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Abstract

The only medication available currently to prevent and treat opioid overdose (naloxone) was
approved by the US Food and Drug Administration (FDA) nearly 50 years ago. Because of its
pharmacokinetic and pharmacodynamic properties, naloxone has limited utility under some
conditions and would not be effective to counteract mass casualties involving large-scale
deployment of weaponized synthetic opioids. To address shortcomings of current medical
countermeasures for opioid toxicity, a trans-agency scientific meeting was convened by the US
National Institute of Allergy and Infectious Diseases/National Institutes of Health (NIAID/NIH)
on August 6 and 7, 2019, to explore emerging alternative approaches for treating opioid overdose
in the event of weaponization of synthetic opioids. The meeting was initiated by the Chemical
Countermeasures Research Program (CCRP), was organized by NIAID, and was a collaboration
with the National Institute on Drug Abuse/NIH (NIDA/NIH), the FDA, the Defense Threat
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DISCLOSURE

From presentations at a meeting (NIAID/NIH, August 6 and 7, 2019) entitled “Developing Medical Countermeasures to Rescue
Opioid-Induced Respiratory Depression (A Trans-Agency Scientific Meeting).” This meeting brought together academic, industry, and
government scientists to discuss medical countermeasures and other approaches for protecting against opioid poisoning, particularly
poisoning caused by synthetic opioids such as fentanyl.
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Reduction Agency (DTRA), and the Biomedical Advanced Research and Development Authority
(BARDA). This paper provides an overview of several presentations at that meeting that discussed
emerging new approaches for treating opioid overdose, including the following: (1) intranasal
nalmefene, a competitive, reversible opioid receptor antagonist with a longer duration of action
than naloxone; (2) methocinnamox, a novel opioid receptor antagonist; (3) covalent naloxone
nanoparticles; (4) serotonin (5-HT) receptor agonists; (5) fentanyl-binding cyclodextrin
scaffolds; (6) detoxifying biomimetic “nanosponge” decoy receptors; and (7) antibody-based
strategies. These approaches could also be applied to treat opioid use disorder.

Opioid receptor agonists have been used for medicinal purposes for centuries and remain the
first-line treatment for some types of moderate-to-severe pain; however, the ongoing opioid
epidemic has prompted a re-evaluation of the widespread clinical use of opioids. In addition
to their well-established therapeutic effects, this class of drugs has significant adverse effects
as evidenced by the large number of opioid-related overdose deaths in the United States and
elsewhere, most recently fueled by the availability of fentanyl and related synthetic opioids.
In fact, synthetic opioids are currently linked to over two-thirds of all opioid fatalities.! The
high potency, rapid onset of action (due, in part, to very high lipophilicity relative to opioids
like morphine), and relatively long half-life of fentanyl and related synthetic opioids pose
particular challenges for rescue by naloxone (e.g., Narcan), a competitive, reversible opioid
receptor antagonist and currently the only US Food and Drug Administration (FDA)-
approved medication for treating opioid overdose. Multiple reports have now emerged?3
indicating that rescue of a victim who has overdosed on a synthetic opioid often requires
larger or repeated doses of naloxone, compared with the standard (4 mg intranasal and 2 mg
intramuscular) unit doses currently available in the commercial products and used by first
responders, medical personnel, and others to reverse overdose caused by other opioids, such
as heroin.

The very high potency, ease of synthesis, and widespread availability of synthetic opioids
pose a significant public health risk not only to civilians, but also to law enforcement
personnel, first responders, and the military because these chemicals, in particular ultra-
potent fentanyl analogs, such as carfentanil, have the potential to be weaponized, which
could lead to mass casualties.* Moreover, there is evidence that high potency synthetic
opioids have, in fact, been weaponized.> In 2002, the Russian military released an
aerosolized mixture of carfentanil and remifentanil into a ventilation system to immobilize
Chechen terrorists who had stormed the Dubrovka Opera House in Moscow. More than 120
hostages died in the operation, and 650 of the survivors required hospitalization. The current
defense against weaponized opioids is naloxone; however, given its short duration of action
(typically not more than 2 hours), naloxone would be of limited value in a mass casualty
event involving opioid poisoning, particularly with ultra-potent long-acting synthetic
opioids. Thus, the need for a potent, long-acting antidote for opioid receptor agonist
poisoning as a medical countermeasure for use in a mass casualty event now intersects its
use as a traditional rescue medication. This situation has prompted leadership at the National
Institutes of Health (NIH) to call for the development of “...stronger, longer-acting
formulations of antagonists...”® To address this vulnerability and a major shortcoming in
medical countermeasures for the weaponization of synthetic opioids, a trans-agency
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scientific meeting was convened by the US National Institute of Allergy and Infectious
Diseases/NIH (NIAID/NIH) on August 6 and 7, 2019, to explore new countermeasures for
opioid toxicity. The meeting was initiated by the Chemical Countermeasures Research
Program (CCRP), was organized by NIAID, and was a collaboration with the National
Institute on Drug Abuse/NIH (NIDA/NIH), the FDA, the Defense Threat Reduction Agency
(DTRA), and the Biomedical Advanced Research and Development Authority (BARDA).
An overview of the meeting, attended by nearly 200 subject-matter experts from industry,
academia, and government, was published in an Executive Summary.” This paper provides a
more detailed overview of several presentations at that meeting that discussed emerging new
approaches for treating opioid overdose, including the following: (1) intranasal nalmefene, a
competitive, reversible opioid receptor antagonist with a longer duration of action than
naloxone; (2) methocinnamox (MCAM), a novel opioid receptor antagonist; (3) covalent
naloxone nanoparticles; (4) serotonin (5-HT);a receptor agonists; (5) fentanyl-binding
cyclodextrin scaffolds; (6) detoxifying biomimetic “nanosponge” decoy receptors; and (7)
antibody-based strategies.

NOVEL TREATMENTS: INTRANASAL NALMEFENE

An opioid receptor antagonist with higher affinity, more rapid onset, and longer duration of
action than naloxone could significantly improve the treatment of opioid overdose. Based on
these criteria, the pharmacokinetic and pharmacodynamic properties of the opioid receptor
antagonist nalmefene are particularly well-suited to treat opioid overdose, including
overdose caused by synthetic opioids. Both radioligand binding and functional assays have
demonstrated that the potency of nalmefene is more than fivefold higher than naloxone at
mu opioid receptors. Moreover, its reported plasma terminal half-life (ty/,) following
parenteral dosing (t;/»~ 8 hours)? is significantly longer than naloxone (t;/>~ 2 hours),
reducing the likelihood of renarcotization if a victim has taken a long-acting opioid receptor
agonist like fentanyl (t/, ~ 7-8 hours).10:11 Nalmefene injection was approved to treat
opioid overdose in 1995, but withdrawn from the market by its sponsor for commercial
reasons with no safety or efficacy concerns.

