic local vaccine
reactions (e.g., pain, swelling, or erythema) would be pre-
dicted. Moreover, the absence of MOR interactions would
alleviate abuse liability concerns for MOR agonist OUD
treatments (i.e., methadone, buprenorphine) and blockade
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of endogenous opioid signaling by antagonist OUD treat-
ments (i.e., naltrexone). Furthermore, vaccine-induced
antibodies are hypothesized to have long half-lives, which
would be expected to prolong inter-administration intervals
and may enhance compliance or retain therapeutic effective-
ness longer following a missed dose compared with current
depot naltrexone or buprenorphine formulations. Finally,
haptens that resemble illicit opioids, such as heroin, would
not interact with structurally dissimilar opioid agonists for
either pain management (e.g., oxycodone) or OUD (e.g.,
buprenorphine or methadone) in a vaccinated subject. Com-
bination vaccine plus depot naltrexone or buprenorphine
treatment approaches are particularly attractive potential
OUD therapeutics. The use of buprenorphine or methadone
in combination with depot naltrexone would be more com-
plicated, but possible [15].

2 Preclinical Methods for Evaluating Vaccine
Effectiveness

Because of the potential clinical advantages described above,
preclinical research on immunopharmacotherapies has been
reinvigorated over the past decade. Abused opioid agonists
produce a constellation of behavioral (e.g., reinforcement)
and physiological (e.g., respiratory depression) effects. Opi-
oid-targeted vaccines would be clinically viable treatments
to address the abuse-related behavioral effects of opioids
related to OUD, whereas opioid-targeted monoclonal anti-
bodies would be clinically viable treatments to address the
physiological effects of opioids related to lethal respiratory
depression [10, 16]. This article focuses on opioid vaccines
and reviews the literature regarding preclinical methods to
efficiently evaluate vaccine effectiveness and how predictive
these preclinical methods are to clinical OUD outcomes.
The two most frequently utilized preclinical endpoints for
evaluating opioid vaccine effectiveness are opioid-induced
antinociception and intravenous opioid self-administration.
For opioid-induced antinociception endpoints, a research
subject is exposed to a noxious stimulus (e.g., a mouse’s
tail dipped into water heated to 50 °C) and the latency of the
mouse to remove its tail from the heated water is recorded.
If the mouse is administered an opioid agonist (e.g., mor-
phine), the latency or time before the mouse removes its tail
increases relative to baseline and is indicative of antinoci-
ceptive effect [17, 18]. In fact, one of the first preclinical
studies evaluating immunopharmacotherapy approaches for
opioids used this type of procedure. Mice immunized with a
fentanyl-bovine gamma globulin conjugate in complete Fre-
und’s adjuvant showed an attenuated antinociceptive effect
of fentanyl compared with mice that only received complete
Freund’s adjuvant [19]. Since the 1970s, preclinical evalu-
ation of vaccine effectiveness to attenuate opioid-induced
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antinociception has continued. Experimental advantages
include relatively high throughput with minimal animal
training by the experimenter and minimal equipment (i.e.,
hot plate or water bath and stopwatch) compared to drug
self-administration procedures that will be described next.
However, the paucity of empirical data to support transla-
tional predictive validity of preclinical antinociceptive end-
points to other preclinical endpoints (i.e., drug self-admin-
istration) that have demonstrated predictive validity [20-22]
or human laboratory and clinical trial endpoints remains a
weakness in the utility of this preclinical endpoint to screen
candidate OUD immunopharmacotherapies.

Intravenous drug self-administration is considered one
of the most translationally relevant preclinical procedures
to assess candidate medication effectiveness (see [20-23]
for review). Although there are numerous variations of drug
self-administration procedures, there are three basic com-
ponents (i.e., three-term contingency) [24]. For example, a
research subject (e.g., rat or monkey) is implanted with an
intravenous catheter (e.g., jugular or femoral) and placed in
an operant chamber with a syringe pump, a manipulandum
(e.g., lever) and a stimulus light. When the stimulus light
(i-e., discriminative stimulus) is turned on, pressing the lever
(i.e., response) will lead to the delivery of an intravenous
drug injection (i.e., consequent stimulus), completing the
three-term contingency. If the drug dose functions as a posi-
tive reinforcer, then the delivery of the drug injection will
increase the rate of responding on the lever. Candidate medi-
cations, such as vaccines, can then be evaluated for effective-
ness to reduce drug-taking behavior.

One year earlier than the fentanyl vaccine study in mice
described above, the first study evaluating an immunophar-
macotherapy approach on intravenous drug self-administra-
tion was published. In this study, a single rhesus monkey
was trained to self-administer heroin (0.006 mg/kg/infusion)
and cocaine (0.1 mg/kg/infusion) across alternating sessions
under a fixed-ratio (FR) 10 schedule of reinforcement [25].
The monkey was then vaccinated with a morphine-6-hem-
isuccinyl-bovine serum albumin conjugate over a 20-week
period before heroin and cocaine self-administration ses-
sions were resumed. Rates of heroin self-administration
extinguished to saline levels, whereas rates of cocaine self-
administration were similar to pre-vaccination levels dem-
onstrating a degree of vaccination selectivity. Only when
the unit heroin dose was increased to 0.1 mg/kg/infusion
did rates of responding increase over saline levels. Unfor-
tunately, a complete heroin dose-response function was not
determined before or after vaccination, thus precluding
the ability to quantify the magnitude of the immunization-
induced potency shift.

