
Pharmacological Profiling of Antifentanyl Monoclonal Antibodies
in Combination with Naloxone in Pre- and Postexposure Models
of Fentanyl ToxicityS

Carly A. Baehr, Mariah M. Wu, Sujata G. Pandit, Jose Arias-Umana, David AuCoin, and
Marco Pravetoni
Department of Pharmacology, University of Minnesota Medical School, Minneapolis, Minnesota (C.A.B., M.M.W., M.P.);
Department of Veterinary Population Medicine, University of Minnesota, Minneapolis, Minnesota (M.M.W.); Reno School of
Medicine, University of Nevada, Reno, Nevada (S.G.P., J.A.-U., D.A.); University of Minnesota Center for Immunology,
Minneapolis, Minnesota (M.P.); and Department of Psychiatry and Behavioral Sciences, University of Washington School
of Medicine, Seattle, Washington (M.P.)

Received December 6, 2021; accepted February 2, 2022

ABSTRACT
The incidence of fatal drug overdoses in the United States is an
alarming public health threat that has been exacerbated by the
COVID-19 pandemic, resulting in over 100,000 deaths between
April 2020 and April 2021. A significant portion of this is attribut-
able to widespread access to fentanyl and other synthetic opioids,
alone or in combination with heroin or psychostimulants, such as
cocaine or methamphetamine. Monoclonal antibodies (mAb) offer
prophylactic and therapeutic interventions against opioid over-
dose by binding opioids in serum, reducing distribution of drug to
the brain and other organs. Here, we investigated the efficacy of a
leading antifentanyl mAb, clone HY6-F9, in reversal and preven-
tion of fentanyl-induced toxicity compared with the opioid recep-
tor antagonist naloxone (NLX) in rats. In postexposure models,
rats were challenged with fentanyl, followed by HY6-F9, NLX, or
both. HY6-F9 reversed fentanyl-induced antinociception, respira-
tory depression, and bradycardia, and rats retained protection
against additional challenges for at least 1 week. Although intrave-
nous NLX reversed fentanyl-induced respiratory depression more
rapidly than mAb alone, kinetics of reversal by intravenous mAb
were similar to subcutaneous NLX. Coadministration of mAb and

NLX provided greater protection than individual treatments agai-
nst high doses of fentanyl. Prophylactic administration of mAb
reduced the ED50 of NLX approximately twofold against 2.25 mg/
kg of fentanyl. Finally, mAb sequestered fentanyl and its metabo-
lite norfentanyl in serum and reduced brain concentrations of fen-
tanyl. These results support the translation of mAb as medical
interventions alone or in combination with NLX to prevent and
reverse fentanyl-related overdose.

SIGNIFICANCE STATEMENT
Fentanyl-related overdoses have increased dramatically in the
US and worldwide. Currently, approved pharmacotherapies for
treatment of opioid use disorder and reversal of overdose are
not sufficient to curb the incidence of opioid-related deaths.
Additionally, fentanyl and its potent analogs present a potential
risk from use in deliberate poisoning or chemical attacks. This
study demonstrates the use of monoclonal antibodies as a
countermeasure to fentanyl-induced toxicity in pre- and post-
exposure scenarios, supporting their use in combination with
the opioid antagonist naloxone.

Introduction
Substance use disorder and drug-related overdoses are a pub-

lic health threat affecting an estimated 53million people world-
wide and resulting in 500,000 deaths each year (UNODC,

2019). In the United States, 11 million people have reported
drug misuse, and 2.5 million people have been diagnosed with
an opioid use disorder (OUD). Unfortunately, despite the avail-
ability of pharmacological interventions for OUD, a high likeli-
hood of relapse remains among these patients. In 2018, opioid-
related fatal overdoses in the US totaled 50,000 (Hedegaard
et al., 2020), and the number of nonfatal drug overdoses was
967,615 (Liu et al., 2020). These statistics have been further
exacerbated by the COVID-19 pandemic caused by SARS-
CoV-2, in which a steep increase in opioid-related mortality
to 92,600 fatal overdoses was registered by early 2020 (Alter
A, 2020), and passed 100,000 by April 2021 (Ahmad FB et al.,
2021). The majority of drug-related deaths involve fentanyl
and its analogs, either alone or in mixtures with heroin,
methamphetamine, or counterfeit prescription drugs (Lipari
and van Horn, 2017; Hayashi et al., 2018). While approved
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medications are available for the treatment of OUD and rever-
sal of overdose, it is not clear how effective these medications
are in preventing and reversing accidental or deliberate over-
dose from fentanyl (Pergolizzi et al., 2021). Specifically, due to
the high potency of fentanyl and analogs such as carfentanil,
the opioid antagonist naloxone (NLX) is not as effective
against fentanyl and its analogs compared with opioids, such
as heroin and morphine, and the short half-life of NLX may
lead to renarcotization, requiring additional NLX doses and
extending hospitalization time (Rzasa Lynn and Galinkin,
2018). Additionally, fentanyl exposure can induce respiratory
arrest due to rigidity of chest muscles, known as wooden chest
syndrome (WCS), which is mediated by nonopioid receptor
pathways and is refractory to NLX treatment (Torralva and
Janowsky, 2019). Thus, more therapeutic options are needed
to counteract toxicity from fentanyl-induced overdose.
As an alternative or complementary therapeutic to opioid