A pilot study® was conducted in healthy male and female volunteers to determine the
feasibility of developing an intranasal nalmefene product to treat opioid overdose. This study
compared the pharmacokinetic properties of intranasal nalmefene in the presence and
absence of a nasal absorption enhancer (dodecyl maltoside (DDM), an alkylsaccharide that
enhances transmucosal absorption?; Intravail) with those of an intramuscular injection.
Nalmefene (1.5 and 3 mg delivered in a volume of 0.1 ml) was slowly absorbed following
intranasal administration, with a time to peak plasma concentration (Tnax) Of 2 hours.
Because a rapid onset of action must be considered a cardinal feature of an effective opioid
overdose reversal agent, DDM was studied for its effects on the pharmacokinetic properties
of nalmefene. Addition of 0.25% DDM to the 3-mg dose of nalmefene markedly reduced
Tmax from 2 hours to 0.25 hours and increased peak plasma concentration (Cpax) by ~ 2.2-
fold. Alkylsaccharides, such as DDM, have previously been shown to enhance the nasal
absorption of both peptides and proteins as well as low molecular weight compounds,
including the structurally related opioid receptor antagonist naltrexone, the 5-HT receptor
agonist sumatriptan, and the benzodiazepine diazepam.12 The concentration of DDM
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selected for this study was based on a concentration range (0.063-0.5%) reported to enhance
the effects of peptides, proteins, and small molecules. Although its effects on the
pharmacokinetic profile of nalmefene were dramatic, the concentration of DDM used in this
pilot study might not be optimum.

The pharmacokinetic characteristics of a 3-mg dose of intranasal nalmefene containing
0.25% DDM are consistent with an effective rescue medication: its onset of action is as fast
as and possibly faster than an intramuscular dose (Tmnax = 0.33 hours) of nalmefene (1.5 mg)
that was previously approved to treat opioid overdose. Furthermore, the Cyax following
intranasal administration is ~ 3-fold higher than the C,,ax following intramuscular
administration and is comparable to previously reported plasma concentrations of nalmefene
observed 5 minutes after a 1-mg i.v. dose. At present, naloxone is the only opioid receptor
antagonist approved for the treatment of suspected or confirmed opioid overdose. If Tpax
can be used to approximate onset of action between structurally similar compounds acting at
the same molecular target, then the Tax 0f @ 3-mg dose of intranasal nalmefene (0.25
hours) predicts a more rapid onset than the Tp,ax 0f a 4-mg dose of intranasal naloxone (0.5
hours).8 In addition, the high affinity (5-fold higher than naloxone) and long half-life (at
least 7 hours compared with not more than 2 hours for naloxone) of nalmefene® present
distinct advantages as a rescue medication, making it particularly well-suited as a rescue
agent against long-lasting synthetic opioids, such as fentanyl. A 3-mg nasal nalmefene
product (containing DDM) is currently in development. A new drug application for this
product candidate is planned for submission in 2021.

NOVEL TREATMENTS: METHOCINNAMOX

A drug that reverses as well as protects against opioid overdose in a manner that is not
surmounted by taking more opioid, particularly potent synthetic opioids like fentanyl, could
be a significant improvement over naloxone. MCAM is structurally similar to buprenorphine
and was described first in 2000 by Broadbear and colleagues!® who reported MCAM to be a
novel opioid receptor antagonist with a long duration of action. Although MCAM has
affinity for all three types of opioid receptors, it interacts with mu receptors, but not kappa or
delta receptors, in a functionally irreversible manner (i.e., pseudo-irreversible). Unlike the
long-acting mu opioid receptor antagonist beta-funaltrexamine that also has agonist
properties at kappa opioid receptors,14 there is no evidence that MCAM has intrinsic activity
at any opioid receptor Jin vivo or in vitro'3; rather, it blocks agonist binding to opioid
receptors® and antagonizes many effects of mu opioid receptor agonists i vivo. For
example, in mice, MCAM antagonizes the antinociceptive effects of morphine.13 In rats,
MCAM blocks the antinociceptive effects of morphine and fentanyl as well as morphine-
induced inhibition of gastrointestinal motility>:16: it also precipitates withdrawal in
morphine-dependent rats, producing withdrawal signs that are similar to those that emerge
when withdrawal is precipitated by naloxone.1® In nonhuman primates, MCAM both
reverses and prevents the ventilatory depressant effects of heroinl” and attenuates
intravenous self-administration of heroin and remifentanil, but not self-administration of
cocaine.18
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Broadbear and colleagues reported that the antinociceptive effects of morphine are
antagonized 48 hours after a single injection of MCAM.13 In fact, the antagonist properties
of an acute injection of MCAM persist for 2 weeks or longer in rats (blocking
antinociceptive effects'6) and for a week or longer in nonhuman primates (blocking
ventilatory depression and self-administration1”-19). A dose of 3.2 mg/kg MCAM, which is
10 times larger than the dose that antagonizes the positive reinforcing and ventilatory
depressant effects of mu opioid receptor agonists for a week or longer, does not affect
responding for food and has no meaningful effect on heart rate, blood pressure, body weight,
or activity in nonhuman primates.1® MCAM does not affect performance in monkeys
responding under a delayed matching-to-sample (memory) task at doses that antagonize the
response-rate decreasing effects of morphine in the same monkeys for a week or longer.20 /n
vitro studies conducted under a NIDA contract (unpublished) found no effect of MCAM in
the AMES (mutagenicity) assay or a bacterial cytotoxicity assay, no effect in the hERG
(cardiac toxicity) assay, no effect on any of 6 isozymes in a cytochrome p450 inhibition
assay, and, with the exception of opioid receptors, no significant affinity for 66 different
receptors and enzymes, up to a concentration of 100 nM.

After the initial characterization of MCAM in 200013 with a second publication appearing in
2005,15 investigation of MCAM stopped until recent studies that were prompted by the
ongoing opioid epidemic and the potential of MCAM for treating opioid use disorder
(OUD). Because MCAM has no known agonist properties, it would not be expected to result
in detrimental interactions when combined with other drugs, such as benzodiazepines or
alcohol, as can be the case with methadone and buprenorphine, further increasing the safety
profile of MCAM. Moreover, if a single administration of MCAM blocks insurmountably
the effects of mu opioid receptor agonists for a week or longer in humans, it could help to
reduce the poor medication compliance that is common among patients being treated for
OUD. Based on studies with the irreversible opioid receptor ligands clocinnamox?! and
beta-funaltrexamine,2 there does not appear to be any adverse consequence from long-term
occupancy of mu opioid receptors. In a recent study,19 an effective dose of MCAM (0.32
mg/kg) was administered to rhesus monkeys every 12 days for 5 total injections. Monkeys
could self-administer fentanyl daily with the exception of every fourth day when cocaine
was available for self-administration. For more than 10 weeks, MCAM blocked fentanyl
self-administration without affecting cocaine self-administration. Importantly, recovery of
responding for (sensitivity to) fentanyl after the last of 5 injections was not significantly
different from recovery of responding after a single injection of the same dose of MCAM.