In a follow-up study, two rhesus monkeys self-adminis-
tered heroin (0.012 mg/kg/infusion) and cocaine (0.2 mg/
kg/infusion) during alternating sessions under an FR 10

schedule [26]. These animals were passively immunized
with antibodies generated in other rhesus monkeys admin-
istered the morphine-6-hemisuccinyl-bovine serum albumin
conjugate. Rates of heroin self-administration increased two-
to three-fold during the session following immunization,
with effects dissipating over the course of 3 weeks. Rates of
cocaine self-administration were not altered demonstrating
vaccine selectivity. Notably, vaccination effects were similar
to a halving of the unit heroin dose (0.006 mg/kg/infusion)
or pretreatment with the MOR antagonist naloxone [26].
Because of the translational predictive validity of drug self-
administration procedures in evaluating candidate medica-
tions for substance use disorder, these procedures continue
to be utilized to evaluate candidate vaccines.

3 Vaccine Effects on Drug
Self-Administration

Opioid abuse and OUD are behaviors that are learned
through the three-term contingency described above where
the presence of a drug dealer (i.e., discriminative stimu-
lus) signals to an individual that exchanging money (i.e.,
response) will result in the delivery of an opioid (i.e., con-
sequent stimulus). The progression of initial opioid abuse to
OUD can be categorized into three phases. The first phase
is acquisition of the drug self-administration behavior. The
second phase is maintenance of the drug self-administration
behavior once learned or acquired. The last phase is relapse
or resumption of drug self-administration behavior following
a period of abstinence or extinction. Preclinical drug self-
administration procedures can then be utilized to evaluate
vaccine effectiveness across these different phases of abused
drug exposure and learning.

3.1 Vaccine Effects on the Acquisition of Opioid
Self-Administration

In these studies, drug-naive subjects are implanted with
intravenous catheters and placed into an operant chamber
where pressing a lever in the presence of a light will result in
the intravenous delivery of a unit dose of opioid. In acquisi-
tion studies, opioid vaccines are evaluated for their ability
to block or slow acquisition rates of drug self-administration
behavior. The hypothesis would be that if the vaccine slowed
or disrupted learning of the contingencies between the dis-
criminative stimulus, operant response, and consequent
stimulus, the opioid would not function as a reinforcer and
the research subject would not acquire drug self-administra-
tion behavior. Conceptually, these preclinical experiments
would model the clinical situation of prophylactic vaccina-
tion in vulnerable individuals prior to the initiation of opioid
abuse and progression to OUD.
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Four studies have evaluated vaccine effectiveness on
the acquisition of opioid self-administration. In one study,
a heroin vaccine significantly decreased the proportion
of rats meeting acquisition criteria for 0.06-mg/kg/infu-
sion heroin self-administration compared with the control
group, whereas a morphine vaccine was ineffective [27].
3,6-Diacetylmorphine (heroin) is rapidly de-acetylated in the
periphery to the active metabolite 6-acetylmorphine in rats
[28], monkeys [29], and humans [30]. 6-Acetylmorphine can
then be de-acetylated to morphine in the periphery or can
readily cross the blood-brain barrier and be de-acetylated
to morphine in the central nervous system [31]. This study
would suggest that vaccines targeting heroin or 6-acetyl-
morphine would be more effective than those targeting
morphine. Importantly, neither vaccine altered acquisition
of sweetened solution self-administration demonstrating a
measure of behavioral selectivity. Similar results have also
been reported with an oxycodone-targeted vaccine [32]. A
third study evaluated an oxycodone vaccine under more
rigorous conditions by determining vaccine effectiveness to
alter acquisition of oxycodone self-administration using two
different oxycodone doses (0.06 and 0.15 mg/kg/infusion)
[33]. The oxycodone vaccine blunted acquisition of 0.06 mg/
kg/infusion oxycodone self-administration such that 60%
of vaccinated rats met acquisition criteria compared with
100% of control rats met acquisition criteria. However, the
oxycodone vaccine failed to significantly decrease acquisi-
tion of 0.15 mg/kg/infusion oxycodone self-administration
compared to control animals. These later results highlight
the importance of evaluating vaccine effectiveness across
a broad range of abused drug doses and also the potential
limitations of vaccines as prophylactic treatments for sub-
stance use disorders.

In contrast to the three studies described above, a fourth
study reported that a morphine vaccine increased acquisition
rates of heroin (0.06 mg/kg/infusion) self-administration
[34]. Although counter intuitive, these results provide evi-
dence that immunopharmacotherapies decrease the potency
of the target drug of abuse. Rates of drug self-administration
behavior under FR schedules of reinforcement display a pro-
totypic, inverted U-shaped dose-effect function. The reasons
why rates of drug self-administration under FR schedules
display this inverted U-shaped dose-effect function are dis-
cussed in more detail below (see Sect. 3.2). However, a vac-
cine-induced reduction in heroin potency on the descending
limb of the heroin self-administration dose-effect function
would manifest as an increase in rates of heroin self-admin-
istration and be consistent with opioid antagonist treatment
effects of single opioid doses on the descending limb [35].