antagonists, antidrug monoclonal antibodies (mAbs) selec-
tively bind the target drug in serum and extracellular fluid,
reducing the concentration of unbound (free) drug in the brain
and other target organs. Monoclonal antibodies are generated
from antigen-specific B cell lymphocytes via hybridoma tech-
nology, by cloning and expression of recombinant mAbs, or
through techniques such as phage display. In the field of sub-
stance use disorder, murine, chimeric, humanized mAbs, and
mAb fragments (F[ab’]2, Fab, scFv) have been reported against
nicotine, cocaine, and methamphetamine (Keyler et al., 2005;
Stevens et al., 2014; Wetzel et al., 2016; Marckel et al., 2019).
A first-generation chimeric antimethamphetamine mAb has
completed Phase I clinical trials in healthy subjects (Stevens
et al., 2014), and a second-generation antimethamphetamine
mAb (IXT-m200) has currently completed Phase II clinical tri-
als in methamphetamine users (NCT 04715230). For treat-
ment of OUD, mAbs have shown promising preclinical efficacy
against heroin, oxycodone, and fentanyl in mice and rats
(Kashanian et al., 2015; Kvello et al., 2019; Smith et al., 2019;
Baehr et al., 2020; Ban et al., 2021), supporting further inves-
tigation of mAb as a therapeutic against overdose involving
fentanyl. Previous studies have shown that opioid-specific
mAbs prevent opioid-induced antinociception, respiratory
depression, and bradycardia in fentanyl pre-exposure chal-
lenge models (Baehr et al., 2020) and reverse fentanyl- and
carfentanil-induced antinociception in postexposure models in
mice (Smith et al., 2019). The current study sought to extend
previous findings by testing whether a leading antifentanyl
(a-fentanyl) mAb HY6-F9, a murine IgG2a, would reverse over-
dose in postexposure scenarios by exploring the pharmacologi-
cal parameters of the mAb alone in comparison with NLX, or
in combination with NLX against doses of fentanyl from 0.1
mg/kg up to 2.25 mg/kg. The a-fentanyl mAb provided longer
protection than NLX alone, and coadministration of the mAb
and NLX provided greater and longer-lasting protection
against high doses of fentanyl. Treatment with mAb pre-expo-
sure reduced the dose of NLX required to reverse fentanyl
overdose, measured by both oxygen saturation and antinoci-
ception. Given the longer half-life of mAb (days) compared
with NLX (90 minutes), it is feasible to envision the use of
mAb alone or in combination with NLX to reverse overdose,
prevent renarcotization, and reduce convalescence after
overdose.

Materials and Methods
Drugs. Fentanyl citrate was obtained from the University of Min-

nesota Pharmacy, and naloxone hydrochloride was obtained through
Sigma Aldrich (St. Louis, MO). Drug doses are expressed as concen-
tration of free base.

Animal Subjects. All animal studies were approved by the Uni-
versity of Minnesota Animal Care and Use Committee and conducted
in Association for Assessment and Accreditation of Laboratory Animal
Care International-approved facilities. Male Sprague Dawley rats
(Envigo, Indianapolis, IN) were 8–10 weeks old on arrival, housed
under standard conditions with a 14/10 light/dark cycle, and provided
with food and water ad libitum.

Monoclonal Antibody. The a-fentanyl mAb HY6-F9 has been
previously described (Baehr et al., 2020). HY6-F9 is a murine IgG2a iso-
lated from hybridoma generated from mice immunized with a fentanyl
conjugate vaccine. Antibody was harvested from hybridoma superna-
tant, purified with Protein A chromatography, and stored in phosphate
buffered saline, pH 7.4, at a concentration of 10 mg/mL at 4�C.

Fentanyl Challenge and Reversal. Fentanyl, 0.05 – 0.5 mg/ml,
was administered s.c. at doses and time points indicated in figure
legends. Naloxone, 0.1 mg/ml in saline, was administered s.c. or i.v. as
indicated. HY6-F9, 10 mg/ml, was administered i.v. in the lateral tail
vein over �10 seconds with a 4.0 ml/kg injection volume. For combina-
tion NLX 1 HY6-F9, NLX 0.1 mg/ml and HY6-F9 10 mg/ml were
combined at a 1:4 ratio (final concentration 0.02 mg/ml NLX and
8.0 mg/ml HY6-F9), and the admixture was administered i.v. with a
5.0 ml/kg injection volume.