MCAM might also be useful for treating opioid overdose and could have advantages over
naloxone. The sustained antagonist properties of MCAM could mitigate the high risk of
another overdose in patients rescued with naloxone.23 MCAM would block the re-
emergence of toxic effects of the opioid(s) that necessitated rescue with naloxone (i.e.,
renarconization) and block the effects of any subsequently administered opioid(s) for a week
or longer. Based on studies in rats,18 MCAM, like naloxone, would be expected to
precipitate withdrawal in opioid-dependent patients, although withdrawal signs did not last
longer in rats receiving MCAM compared with rats receiving naloxone, despite sustained
antagonism by MCAM of other effects of mu opioid receptor agonists.
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Finally, and most relevant to this paper, there are situations in which MCAM might be
particularly effective in protecting against (prophylaxis) opioid poisoning. For example,
MCAM would protect law enforcement, first responders, and military personnel who are
exposed to opioids in the line of duty, accidentally or intentionally. A single prophylactic
dose of MCAM could protect against opioid toxicity for up to a week and, if needed and
based on studies in nonhuman primates,1® repeated dosing would provide extended
protection for as long as necessary. A more challenging situation requiring highly effective
opioid antagonists would occur in the event of deployment of weaponized opioids when
potentially large numbers of individuals need to be treated.* One justification for the
meeting on which this paper is based is the current vulnerability of US civilians and military
to the weaponization of opioids. It was clear from the meeting that opioids, particularly
highly potent fentanyl analogs, such as carfentanil, pose a significant risk to public health
not only because of the ongoing opioid epidemic, but also because of the toxicity and
potential mass lethality that could occur from nefarious use of these opioids.® It is difficult to
imagine how the only drug currently available to treat opioid overdose, naloxone, could be
deployed effectively in a mass casualty situation, particularly after exposure to large doses of
fentanyl or its analogs.2 A rapid-acting, potent, and safe opioid receptor antagonist that
provides extended (hours or days) protection after a single administration could be a much
needed medication for defending civilian and military populations.

NOVEL TREATMENTS: COVALENT NALOXONE NANOPARTICLES AS
LONG-ACTING OPIOID ANTAGONISTS

The short half-life and low metabolic stability?4-28 of naloxone, compared with many opioid
receptor agonists (e.g., fentanyl), can require the delivery of relatively large doses of
naloxone to reverse overdose from a synthetic opioid and prevent renarcotization,28-31 even
for relatively short-acting opioid agonists.32 Naloxone would also be of limited value in the
face of the weaponization and deployment of a synthetic opioid resulting in mass casualties,
which would likely require re-administration throughout the decontamination and recovery
process.33 Furthermore, the administration of large acute doses of mu opioid receptor
antagonists to overdose patients can precipitate withdrawal signs and symptoms (i.e., acute
opioid dependence and acute withdrawal34), even in patients who are not otherwise taking
opioids.3:35:36

A long-acting antagonist that has linear “low and slow” delivery might be an especially
useful tool for reversing overdose from synthetic opioids and providing sustained protection
from renarcotization, particularly in the context of mass exposure to opioids. The low and
slow antidote approach would avoid the need for re-administration of the antidote while
avoiding adverse effects that can occur with administration of large doses of naloxone,
including the precipitation of acute opioid withdrawal.3* A low and slow antidote approach
would be ideal from both a patient and provider perspective in a mass casualty incident
because protection from overdose is ensured without risk of precipitating withdrawal or
renarcotization.
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To design this next generation countermeasure for synthetic opioid toxicity, a drug delivery
platform was used that is based on polymer nanoparticle technology. Common matrices for
polymer nanoparticles include polylactic acid (PLA), polyglycolic acid (PGA), and their
copolymer poly(lactic-co-glycolic acid (PLGA)). PLA/PGA/PLGA polymeric nanoparticles
have been administered successfully using systemic, oral, pulmonary, and transdermal routes
for various medical conditions.37-39 Because these polymers are safe and already
constituents in many FDA-approved drugs, the time required to move a new formulation to
the clinic will be comparatively short. In previous studies with PLA/PGA/PLGA
nanoparticles, drugs were loaded into the matrix via coprecipitation of the polymer and drug
into an aqueous solution. This approach leads to a nano/microparticle matrix of polymer
with drugs noncovalently distributed throughout. The entrapped drugs are released /n vivo
by diffusion and by action of endogenous esterases on the polymer backbone. Limitations to
the noncovalent system include the following: (1) burst release of drugs from the particles
due to rapid desorption of drugs from the surface of the particles; (2) challenging batch-to-
batch control over drug loading; and (3) overall lower drug loadings.%-43 For example,
Vivitrol, a well-known extended-release preparation of naltrexone, has naltrexone
noncovalently loaded into PLGA, leading to burst release. Vivitrol reportedly can precipitate
severe withdrawal possibly due to this release property.44

A covalent loading approach was used to address the issue of burst release. In this approach,
available hydroxyl groups in a small-molecule drug were used as initiators in the ring
opening polymerization of lactide (PLA backbone) to form a drug-polymer hybrid. This
drug-polymer hybrid is formulated into a nanoparticle using the one-stage emulsion
approach. Particles with controlled drug loading, near uniform size, and no burst release are
achieved due to covalent drug loading.*°

Nanoparticles with naloxone covalently bound to polymer (cNP-Nal) were prepared with ~
7% naloxone per particle.® Particles have a diameter of ~ 250 nm and a narrow monomodal
size distribution with polydispersity of 0.15, as determined using dynamic light scattering.
The cNP-Nal were biocompatible with no burst release and no /n vitro cell toxicity. The
particles were evaluated in several /7 vivo models to determine their ability to attenuate the
effects of the mu opioid receptor agonist morphine. In a neuropathic pain model, a single
injection of cNP-Nal (1 mg/ml at 7% w/w and 300 pl volume =~ 0.75 mg/kg) blocked the
antinociceptive effects of morphine for several days, with complete antagonism of morphine
observed both 24 and 48 hours after cNP-Nal administration.> Antagonism of morphine by
cNP-Nal was diminished but still significant 98 hours after administration. In contrast, free
naloxone (10 mg/kg) antagonized morphine only on the day of administration. Importantly,
the effective naloxone dose used in cNP-Nal was, on average, only 0.023 mg/mouse
compared with 0.3 mg/mouse for the free naloxone. These data suggest that controlled
naloxone release allows for sustained systemic dosing while avoiding the quick metabolic
inactivation that occurs with free naloxone. Delivery of a small dose of naloxone via the
cNP-Nal might prevent agonist activity (e.g., toxicity), while also avoiding the precipitation
of withdrawal.