In summary, these studies provide some evidence that
immunopharmacotherapies can decrease acquisition rates of
opioid self-administration under certain experimental con-
ditions, but not others [34]. The necessity of opioid-naive
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subjects imposes limitations in experimental throughput to
characterize potency shifts and any behavioral measures of
vaccine selectivity. In addition, interpretation of these pub-
lished studies is complicated by the absence of comparison
with a positive control. Moreover, there is no scientific con-
sensus on what would constitute a positive control treatment
for preclinical drug self-administration acquisition studies.
For example, would naltrexone maintenance or social inter-
action [36, 37] function as a positive control for these acqui-
sition studies? In addition, there are also ethical considera-
tions in the clinical deployment of a prophylactic vaccine
for OUD that is beyond the scope of this article (Table 1).

3.2 Vaccine Effects on Maintenance of Opioid
Self-Administration

In these studies, the experimental subjects have already
acquired opioid self-administration and vaccines are evalu-
ated for effectiveness to disrupt ongoing rates of drug self-
administration behavior. However, before discussing the
published literature determining vaccine effectiveness to
attenuate opioid self-administration, one important consid-
eration is the unit dose(s) of opioid used in these experi-
ments and how this influences the interpretation of vaccine
effectiveness to alter drug self-administration. For example,
systematic manipulation of the unit drug dose under a FR or
progressive-ratio (PR) schedule of reinforcement will result
in a prototypic “inverted-U” shaped graph of reinforcement
rates as a function of unit drug dose (for review, see [38]).
The leftward portion of the inverted-U (i.e., the ascending
limb) captures dose-dependent increases in drug self-admin-
istration rates. The highest rate of responding is observed at
the peak of this function, and higher unit drug doses engen-
der progressively lower rates of responding (i.e., descend-
ing limb). Why would rates of drug self-administration
decrease as the drug dose increases above some peak level?
As in other pharmacological domains, inverted U-shaped
dose-effect functions indicate that multiple or opposing
drug effects are being integrated into a common dependent
measure. For example, measures of drug self-administration
rate can be influenced not only by the reinforcing effects of
the drug (which would have the effect of increasing rates),
but also other effects of the self-administered drug that
can either increase or decrease rates of responding (e.g.,
drug effects that enhance or impair motor competence). We
have conceptualized and referred these other drug effects
as “reinforcement-independent rate-altering effects” [39,
40]. Therefore, the examination of vaccine effectiveness on
a single-unit drug dose under FR or PR schedules of rein-
forcement may result in a decrease, increase, or no change
in rates of reinforcement, depending on (1) the position of
that single-unit drug dose on the dose-effect function and (2)
the magnitude of the vaccine-induced potency shift. Without
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Table 1 Summary of published preclinical studies reporting on vaccine effectiveness on intravenous drug self-administration (SA) endpoints.

| Decrease, 1 increase, & no effect

Drug Vaccine Species and sex Primary endpoint Main effect References
Acquisition of opioid self-administration
Morphine  Morphine hapten/KLH Male Wistar rats Acquisition of heroin SA [27]
conjugate (60 pg/kg/infusion), fixed
ratio
Heroin Heroin hapten/KLH con- Male Wistar rats Acquisition of heroin SA ! [27]
jugate (60 pg/kg/infusion), fixed
ratio
Heroin Morphine hapten/KLH Male Holtzman rats Acquisition of heroin SA 1 [32]
conjugate (60 pg/kg/infusion), fixed
ratio
Oxycodone Oxycodone hapten/KLH Male Holtzman rats Acquisition of oxycodone | [34]
conjugate SA (60 pg/kg/infusion),
fixed ratio
Oxycodone Oxycodone hapten/TT Male Wistar rats Acquisition of oxycodone 60 pg/kg/infusion: & [33]
conjugate SA (60, 150 pg/kg/infu- 150 pg/kg/infusion: 1
sion), fixed ratio
Ongoing opioid self-administration
Heroin Morphine-6/hemisuccinyl- ~ Male rhesus monkey Ongoing heroin SA ! [25]
bovine serum albumin (6-100 pg/kg/infusion),
conjugate fixed ratio
Heroin Morphine-6/hemisuccinyl- ~ Male rhesus monkey Ongoing heroin SA (12 pg/ 1 [26]
bovine serum albumin kg/infusion), fixed ratio
conjugate (passive)
Heroin Morphine/TT conjugate Male rats (strain not dis- Ongoing heroin SA (60 pg/ | [41]
closed) kg/infusion), fixed ratio
Heroin Morphine hapten/KLH Male Holtzman rats Ongoing heroin SA 3, 10 pg/kg/infusion: | [34]
conjugate (3-30 pg/kg/infusion), 6, 30 pg/kg/infusion: 1
fixed ratio
Heroin Morphine hapten/KLH Male Holtzman rats Ongoing heroin (0-30 pg/  Intake (i.e., Qy): | [34]
conjugate kg/infusion), fixed ratio ~ Rate of intake change (i.e.,
a): I
Heroin Heroin hapten/KLH con- Male Wistar rats Ongoing heroin SA (60 pg/ | [44]
jugate kg/infusion), fixed ratio,
progressive ratio
Oxycodone Oxycodone hapten/TT Male Wistar rats Ongoing oxycodone SA 16} [33]
conjugate (60, 150 pg/kg/infusion),
fixed ratio, progressive
ratio
Fentanyl Fentanyl hapten/TT con- Male and female Sprague—  Ongoing fentanyl SA 1 [47]
jugate Dawley rats 3.2 pg/kg/infusion, fixed
ratio
Fentanyl Fentanyl hapten/TT con- Male and female Sprague—  Ongoing fentanyl SA (0, | [47]
jugate Dawley rats 0.32-100 pg/kg/infusion),
concurrent schedule
Reinstatement of opioid self-administration
Heroin Heroin hapten/KLH con- Male Wistar rats Heroin-primed reinstate- ! [44]
jugate ment (180 pg/kg, intra-
venous)
Heroin 6-Glutarylmorphine/KLH  Male Sprague-Dawley rats  Heroin-primed reinstate- ! [56]
conjugate ment (500 pg/kg, subcu-
taneous)
Heroin 6-Glutarylmorphine/KLH  Male Sprague-Dawley rats  Heroin-primed reinstate- ! [57]