Recently, cNP-Nal was shown to produce significantly fewer withdrawal signs in opioid-
dependent mice, compared with withdrawal precipitated by free naloxone.*6 In morphine-
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dependent mice, significant behavioral signs of withdrawal were observed after the
administration of 8 mg/kg of free naloxone. In contrast, the behavior of morphine-dependent
mice that received cNP-Nal (0.75 or 7.5 mg/kg) was not different from behavior of
morphine-dependent mice that received control injections (saline or cNP-Empty). Both 0.75
and 7.5 mg/kg of cNP-Nal reversed the agonist effects of morphine. These results, coupled
with the ease of synthesizing and manufacturing cNP-Nal, are encouraging and prompting
further study of this drug platform as a countermeasure to synthetic opioid poisoning.

The relative advantages of the low and slow approach for naloxone delivery include the
following: (1) use of a known, FDA-approved medication with a broad therapeutic window
and well-established low toxicity; (2) potential to reverse synthetic opioid overdose; and (3)
avoiding the precipitation of withdrawal. The biocompatible PLA backbone has proven
clinical safety but has never been applied to the delivery of overdose rescue agents.
Collectively, this formulation is very low risk (i.e., the safety records of PLA and naloxone)
and highly innovative (i.e., covalent-loaded PLA for overdose treatment). Moreover,
compared with alternative biological-based sequestration strategies, cNP-Nal is not specific
for synthetic opioids and provides a shelf-stable formulation that is simple to manufacture.
Importantly, the cNP-Nal formulation is not expected to interfere with and thus could
conceivably be co-administered with a biological sequestration mechanism of action.
Potential drawbacks of the cNP-Nal approach include the possible extended off-target
effects. Although the existing data suggest reduced precipitation of withdrawal in nonhuman
subjects, it is possible that some patients might experience some withdrawal signs and
symptoms. Such adverse effects might persist longer with cNP-Nal, compared with free
naloxone, because the active pharmaceutical ingredient would be available for up to 4 days.
At this point, the cNP-Nal strategy has been evaluated only in the context of morphine
antinociception and physical dependence. Ongoing studies include the evaluation of cNP-
Nal in fentanyl-induced antinociception and, critically, in fentanyl-induced overdose.
Overall, the cNP-Nal strategy could be applied to reverse synthetic opioid poisoning in a
mass casualty incident or to treat overdose in patents with OUD, particularly in patients
suffering from overdose with a long-lasting synthetic opioid.

NOVEL TREATMENTS: SEROTONIN (5-HT);o RECEPTOR AGONISTS FOR
TREATING OPIOID-INDUCED RESPIRATORY DEPRESSION

The neurotransmitter 5-HT plays an important role in respiration’; 5-HT neurons of the
medullary raphe together with those in the parapyramidal region of the ventrolateral medulla
innervate almost all of the interconnected brainstem respiratory nuclei including the
preBotzinger complex (preBotC), a major group of neurons responsible for inspiratory drive.
47 These 5-HT neurons are potential CO, sensors and their activation stimulates respiration.
48 Although respiratory nuclei express several 5-HT receptor subtypes, there is considerable
evidence supporting a primary regulatory role for the 5-HT4a receptor.49:50 Buspirone, a
drug with 5-HT 1A receptor agonist properties that is used to treat depression, stimulates
respiration.>12 Moreover, microinjection of 8-hydroxy-n,n-dipropylaminotetralin (8-OH-
DPAT, a compound with 5-HTq_7 receptor agonist properties) into the preBotC counteracts
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hypoxia-induced apneusis (dysregulated breathing®3). Conversely, blockade of 5-HT1a
receptors has been reported to impair respiratory rhythm.>*

The above observations suggest that 5-HTq A receptor agonists have utility as generalized
respiratory stimulants, and there could be important advantages of using 5-HT 1 receptor
agonists to treat opioid-induced respiratory depression. In animal models, it has been shown
that 5-HT 4 receptor agonists can reverse respiratory depression induced by morphine or
fentanyl.55-57 Collectively, these data support further investigation of 5-HTq receptor
agonists as a novel class of drugs for treating or preventing the respiratory depression
triggered by opioids, including synthetic opioids, or other chemical toxins. In this context,
the primary advantage of drugs in this class is that they do not act at opioid receptors.
Although naloxone is useful for reversing opioid-induced respiratory depression, it has
significant limitations.28 Indeed, the longer-acting opioid receptor antagonist nalmefene has
been proposed to circumvent the pharmacokinetic limitations of naloxone (vide supra). The
potential weaponization of “super” opioids that are significantly more potent than
carfentanil, which has at least 20 times greater affinity for mu opioid receptors compared
with naloxone, necessitates the development of antidote medications that act independently
of opioid receptors.

Another therapeutic advantage of generalized respiratory stimulants is that they offer the
potential for broad protection against an array of respiratory poisons. For example, neither
naloxone nor nalmefene would be effective against a weaponized respiratory toxin that does
not act at opioid receptors. Similarly, overdose in opioid abusers often involves a cocktail of
substances that depress respiration, including ethanol and benzodiazepines,®® and a 5-HT
receptor agonist might have therapeutic utility in treating overdose in patients that received
multiple drugs from different classes. Furthermore, because they stimulate respiration
through distinct pathways, combined treatment with a 5-HTq 4 receptor agonist and naloxone
might produce a superior therapeutic outcome for opioid overdose, extending therapeutic
potency, effectiveness, and duration compared with administering either compound alone.

There are a number of factors to consider regarding the development of 5-HT; 5 receptor
agonists targeting respiration. For example, 5-HT 1 receptors couple to diverse downstream
cellular signaling pathways (CAMP, MAP kinase, and Ca%*) and many ligands exhibit a bias
to one or more of these cellular responses.®® Moreover, several agonists selectively activate
and desensitize pre-synaptic vs. post-synaptic 5-HT 5 receptors. Thus, a key step in
developing 5-HTq receptor agonists would be to identify specific signaling pathways and
ligands that are optimal for activating respiratory neurons. Potentially, this could involve
medicinal chemistry approaches and the development of novel compounds. On the other
hand, there are currently a number of selective 5-HT 1 receptor agonists either in clinical or
experimental use (intended as anxiolytic/neurologic agents) that could be readily repurposed
as respiratory stimulant drugs.

Other important considerations in developing 5-HT1 4 receptor agonists for treating
respiratory depression are pharmacokinetics and dosage. Although 5-HTqa receptor agonists
have proven efficacy in reversing opioid-induced respiratory depression in nonhuman
subjects, that effect was not observed in humans.®% The discrepancy between humans and
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nonhumans is likely due to pharmacokinetic factors and inadequate oral dosing of 5-HTa
receptor agonists in humans (e.g., ~ 2% of orally administered buspirone reaches the brain
due to extensive first-pass metabolism61). In summary, 5-HT;a receptor agonists represent a
novel drug class that could be developed, either alone or in combination with an opioid
receptor antagonist, to reverse opioid overdose, including overdose caused by synthetic
opioids; because drugs from this pharmacological class stimulate respiration, they would
also have the distinct advantage of blocking the effects of a broad range of non-opioid
respiratory toxins and could be especially useful when the toxin is not known.

NOVEL TREATMENTS: FENTANYL-BINDING CYCLODEXTRIN SCAFFOLDS

Cyclodextrins (CDs) are cyclic oligosaccharides composed of glucose units joined by a-1,4-
glycosidic linkages. The type of linkage that holds these units together gives rise to a well-
defined, rigid, 3D structure resembling that of a frustum with a hydrophobic interior and a
hydrophilic exterior.52 Thus, most organic molecules (i.e., hydrophobic) tend to seek the
interior of CDs forming host:guest complexes. Work at the Lawrence Livermore National
Laboratory has taken advantage of the uniqueness of a centralized, collaborative effort
involving computational chemistry,83:64 biochemistry,®3 and organic synthesis® in a highly
iterative fashion with the goal of identifying CD candidates that can serve as capturing hosts
for fentanyl and related synthetic opioids. Molecular dynamic simulations are used along
with Molecular Mechanics-Generalized Born Surface Area calculations to assess CD
scaffolds /n silico for their binding affinities toward fentanyl. Lead CD candidates that are
identified by the computational component are synthesized for their subsequent /n vitro
toxicological assessment, binding affinity measurements by isothermal titration calorimetry,
and CD:fentanyl structure determination by nuclear magnetic resonance (NMR)
spectroscopy.53:66 Initial modeling studies using B-CD, experimentally supported by detailed
NMR spectroscopy, revealed that fentanyl can reside in the interior of the CD in two
possible orientations, denoted up or down (vide infr&3). Furthermore, these initial studies
demonstrated that p-CD is the most optimal CD for harboring the synthetic opioid in its
interior, allowing further investigation focusing solely on analogs based on this CD. Various
CDs have been evaluated that include B-CD, heptakis-6-deoxy-6-amino-p-CD, 6-deoxy-6-
amino-B-CD, 2-hydroxypropyl-B-CD, and heptakis-6-(3- O-propyl-1-sulfonic acid)-p-CD.

Molecular dynamic simulations involving fentanyl and p-CD were stable, although it was
not uncommon for fentanyl to diffuse out of the cavity. When that occurred, the most
common molecular complex obtained after allowing the simulation to continue was the one
involving the down conformation (AG = -19.5 kcal/mole; Figure 1; unpublished data).
Simulations on the modified, more elaborate f-CDs provided lower AG values indicating
stronger CD:fentanyl inclusion complexes (Figure 1). Calculations found 2-hydroxypropyl-
B-CD (HPCD) and heptakis-6-deoxy-6-(3- O-propyl-I-sulfonic acid)-p-CD to form the
strongest inclusion complexes with fentanyl featuring free energy values of AG = -33.1
kcal/mole (up) and AG = -33.5 kcal/mole (up), respectively. Binding of fentanyl to the
mono-substituted 6-deoxy-6-amino-p-CD appears to be more favorable than binding to its
fully substituted counterpart, heptakis-6-deoxy-6-amino-B-CD, (AG = —26.9 kcal/mol (up)
vs. —19.0 kcal/mol (up)).

Clin Pharmacol Ther. Author manuscript; available in PMC 2021 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

France et al.

Page 11

The cytotoxic effects associated with B-CDs are thought to arise from their host:guest
complexation with cholesterol and membrane lipids.87:68 Cytotoxicity assays were
conducted using human brain endothelial cells using the well-established methylthiazol
tetrazolium assay. There was significant toxicity at 10 and 20 mM for B-CD (Figure 2a;
unpublished data) and heptakis-6-(3- O-propyl-1-sulfonic acid)-B-CD (Figure 2b),
respectively. Other CDs did not demonstrate toxicity until much higher concentrations: 50—
100 mM for 6-deoxy-6-amino-p-CD (Figure 2c¢) and 75 and 100 mM for 2-hydroxypropyI-
B-CD (Figure 2d), and no significant toxicity was noted for heptakis-6-deoxy-6-amino-g-CD
(Figure 2e) at any concentration; however, there was greater variability between replicates
for this CD. Hemolytic activity was also evaluated for CDs at 10 minutes and 4 hours after
incubation with rat erythrocytes. At 10 minutes (Figure 2f), hemolysis varied depending on
CD and concentration (~ 0.5-130%). Low levels of hemolysis (< 13%) were noted for all
CDs, with the exception of p-CD at 10 mg/ml (complete hemolysis). At 4 hours (Figure 2g),
hemolytic activity generally increased compared with the respective 10-minute time point.
For B-CD, hemolytic activity for 0.1 and 1 mg/ml increased by 2.3-fold (5.87% =+ 0.32) and
8.7-fold (5.33% = 0.13), respectively. A small increase was also noted for 10 mg/ml p-CD at
the 4-hour time point (~ 1.1-fold). For heptakis-6-deoxy-6-amino-B-CD, increases in
hemolytic activity were observed for all three concentrations evaluated (1.3-fold to 3.6-fold
increases). In contrast, for 6-deoxy-6-amino-p-CD, an increase was observed only for the
highest concentration (10 mg/ml, 7.8-fold increase, ~ 98%); minimal hemolytic activity was
noted at the lower concentrations (0-0.8%). Taken together, these data demonstrate that
whereas cytotoxicity for CDs is evident at high concentrations (i.e., 10-100 mM), much
lower concentrations of CDs cause significant hemolysis in blood (< 10 uM).

CDs have become important platforms on which to build medical countermeasures against
fentanyl and other synthetic opioids with the ultimate goal of providing suitable protection
to law enforcement, first responders, and military personnel. Thus, their ability to form
inclusion complexes with fentanyl and analogs would serve as a protective layer
(prophylaxis) prior to exposure to a synthetic opioid. Investigators at the Lawrence
Livermore National Laboratory are conducting highly collaborative research spearheading
this emerging application of CDs. From the ability to chemically modify CDs, to a plethora
of /n vitro assays to assess their toxicological profile, to the complete structural resolution of
their complexes along with their binding affinities using NMR and isothermal titration
calorimetry, to powerful computational modeling, these investigators have systematically
characterized the host:guest complexes of numerous CD members with fentanyl and its
analogs. Current work involves evaluating more complex, chemically modified CDs that
have been initially identified by Molecular Mechanics-Generalized Born Surface Area
methods using fentanyl as the primary target.