conjugate

ment (500 pg/kg, subcu-
taneous)
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Table 1 (continued)

Drug Vaccine Species and sex Primary endpoint Main effect References
Heroin Morphine hapten/KLH Male Holtzman rats Heroin-primed reinstate- ! [34]
conjugate ment (600 pg/kg, subcu-
taneous)

KLH keyhole limpet hemocyanin, 77T tetanus toxoid

the complete drug self-administration dose-effect function,
the results from a single-unit drug dose are uninterpretable.

Thirty years since the first opioid vaccine was preclini-
cally evaluated, next-generation vaccines are being devel-
oped and evaluated with clinically approved carrier proteins
and adjuvants. For example, a morphine-tetanus toxoid (TT)
vaccine decreased rates of heroin (0.06 mg/kg/infusion) self-
administration under an FR schedule in rats [41]. Similar
decreases in rates of heroin self-administration in rats have
been reported with a morphine-keyhole limpet hemocyanin
(KLH) vaccine [34]. Multiple heroin doses were examined
in one study [34], and based on the dose ranges examined the
vaccine produced an approximate three-fold potency shift in
the heroin self-administration dose-effect function. Further-
more, these two morphine vaccines were effective in altering
heroin self-administration, whereas a morphine vaccine dis-
cussed in the previous section [27] was ineffective in attenu-
ating acquisition of heroin self-administration. The reasons
for these differential morphine vaccine effects on heroin self-
administration are most likely antibody specificity and affin-
ity for heroin, 6-acetylmorphine, and morphine. For exam-
ple, the morphine vaccine in [27] resulted in antibodies that
had poor affinity for heroin and 6-acetylmorphine compared
with the heroin vaccine. In contrast, the morphine-TT [41]
and morphine-KLH [34] vaccines showed similar specific-
ity and affinity for heroin, 6-acetylmorphine, and morphine,
respectively. Collectively, these studies highlight the chal-
lenges of targeting heroin with immunopharmacotherapies.

Evidence thus far suggests vaccines reduce the potency
of opioids to maintain drug self-administration behavior.
Other schedules of reinforcement, such as PR, are hypoth-
esized to measure the reinforcing efficacy or strength of
the abused drug rather than the reinforcing potency [42,
43]. Typically, under a PR schedule, the number of oper-
ant responses required to obtain a reinforcer systematically
increases following each reinforcer delivery either within or
between self-administration sessions. The maximum price
(i.e., response requirement) that the subject emits to obtain a
reinforcer is termed the “breakpoint.” In one study, a heroin-
KLH vaccine decreased the breakpoint for heroin (0.06 mg/
kg/infusion) relative to vehicle-treated rats [44]. However,
an oxycodone-TT vaccine did not significantly decrease the
breakpoint for either oxycodone dose (0.06 or 0.15 mg/kg/
infusion) [33]. Furthermore, a morphine-KLH vaccine did
not decrease behavioral economic metrics of reinforcing
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efficacy but did decrease metrics of reinforcing potency
using a between-session dose-reduction procedure [34]. In
summary, with the exception of [44], these studies do not
provide compelling evidence that opioid vaccines decrease
measures of reinforcing efficacy.

Another schedule of reinforcement that is hypothesized
to measure reinforcing strength or efficacy is concurrent
schedules or “choice” procedures. Concurrent schedules are
routinely used in human laboratory drug self-administration
studies [45, 46] evaluating candidate small-molecule medi-
cations for substance use disorder. In a recent study by our
group [47], fentanyl-TT vaccine administration promoted
behavioral reallocation away from fentanyl self-administra-
tion and towards food (i.e., diluted vanilla-flavored Ensure®)
by week 4 and vaccine effectiveness was sustained for at
least 16 weeks. Furthermore, vaccine effectiveness was simi-
lar to continuous naltrexone treatment. Vaccine effective-
ness was surmountable and EDs, value comparisons demon-
strated an approximate 22-fold potency shift in the fentanyl
choice dose-effect function. Notably, the potency shift for
intravenous fentanyl antinociception in a warm water tail-
withdrawal procedure was qualitatively similar (15-fold)
to the potency shift on fentanyl self-administration and not
significantly different based on overlapping confidence lim-
its. In conclusion, this single study provides some empirical
evidence that potency shifts on antinociceptive endpoints
may be predictive of potency shifts on abuse-related (i.e.,
self-administration) endpoints.