NOVEL TREATMENTS: DETOXIFYING BIOMIMETIC “NANOSPONGE”
DECOY RECEPTORS

The detoxifying treatment NarcoBond is effective against any opioid that binds to the mu
opioid receptor, the cellular target that mediates the respiratory depressant effects of opioids,
including fentanyl and its analogs. NarcoBond is a proteolipid biomimetic “nanosponge,”
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100 nm diameter nanospheres, assembled from a mixture of cholesterol and synthetic
choline-based phospholipids that mimic the lipid bilayer of cell membranes). Its
multifunctional surface displays an optimized milieu of human membrane proteins
originally isolated from the following cellular sources: (1) human erythrocytes to increase
t1/2 in peripheral blood and circulation; (2) human neurons to increase opioid receptor
functionality; and (3) recombinant human mu opioid receptors to bind circulating opioids.
The repertoire of native opioid receptors in NarcoBond bind and sequester a comprehensive
array of opioids thereby causing an antagonist pharmacological effect by rapidly reducing
the free concentration of opioids. NarcoBond directly captures opioids in liquid tissues (e.g.,
blood and lymph) while it indirectly extracts opioids from other tissues (e.g., fat) via the
diffusion of opioids to the plasma and the subsequent sequestration in the nanosponge (Le
Chatelier’s principle). In competitive receptor binding studies with (3H)-DAMGO,
NarcoBond showed affinities for opioids consistent with those reported for opioid binding to
cells expressing opioid receptors®®:70 and matching those measured in control experiments
using human induced pluripotent stem cell-derived neurons and Chinese hamster ovary
(CHO) cells expressing mu opioid receptors (unpublished data). For example, NarcoBond
bound buprenorphine, fentanyl, and oxycodone with Ki values of 0.28, 1.45, and 529 nM,
respectively, mimicking the cell membrane environment that maintains the functional form
of mu receptors. The ability of NarcoBond to bind any class of opioid could be a significant
advantage over some other treatments because the particular opioid(s) taken by a patient
needing rescue from overdose is typically unknown.

In contrast to the short duration of action of naloxone, NarcoBond is relatively stable /n vivo
being found in blood, lungs, kidneys, spleen, and liver 24 hours after injection. Importantly,
NarcoBond is safely excluded from the central nervous system by not crossing the blood
brain barrier. Nonetheless, NarcoBond traps centrally acting opioids, presumably using
equilibrium processes. After 48 hours, it is cleared from tissues and undergoes digestion in
the liver. Although more studies are needed, this pattern of clearance indicates that
NarcoBond and trapped opioids are gradually processed in the liver and excreted in urine, a
metabolic fate seen with other nanosponges.’! Preliminary safety testing in mice showed
90-100% survival after i.v. injection of NarcoBond from 0.8 mg/kg (effective dosage) to 160
mg/kg (200 times larger than the effective dose).

The effect of NarcoBond on distribution and antinociception of opioids was studied in rats.
NarcoBond sequesters opioids in the plasma and blocks the effects of fentanyl, heroin, and
oxycodone. Rats challenged with a single dose of fentanyl (7= 12, 0.05 mg/kg, i.v., T = 0),
or heroin (n=6, 1 mg/kg, s.c., T =0), or oxycodone (n7= 6, 2.25 mg/kg, s.c., T = 0) were
treated with NarcoBond (0.8 mg/kg, i.v., T = 5 minutes). Animals were tested for opioid-
induced antinociception with a hot plate test (T = 30 minutes), serum and brain were isolated
(fentanyl rats only), and fentanyl was extracted and quantitated (gas chromatography/mass
spectroscopy). These studies found that NarcoBond attenuated antinociceptive effects of
fentanyl, oxycodone, and hydrocodone, and sequestered fentanyl in serum away from the
brain.

Rats were challenged with cumulative doses of fentanyl (s.c. at successive intervals: 12.5,
25, 50, and 100 pg/kg); 15 minutes after each dose, antinociception, oxygen saturation, and
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heart rate were measured. Animals then received 0.8 mg/kg NarcoBond (i.v.) immediately
after the final antinociception and oxygen saturation measurements. NarcoBond reversed
fentanyl-induced antinociception (vs. vehicle; Figure 3a; unpublished data), fentanyl-
induced respiratory depression (Figure 3b), and fentanyl-induced bradycardia (Figure 3c).
Furthermore, NarcoBond sequestered > 70% of fentanyl in the peripheral blood and away
from the brain (Figure 3d). Taken together, these experiments demonstrate the ability of
NarcoBond to attenuate opioid-induced antinociception, respiratory depression, and
bradycardia, as well as sequester opioids in peripheral blood.

Naloxone should also bind to mu opioid receptors on NarcoBond. Unlike naloxone,
NarcoBond does not cross the blood brain barrier and remains in the periphery creating an
opioid buffer zone in circulation (i.e., a partial functional and compartmental separation
between the activity of naloxone (mostly in the brain) and NarcoBond (only in the
periphery)). A recent study compared the effects of fentanyl in rats treated with NarcoBond
alone, naloxone alone, or both NarcoBond and naloxone. Activity of naloxone was not
diminished in rats treated with the mixture of NarcoBond and naloxone (similar to
unpublished data shown in Figure 3). In fact, the mixture of naloxone and NarcoBond
protected rats from much larger doses of fentanyl (up to 20 times larger than doses used in
Figure 3) compared with protection from naloxone alone (reversing antinociception and
respiratory depression). Naloxone alone did not rescue animals from these larger doses of
fentanyl, whereas NarcoBond was effective under the same conditions. Thus, NarcoBond
does not appear to interfere with the antagonist properties of naloxone. NarcoBond
represents a novel addition to the current arsenal of opioid overdose treatments that can be
used alone or in combination with naloxone by first responders and emergency department
personnsel’2 to reverse acute respiratory depression and to subsequently clear opioids from
the blood, thereby preventing renarcotization.

To date, preclinical studies have not shown any adverse allergic reactions to NarcoBond. To
minimize immunogenicity, NarcoBond is formulated with only humanized and defined
proteins that are overexpressed in cell free systems, eliminating the possibility of
immunogenicity from contaminates derived from cell expression systems. Moreover,
NarcoBond contains integrin associated protein (CD47), the red blood cell membrane
protein that is a universal “marker-of-self,” inhibiting phagocytosis and conferring anti-
inflammatory properties. Animals treated with NarcoBond have not shown any acute or
delayed anaphylactic responses (suggesting no sensitization by or to endogenous mu opioid
receptors). It is envisioned that NarcoBond will be used in the clinic as a single or a titrated
dose short-term therapy (in conjunction with or following naloxone), minimizing the
possibility of any allergic and immune reactions.