In the studies described above, opioid self-administration
session lengths are typically short (e.g., 2 h) in duration and
daily opioid exposure is insufficient for rats to become opi-
oid dependent as demonstrated by somatic withdrawal signs
when opioid self-administration is terminated or an opioid
antagonist is administered [48]. However, when access con-
ditions are increased by prolonging opioid self-administra-
tion session duration (e.g., 12 h), rats will become opioid
dependent as confirmed by somatic withdrawal signs fol-
lowing opioid antagonist administration [48-51]. Two stud-
ies have evaluated vaccine effects under these experimental
conditions. In one study, a heroin-KLH vaccine blocked fur-
ther escalation of heroin (0.06 mg/kg/infusion) self-admin-
istration under an FR 1 schedule relative to vehicle-treated
rats, although rates of self-administration did not decrease
in the vaccinated rats relative to their own pre-vaccination
baseline [44]. In a second cohort of rats, the experiment was
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reproduced with the exception that heroin availability was
no longer signaled by visual discriminative stimuli. As in
the first cohort, vehicle-treated rats escalated rates of heroin
self-administration. However, the vaccinated rats exhibited
an extinction-like pattern of behavior across the nine experi-
mental sessions, suggesting that rates of self-administration
in the first cohort of vaccinated rats were maintained, at least
in part, by the visual discriminative stimuli. Furthermore,
this pattern of extinction-like responding was also observed
in a recent rat study following fentanyl-TT vaccine admin-
istration [47]. Although these results provide evidence that
opioid vaccines can block escalation of opioid self-adminis-
tration, the magnitude of vaccine-induced potency shifts on
this endpoint remains to be empirically determined.

In summary, opioid vaccines attenuate ongoing opioid
self-administration in both non-human primates and rats,
providing proof-of-principle empirical validation and sup-
port for progression to human laboratory/clinical trials.
Strengths of evaluating vaccine effectiveness on mainte-
nance of opioid self-administration include (1) repeated test-
ing within the same animal allowing for the within-subject
evaluation of vaccine effectiveness time course [26, 47], (2)
within-subject behavioral selectivity of vaccine effectiveness
[25, 26], and (3) within-subject comparison with positive
control and clinically used medications [26, 47]. Because
many of these studies have only examined a single-unit dose
of the targeted opioid (but see [25, 34, 47]), quantifying
potency shifts in the opioid self-administration dose-effect
function and comparisons of vaccine effectiveness across
different laboratories are complicated.

3.3 Vaccine Effects on Relapse-Related Endpoints
of Drug Self-Administration

The high rates of relapse among detoxified opioid users
poses a significant barrier to long-term OUD treatment [52,
53]. Perhaps unsurprisingly, candidate OUD medications
are clinically evaluated for their ability to prevent relapse,
inferred through opioid-negative urine samples [54]. Pre-
clinical relapse models, generally referred to as “reinstate-
ment” models, have demonstrated that exposure to a variety
of stimuli (e.g., the opioid itself or opioid-associated stimuli)
are sufficient in provoking a relapse-like response in rats
(for review, see [55]). However, studies have largely focused
on vaccine effectiveness to attenuate opioid re-exposure-
induced reinstatement of operant responding.

One important consideration when evaluating vaccine
effectiveness on relapse-related endpoints is the timing of
vaccine administration. In one study [34], rats were admin-
istered a morphine vaccine prior to heroin self-administra-
tion training. As described in Sect. 3.2, vaccinated rats had
higher rates of heroin self-administration for the same unit
heroin dose (0.06 mg/kg/infusion) compared with control

rats. Following extinction of heroin self-administration by
substituting saline for heroin, the vaccinated rats were less
sensitive to the reinstating effects of non-contingent heroin
(0.5 mg/kg, subcutaneous) administration compared with
control rats [56, 57]. However, the lack of a complete her-
oin dose-effect function precludes the ability to estimate
the magnitude of this vaccine-induced potency shift. Other
published studies have examined opioid vaccine effective-
ness after subjects have acquired opioid self-administration.
For example, a heroin—but not morphine-targeted vaccine
blocked heroin—(0.18 mg/kg, intravenous) primed rein-
statement [44]. In addition, opioid vaccines have demon-
strated some degree of durability to block opioid-induced
reinstatement lasting for at least 25 days [57]. However, a
heroin vaccine was ineffective in attenuating reinstatement
induced by either heroin-associated audio/visual stimuli or
a pharmacological stressor (e.g., yohimbine) [44]. Overall,
these results provide evidence that immunopharmacothera-
pies primarily work on pharmacological mechanisms of drug
relapse and may not be effective for drug-associated cue
or stress-associated relapse conditions [58]. Moreover, the
predictive validity of preclinical reinstatement procedures
for candidate substance use disorder medication effective-
ness has thus far been less robust compared to drug self-
administration procedures [59, 60].

4 Vaccine Effects on Other Preclinical
Abuse-Related Endpoints

Although preclinical drug self-administration procedures are
the predominant method to evaluate candidate medication
effectiveness on abuse-related endpoints, there are other pre-
clinical procedures that assess abuse-related endpoints. Two
procedures (e.g., drug discrimination and conditioned place
preference) have been used to preclinically evaluate candi-
date immunopharmacotherapies. The translational predictive
validity of these procedures for medication effectiveness of
small molecules is not as good as drug self-administration
procedures [21, 61]. Thus, these procedures are included
in this article towards the goal of systematically review-
ing the available preclinical literature evaluating candidate
immunopharmacotherapies on abuse-related endpoints and
the relative advantages and disadvantages of these various
approaches.

4.1 Vaccine Effects on Drug Discrimination

To date, there are no published studies examining opioid-tar-
geted vaccines on abuse-related endpoints as measured using
a drug discrimination procedure. However, drug discrimina-
tion procedures have been used to assess the effectiveness
of other biological treatments targeted for other drugs of
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abuse such as cocaine [62, 63], methamphetamine [64, 65],
and nicotine [66]. Drug discrimination procedures are typi-
cally trained by differentially reinforcing responding on one
manipulandum (e.g., left lever) following an experimenter-
administered drug (e.g., heroin) and a different manipulan-
dum (e.g., right lever) following an experimenter-adminis-
tered vehicle. After a sufficient number of pairings under
these contingencies, a research subject will learn to respond
on the injection-appropriate lever or “discriminate” based on
the presence or absence of the training drug dose (for review,
see [67, 68]). The discriminative stimulus effects of drugs in
laboratory animals are thought to be predictive of the abuse-
related subjective effects in humans (e.g., [69]). Similar to
antinociception procedures described above, drug discrimi-
nation procedures offer several experimental advantages
such as the ability to conduct within-session dose-effect
functions that allow for the assessment of potency shifts over
time following immunopharmacotherapy administration.

For example, the effectiveness and selectivity of a nano-
particle-based nicotine vaccine was determined using a nico-
tine drug discrimination procedure in squirrel monkeys [66].
The nicotine vaccine significantly attenuated the discrimi-
native stimulus effects of the training nicotine dose, but not
the structurally dissimilar nicotinic agonist (4)-epibatidine
over experimental weeks 19-22. Furthermore, when com-
plete dose-effect functions were determined post-vaccine
administration, the vaccine shifted the potency of nicotine
approximately three-fold compared to a pre-vaccine baseline
without altering the potency of either (4)-epibatidine or the
partial nicotinic agonist varenicline. In another example, a
mutant cocaine esterase produced dose- and time-dependent
shifts in discriminative stimulus potency of cocaine with
maximal potency shifts of greater than 50-fold observed
both immediately after and 24 h following cocaine ester-
ase administration to rats [62]. Although drug discrimina-
tion endpoints allow for the assessment of potency shifts on
abuse-related endpoints over relatively long experimental
timelines, one translational complication is that candidate
treatments that have attenuated the abuse-related subjective
effects have not retained effectiveness when evaluated in
either human laboratory drug self-administration procedures
or clinical trials [20].

4.2 Vaccination Effects on Conditioned Place
Preference

Place conditioning procedures are commonly used in the
preclinical assessment of abuse liability [70]. These pro-
cedures leverage the ability of drugs of abuse to produce
learned (i.e., Pavlovian) associations with contextual non-
drug stimuli [71] as an index of abuse liability. A basic place
conditioning apparatus comprises two chambers differen-
tiated by visual, olfactory, and tactile stimuli. During the
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experimental conditioning phase, the research subject is
administered an opioid (e.g., heroin injection) before being
confined to one of the chambers. In a subsequent condition-
ing session on the same day, the subject is administered a
vehicle (e.g., saline injection) before being confined to the
opposite chamber. Following a number of pairings of the
opioid and vehicle with their respective chambers, the sub-
ject is allowed concurrent access to both chambers in a drug-
free state on a separate test day. The relative amount of time
spent in the drug-paired chamber is typically utilized as the
main dependent measure. The hypothesis is that an attenua-
tion of opioid-induced place preference reflects a decrease in
context-induced drug craving and has been argued to trans-
late to a reduced likelihood of relapse (see [72] for review).

The effects of vaccination on opioid-conditioned place
preference have been reported in two studies. In one study,
the effectiveness of a heroin- and morphine-targeted vaccine
was determined in rats [44]. A single dose (0.4 mg/kg) of
heroin and morphine produced a place preference in non-
vaccinated rats. Heroin vaccine administration before heroin
or morphine conditioning blocked the expression of heroin
or morphine place preference. In contrast, the morphine
vaccine selectively blocked the expression of morphine, but
not heroin, place preference. These results were interpreted
to suggest that vaccines should target the prodrug heroin
rather than the active metabolite morphine. In a different
study, a morphine-targeted vaccine blocked the expression
of morphine-induced place preference at two different doses
1 and 2 mg/kg [73]. In summary, these two studies provide
evidence that opioid-targeted vaccines can decrease the abil-
ity of opioids to function as conditioned stimuli similar to
the opioid antagonist naltrexone [74, 75].