To enable efficient production of clinical grade material, a simplified formulation of
NarcoBond was devised using iterative rounds of screening and optimization. The amount of
mu opioid receptor protein added per NarcoBond particle can be varied systematically, with
initial data showing that adding more protein per liposomal particle results in a
corresponding increase in opioid binding capacity. The goal is to decrease adverse effects by
minimizing the number of NarcoBond particles while maintaining a high capacity to bind
opioids. This simple yet efficacious formulation enables scale-up of Good Laboratory
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Practice-grade NarcoBond, which is being used to complete preclinical and clinical
development. Nanoparticle nanosponges are used in nearly two dozen clinically approved
products.’3 Furthermore, scores of liposomal products are in clinical testing for diverse
areas, including the delivery of anticancer drugs, antifungal drugs, antibiotics,
oligonucleotides, anesthetics, imaging agents, and anti-inflammatory drugs.”

The “nanosponge” decoy receptor mechanism used for NarcoBond is readily adaptable to
other drugs of abuse (e.g., methamphetamines), toxins (e.g., nerve gas), or contagions (e.g.,
severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2)) using specific protein/
receptor targets, providing practical, safe, and efficacious countermeasures. Currently, this
approach is being adapted to mitigate SARS-COV-2 (proteolipid nanosponge called:
ViruClear). ViruClear uses human angiotensin-converting enzyme 2 receptor, the human
receptor targeted by the spike protein of the SARS-CoV-2 virus’# as well as other cellular
membrane proteins vital for viral attachment and cellular penetration (e.g., transmembrane
protease, serine 2). Preliminary /in vitro experiments show that ViruClear captures the virus
with high affinity and mitigates viral infection in human cell culture models of SARS-CoV-2
infection. Of paramount significance is the synthetic nature of the designed proteolipid
nanosponges, which readily permit multiplexing of different toxins, agents, and receptors,
providing for an ideal tool for developing countermeasures against a vast number of the
current list of chemical and biological threats, and contagions of interest.”®

NOVEL TREATMENTS: ANTIBODY-BASED STRATEGIES

Vaccines and monoclonal antibodies (mAbs) are being developed as medical
countermeasures to reduce the prevalence of OUD and the incidence of opioid-induced
overdose.”8.77 Active immunization with vaccines, consisting of opioid-based small
molecule haptens conjugated to larger immunogenic carrier proteins or particles, stimulates
innate and adaptive immunity to generate polyclonal antibodies that bind and sequester the
target opioid in serum.”’ Because antibody-drug complexes do not cross the blood brain
barrier, vaccine-induced polyclonal antibodies prevent the distribution of the free (unbound)
drug to the brain and reduce drug-induced behavioral and pharmacological effects.”’
Although anti-opioid mAbs display /n vitroand in vivo properties comparable to vaccine-
induced polyclonal antibodies, passive immunization with mAbs has the advantage (over
active immunization) of providing almost immediate protection upon administration while
minimizing concerns of individual variability because mAbs do not rely on the patient’s
immune system.””

Because of their selectivity for the target opioid and its metabolites or related structural
analogs, both vaccines and mAbs are not expected to interfere with current FDA-approved
medications for treating OUD (e.g., naltrexone) or opioid-induced toxicity and overdose
(i.e., naloxone). Moreover, vaccines and mAbs do not bind endogenous opioid neuropeptides
or off-target drugs used in pain management and critical care (e.g., anesthetics). In clinical
settings, vaccines and mAbs could be used in combination with standard care to provide
additional prophylactic and therapeutic options to patients diagnosed with OUD or other
substance use disorders. Beyond OUDs and other substance use disorders, vaccines and
mAbs could also be administered to individuals who are at higher risk of opioid poisoning
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and overdose through accidental or deliberate (e.g., weaponization) exposure, including
airport or customs personnel, law enforcement, first responders, and military personnel.
Although vaccines provide safe, long-lasting, and cost-effective interventions suitable for
long-term treatment, mAbs may offer a viable medical countermeasure in acute clinical
scenarios. For instance, anti-opioid mAbs have a longer half-life compared with the opioid
receptor antagonist naloxone, and mAbs could be co-administered with naloxone or other
opioid receptors antagonists to prevent renarcotization. On the other hand, mAb deployment
could be limited by a higher cost per dose and the potential for immune-related adverse
effects (e.g., auto-antibodies). Ultimately, the target product profile of anti-opioid vaccines
and mAbs will be based upon evaluation of their clinical safety and efficacy, along with
other commercial or marketing considerations.

Preclinical studies have shown that anti-opioid vaccines effectively reduce behavioral effects
of opioids, such as antinociception and motor activity, as well as acquisition and
maintenance of intravenous self-administration in mice, rats, and nonhuman primates
challenged with heroin, oxycodone, hydrocodone, fentanyl, fentanyl analogs, and opioid
mixtures.”8 Anti-opioid vaccines have been shown to reduce opioid-induced respiratory
depression and bradycardia in rats challenged with either oxycodone or fentanyl.”8.7° The
ability of naloxone to reverse effects of opioid receptor agonists was preserved in vaccinated
rats,’8:79 providing further evidence that anti-opioid vaccines will not interfere with life-
saving medications, such as naloxone (Narcan). For instance, co-administration of an
oxycodone vaccine with an extended-release naltrexone depot formulation (Vivitrol) offered
greater protection against oxycodone-induced respiratory depression compared with either
treatment alone.80 As these preclinical data support translation and clinical evaluation, one
candidate vaccine targeting oxycodone is currently moving toward phase | clinical trials.8!
To accelerate implementation of anti-opioid vaccines in clinical management of OUD,
biomarkers predictive of vaccine efficacy will be useful tools to guide patient stratification in
clinical trials and individualized therapy. In this context, it has been shown that the
frequency of opioid-specific B cell lymphocyte population subsets in blood prior to
immunization is predictive of vaccine efficacy against opioids in mice.82 Efforts in the
laboratory of Dr. Pravetoni are currently underway to test whether B cell-based biomarkers
are likely to predict vaccine efficacy against opioids in humans. Promising preclinical data
also support use of anti-opioid mAbs to counteract acute respiratory depression and
bradycardia in mice and rats challenged with heroin, oxycodone, or fentanyl.83 Furthermore,
it has been shown that anti-opioid mAbs can increase survival from opioid overdose in mice
and that anti-opioid mAbs can be administered in postexposure scenarios to reduce opioid-
induced behavioral effects.84 These data provide encouraging evidence to support translation
of anti-opioid mAbs, but more advanced studies are needed to fully characterize their safety
and efficacy. Specifically, efforts should focus on generating and characterizing humanized
or fully human anti-opioid mAbs to minimize concerns for immune-related adverse effects
upon repeated dosing. Future efforts will be directed toward exploring the clinical potential
of vaccines and mAbs for treating OUD and preventing opioid-induced overdose.
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SUMMARY AND CONCLUSIONS