However, these conditioned place preference results also
highlight potential limitations of this approach for the pre-
clinical evaluation of opioid-targeted vaccines. First, the
most significant limitation is that the experimental subject
can only be tested once and thus a significant number of
animals would be needed to conduct well-controlled and
designed experiments. Thus, separate groups of animals
would be required for each drug dose and each experimental
condition (e.g., active vs control vaccine). For example, in
the two studies described above evaluating vaccine effects
on opioid-induced place preference [44, 73], only one or
two opioid doses were tested in both active vaccine and con-
trol animals. Without a complete dose-effect function of the
opioid agonist under both active vaccine and control condi-
tions, inferences regarding vaccine effectiveness to produce
clinically relevant potency shifts in the target opioid agonist
are difficult to make. In addition, to determine vaccine selec-
tive for the target opioid compared to structurally dissimilar
opioid agonists, separate groups of animals would also be
required for each structurally dissimilar opioid agonist dose
and experimental condition.
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A second limitation of using conditioned place preference
procedures to evaluate vaccine effectiveness is the selection
of what time point to evaluate vaccine effectiveness relative
to vaccine administration. In one study, opioid conditioning
occurred across 4 days that were hypothesized to be dur-
ing the peak time of vaccine effectiveness [44]. However, in
the other study, morphine conditioning days occurred dur-
ing weeks 4—6 of the vaccination regimen, although peak
antibody titer levels were not observed until week 18 [73].
Regardless, the evaluation of vaccine effectiveness over time
would require separate groups of animals and invoking the
first limitation described above.

In summary, evidence from two preclinical studies
demonstrate opioid vaccines can decrease the ability of
the targeted opioid to produce a conditioned place prefer-
ence. However, evaluation of potency shifts, time course,
and selectivity of vaccine effectiveness would require a
significant number of subjects relative to drug discrimina-
tion, drug self-administration, or antinociception measures.
This requirement for large animal numbers decreases the
efficiency of this procedure to evaluate vaccine effective-
ness and has contributed to the relative infrequent use of this
procedure relative to other preclinical procedures. Moreo-
ver, conditioned place preference procedures are less reliable
than self-administration as behavioral assays for evaluating
candidate OUD medications. This poor reliability of condi-
tioned place preference procedures parallels the poor reli-
ability of subjective measures in human laboratory studies vs
self-administration procedures to assess candidate substance
use disorder medications [20, 21].

5 Conclusions and Future Directions

Although naltrexone, buprenorphine, and methadone are
clinically available OUD treatments, their utility is limited
by either poor patient compliance (e.g., depot naltrexone)
or abuse liability concerns (e.g., buprenorphine and metha-
done). Preclinical research, to date, has provided “proof of
concept” empirical evidence that some opioid-targeted vac-
cines (e.g., fentanyl-TT) produced potency shifts on both
opioid antinociceptive and abuse-related endpoints similar
to naltrexone or buprenorphine maintenance. These immu-
nopharmacotherapies should be prioritized for continued
development and evaluation in humans to provide clinicians
with additional therapeutic options and reverse translational
feedback on preclinical endpoints.

To date, two different vaccines for substance use disor-
der have been promoted to clinical trials. Vaccines for both
nicotine and cocaine have failed to demonstrate effectiveness
on primary endpoints in humans (for review, see [76, 77]).
Given these clinical trial failures, how should preclinical
research proceed in evaluating immunopharmacotherapy

effectiveness for OUD or other substance use disorders
to enhance translatability of preclinical results to clinical
testing? We propose four preclinical experimental design
attributes and a potential algorithm (Fig. 1) to guide future
preclinical vaccine development research and enhance pre-
clinical-to-clinical translatability.

First, vaccine effectiveness should be evaluated under
experimental conditions where opioids and other target
drugs of abuse are administered intravenously. Although
initial prescription opioid misuse often starts via the oral
route by consuming tablets, opioid use has been shown to
transition to injection routes for both continued prescription
opioids [78] and heroin [79]. In addition, emerging evidence
suggests that vaccine effectiveness may depend on the route
of administration, such that opioid vaccines are less effective
against intravenously administered opioid agonists [§0—82].
The working hypothesis is that subcutaneous or intraperito-
neal administered opioids allow for a greater opportunity for
antibody/opioid interactions compared to intravenous opi-
oid administration. We recognize the practical and technical
challenges of implanting and maintaining intravenous cath-
eters in animals. Thus, initial vaccine characterization and
optimization could be accomplished via a non-intravenous
route of administration (e.g., subcutaneous, intraperitoneal,
or oral) before later stage preclinical validation of vaccine
effectiveness against intravenously administered opioids
(Fig. 1). This approach would generate an experimental
range or index of vaccine effectiveness.