On the one hand, opioid receptor agonists are still the most effective drugs available for
treating certain types of moderate-to-severe pain. On the other hand, the adverse effects of
opioid receptor agonists continue to be a major public health challenge, both in terms of
OUD and opioid overdose and death. Despite medications for treating OUD being available
for more than 70 years (methadone since 1947, buprenorphine since 1981, and naltrexone
since 1984), and the fact that these medications are effective in many patients, the opioid
epidemic continues and, in fact, appears to have worsened during the current pandemic.8°
Methadone and buprenorphine replace abused opioids, including fentanyl and other
synthetic opioids and, thus, help mitigate risks associated with illicit drug use. However,
methadone and buprenorphine have agonist properties at mu opioid receptors and, therefore,
share many adverse effects of abused opioids (e.g., abuse and overdose). Because of its
antagonist properties at mu opioid receptors, naltrexone avoids the adverse effects that can
occur with methadone and buprenorphine, although there are limitations to the clinical use
of naltrexone. Because it binds to receptors in a competitive, reversible manner, the effects
of naltrexone can be surmounted by taking more opioids. Moreover, the utility of naltrexone
for treating OUD is limited by its relatively short duration of action, compared with the
longer duration of action of some abused opioids. A sustained-release formulation (Vivitrol)
extends the duration of action of naltrexone, although it is not clear how effective this
formulation will be for treating OUD and surmountability of the antagonist properties of
Vivitrol remains a concern.8 Collectively, a large body of epidemiological evidence
underscores the need for more and better treatments for OUD.

The only medication available currently to treat opioid overdose (naloxone) was approved
by the FDA nearly 50 years ago, yet more than 70,000 Americans died from a drug overdose
in 2019, most from opioids, and many from synthetic opioids.8” Further compounding this
public health challenge is the fact that, despite the effectiveness of naloxone in rescuing
individuals from opioid overdose, the risk of overdose and death remains very high after
rescue with naloxone.23 Thus, a similarly large body of evidence underscores the need for
more and better treatments for opioid overdose. That need is magnified significantly by the
possible weaponization and deployment of synthetic opioids in a manner that could lead to
mass casualties. Currently available formulations of naloxone would be of limited value in a
mass casualty scenario, primarily because of its short duration of action. This paper
describes emerging alternative approaches for treating opioid overdose, particularly in the
event of weaponization of synthetic opioids, and these strategies could also be applied to
treating OUD. First, an intranasal formulation of nalmefene would be a significant
improvement over naloxone by providing an equally effective and much longer duration of
protection after rescue from overdose. Second, MCAM blocks the effects of opioids for a
week or longer and could be particularly useful as a prophylaxis to protect law enforcement
and military personnel against possible opioid poisoning. Third, covalent naloxone
nanoparticles have the advantage of using an FDA-approved medication in a formulation
that would reverse and protect against the toxic effects of opioids while avoiding the
precipitation of withdrawal. Fourth, because 5-HTq receptor agonists can stimulate
respiration generally, they could attenuate respiratory depression by a variety of chemical
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agents, including synthetic opioids; this approach would be especially useful in situations
where the chemical toxin is not known. Fifth, the physical and chemical properties of
cyclodextrin scaffolds allow for specific inactivation of targeted molecules, including
fentanyl. Sixth, biomimetic “nanosponge” decoy receptors, such as NarcoBond (a liposome
encapsulated human opioid receptor), can deactivate and sequester any molecule that has
affinity for opioid receptors. Finally, by targeting specific molecular features of opioids,
antibody-based strategies can rapidly deactivate and prevent penetration to the central
nervous system or limit distribution of opioids to other organs, thereby reducing opioid
toxicity. The magnitude of the problem facing the nation, both in terms of the continuing
opioid epidemic and our vulnerability to the weaponization of opioids, demands a
multifaceted aggressive approach to develop new medications for opioid overdose. This
paper reviews some of the innovative approaches that academic, government, and industry
scientists are advancing to address this pressing matter.

Nalmefene (Skolnick): the clinical study described was conducted under a Clinical Trial Agreement supported in
part by Opiant Pharmaceuticals and the National Institute on Drug Abuse (NIDA), National Institutes of Health
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Threat Reduction Agency (DTRA) grant DTRA13081-32915.
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Heptakis-6-(3-O-propyl-1-sulfonic acid)-4-CD
6-Deoxy-6-amino-f-CD*
2-Hydroxypropyl-4-CD (HPCD)**
Heptakis-6-deoxy-6-amino--CD***

Figure 1.
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AG Down (kcal/mole)
-19.5
-30.3
-26.4
-32.2
-23.2

Modes of binding of fentanyl to beta-cyclodextrin (B-CD; up vs. down conformation) and
free energy (AG) values calculated using Molecular Mechanics-Generalized Born Surface
Area (MM/GBSA) energy calculations for both orientations (unpublished data): *protonated
form of amine used; **only 1° rim hydroxypropyl modification used in calculations;
***protonated form of amines used; #fentanyl in the up conformation in p-CD tended to

diffuse out of the cavity.
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Figure 2.

Comparison of induced cytotoxicity on human brain endothelial cells by five cyclodextrins
as follows: (a) beta-cyclodextrin (B-CD); (b) heptakis-6-(3- O-propyl-1-sulfonic acid)-p-CD
sodium salt; (c) 6-deoxy-6-amino-p-CD; (d) 2-hydroxypropyl-p-CD; and (e) heptakis-6-
deoxy-6-amino-B-CD. Data (unpublished) are expressed as a percentage relative to the
negative control (no CD), (f) and (g) hemolytic activity on p-CD, heptakis-6-deoxy-6-
amino-B-CD and 6-deoxy-6-amino-p-CD. Data are expressed as a percentage relative to the
positive control (complete hemolysis). For all experiments, data are presented as the mean +
the standard error of the mean (SEM). Individual replicates are shown and indicated by
circular data points on each bar. A two-way analysis of variance (ANOVA) with a Tukey’s
post hoc test was used to determine statistical significance. Significance relative to the 0.1
mg/mL concentration is shown: ***P < 0.001, ****P< 0.0001.
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Figure 3.

Effects of NarcoBond (unpublished data) on opioid antinociception, respiratory depression,
heart rate, and distribution in rats (7= 6-12) challenged with repeated cumulative doses of
fentanyl (100 pg/kg). Acute injection of NarcoBond (i.v., 0.8 mg/kg at T = 0) reversed
fentanyl-induced antinociception (a) and respiratory depression (b) and heart rate (c),
observed at T = 15 minutes and returning to normal by T = 60 minutes after treatment
(compared with vehicle). NarcoBond sequestered > 70% of fentanyl in circulation (d) away
from brain (e). a—c: Mean = SEM. d: Mean + SD. BPM, beats per minute.
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