Second, preclinical candidate vaccine effectiveness
should be evaluated in terms of potency shifts compared to

Shifts
non-IV TW
potency
>8-fold

Shifts SA YES
potency
>8-fold

potency
>8-fold

MEDIUM < HIGH
PRIORITY PRIORITY

Fig. 1 Proposed preclinical algorithm to evaluate candidate immu-
nopharmacotherapies for opioid use disorder treatment. Immunop-
harmacotherapies would be evaluated through a series of stages that
are initially sensitive (e.g., Stages 1 and 2: are potency shifts in opi-
oid antinociception [e.g., tail withdrawal: TW] where the opioid was
administered non-intravenously [IV, e.g., subcutaneously, intraperito-
neally, or orally] and IV observed following vaccine administration?)
and become progressively more selective (e.g., Stage 3: potency
shifts on intravenous opioid self-administration [SA]). Candidate
immunopharmacotherapies that are effective through all stages would
have the highest priority for clinical evaluation as candidate opioid
use disorder medications. Candidate immunopharmacotherapies that
reach the low- or medium-priority stage may have clinical utility on
harm reduction endpoints (e.g., lower rates of fatalities) but would
require further preclinical and clinical evaluation on those endpoints
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either a pre-vaccination baseline or control vaccine group
on either opioid antinociceptive or drug self-administration
endpoints. The use of potency shifts as a primary depend-
ent measure to assess vaccine effectiveness offers two main
experimental and interpretative advantages. First, potency
shifts enhance experimental rigor and allow for appropriate
comparisons with positive controls. For example, human
laboratory studies have demonstrated that clinically effec-
tive depot naltrexone formulations produce at least an eight-
fold potency shift in the opioid agonist dose-effect function
[83]. Similar potency shifts have also been reported with
buprenorphine [84-86]. In preclinical studies, continuous
naltrexone administration via an osmotic pump or continu-
ous intravenous infusion are methods to mimic these clini-
cally used depot naltrexone or buprenorphine formulations.
Under these experimental conditions, naltrexone produced at
least eight-fold potency shifts in opioid agonist dose-effect
functions at clinically effective plasma naltrexone concen-
trations in both rats [81] and monkeys [87]. We propose an
eight-fold potency shift “naltrexone benchmark™ provides
an empirical threshold to assess whether a candidate vaccine
would be as effective as a medication currently in clinical
use for OUD. For secondary endpoints associated with harm
reduction from either intentional or unintentional opioid
abuse, there is not enough empirical preclinical or clinical
data to suggest whether an eight-fold potency shift is neces-
sary for these endpoints. The degree to which candidate ther-
apeutics might improve patient outcomes on endpoints other
than abstinence is an emerging topic [54]. Second, potency
shifts would allow for quantitative comparisons between dif-
ferent vaccine formulations both within and across research
programs to guide future vaccine development work. If the
ultimate goal is to develop a clinically viable therapeutic for
OUD, then potency shifts provide quantitative information
for industry and government leadership to make informed
decisions about which immunopharmacotherapies to move
from preclinical to clinical evaluations.

Third, the selection of the research subject should be
thoughtfully considered and ideally vaccine effectiveness
would be evaluated in both a rodent (e.g., mouse or rat)
and non-human primates (e.g., rhesus monkey). Emerging
empirical evidence from our research group [18, 29] and
others [88] suggests that vaccine effectiveness may slightly
diminish when translating vaccine effects from rodent to
non-human primates. Thus, one proposed strategy would be
to identify and optimize vaccine components in rodents and
then promote the most promising vaccines to further testing
in non-human primates. Vaccines that were effective in both
rodents and non-human primates should be prioritized for
further clinical testing.

Fourth, the time course of preclinical vaccine effective-
ness on the behavioral endpoint should be evaluated and
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preferably in the same experimental animals. This experi-
mental design attribute offers two advantages that should
facilitate efficient preclinical immunopharmacotherapy
evaluation and enhance translatability to clinical effective-
ness. First, when vaccine effectiveness on the behavioral
endpoint is combined with other measures of antibody
titers/levels or antibody affinity, correlations can be con-
ducted to make predictions about threshold antibody levels
and antibody longevity [18, 29, 47]. Second, these types
of experimental designs would allow for improved mecha-
nistic insights into individual differences in antibody titers
and affinity that could be used to improve clinical vac-
cine effectiveness. Notably, these individual differences
in vaccine effectiveness seem to be more pronounced in
non-human primates. Our working hypothesis is a more
rigorous preclinical evaluation of immunopharmacothera-
pies as described in this article and will be more efficient
and less costly in the long term for developing a clinically
viable OUD vaccine.

Finally, the dynamic illicit drug environment poses sev-
eral potential challenges to the clinical utility of immunop-
harmacotherapy as stand-alone therapeutics. For example,
novel fentanyl-related substances are continuing to emerge
[89, 90]. Published fentanyl vaccines have cross-reactivity
with some known fentanyl analogs [91]. In addition, illicit
substances such as heroin are being adulterated with fenta-
nyl [92]. Thus, one emerging future direction is combina-
tion or dual-vaccine therapeutics [93—-95]. Furthermore,
because of the specificity engendered by immunopharma-
cotherapies, these candidate therapeutics could potentially
be combined with current clinical OUD medications. Our
perspective is the combination of an immunopharmaco-
therapy with an existing OUD medication is the most
likely clinical path forward. The rigorous preclinical
evaluation of these novel immunopharmacotherapies using
the strategies highlighted in this article should efficiently
identify the most promising candidate immunopharma-
cotherapies to treat human suffering associated with the
ongoing opioid crisis.
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