Antinociception, Respiratory Depression, and Bradycar-
dia. Fentanyl-induced behavioral and physiologic effects were mea-
sured by the hot plate test of antinociception and by pulse oximetry as
previously described (Baehr et al., 2020; Robinson et al., 2020). Briefly,
fentanyl-induced antinociception was evaluated by latency to respond
on a hot plate set to 54�C (Columbus Instruments, Columbus, OH).
Rats were removed after displaying a lift or flick of the hind paw, or
after a maximum cutoff of 30 seconds to avoid thermal tissue damage.
Respiratory depression and bradycardia were measured with a
MouseOx Plus pulse oximeter (Starr Life Sciences, Oakmont, PA) to
measure oxygen saturation, heart rate (beats per minute), and breath
rate (breaths per minute).

Fentanyl Concentration in Tissue. Following the completion
of behavioral studies, rats were euthanized by CO2 inhalation, and
trunk blood and brain were collected for analysis of fentanyl concen-
tration. Tissue extraction was performed as previously described (Rob-
inson et al., 2020) and fentanyl and norfentanyl concentrations were
analyzed using an Agilent G6470A triple quadrupole liquid chroma-
tography tandem mass spectrometry system consisting of an Infinity
II 1290 G7116B Multicolumn Thermostat, G7120A High Speed Quad
Pumps, and a G7267B Multisampler. Data acquisition and peak inte-
gration were analyzed using Mass Hunter software (Tokyo, Japan).

Statistical Analysis. Statistical analyses were performed using
Prism v9 (GraphPad, La Jolla, CA).Mean latency to respond, oxygen sat-
uration, breath rate, and heart rate were analyzed by two-way ANOVA
or mixed-effects analysis followed by post hoc analyses using Sidak’s or
Dunnett’s multiple comparisons tests. Naloxone ED50 values for latency
to respond and oxygen saturation were calculated with nonlinear regres-
sion, and compared between groups using extra sum-of-squares F test.

Results
Reversal of Fentanyl-Induced Antinociception, Res-

piratory Depression, and Bradycardia by NLX and
a-Fentanyl mAb HY6-F9. To determine whether a-fentanyl
mAb HY6-F9 would reverse the effects of fentanyl in vivo after
fentanyl exposure, rats were challenged with 0.1 mg/kg of fen-
tanyl s.c. and monitored for fentanyl-induced antinociception,
respiratory depression, and bradycardia (Fig. 1). Fifteen
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minutes after fentanyl administration, rats showed high fenta-
nyl-induced antinociception, reduced oxygen saturation, and
reduced heart rate. Rats were then treated with either saline
or 40 mg/kg of HY6-F9 i.v., or with 0.1 mg/kg of NLX s.c. as a
positive control, and monitored at 15-minute intervals to eval-
uate recovery from fentanyl challenge (Fig. 1). Rats treated
with either HY6-F9 or NLX returned to baseline levels of anti-
nociception and respiration within 15 minutes after adminis-
tration, and there were no statistically significant differences
in efficacy of HY6-F9 compared with NLX.
To assess the duration of protection against additional fen-

tanyl challenges, rats were challenged one week later with 0.2
mg/kg of fentanyl s.c. (Fig. 2, A–D). The HY6-F9-treated rats
retained protection against fentanyl-induced antinociception,
respiratory depression, and bradycardia compared with rats
that were previously treated with saline or NLX, and rats
treated with HY6-F9 showed reduced brain distribution and
high serum retention of fentanyl (Fig. 2, E and F).
To evaluate the efficacy of HY6-F9 against higher doses of

fentanyl, and in combination with NLX, a separate cohort of
rats was challenged with a 0.5 mg/kg of fentanyl s.c., and anti-
nociception, heart rate, and respiration were measured at 15-
minute intervals after fentanyl administration (Fig. 3). Fifteen
minutes after fentanyl administration, rats were rescued with
saline control, 40 mg/kg of HY6-F9 i.v., 0.1 mg/kg of NLX s.c.,
or a combination of 40 mg/kg of HY6-F9 and 0.1 mg/kg of NLX
i.v. At this higher dose of fentanyl, rats treated with HY6-F9,
NLX, or the combination showed increased oxygen saturation
and reduced fentanyl-induced antinociception compared with
saline control within 30–45 minutes of administration.

One week later, rats were challenged with 0.6 mg/kg of fen-
tanyl s.c. (Supplemental Fig. 1). After the first measurement
at 15 minutes, rats that received either saline or HY6-F9 the
previous week received saline intravenously, while rats that
previously received NLX or NLX 1 HY6-F9 received an injec-
tion of 0.1 mg/kg of NLX s.c.. HY6-F9 alone was not effective
against this dose of fentanyl, NLX alone was partially effective
in reversing fentanyl-induced effects, and rats treated with
the combination of NLX 1 HY6-F9 showed the greatest pro-
tection against the effects of fentanyl. Four hours after the sec-
ond challenge, rats were given a final challenge of 0.4 mg/kg of
fentanyl (Supplemental Fig. 2). Fentanyl distribution to brain
and serum were measured 1 hour after the final fentanyl chal-
lenge, and rats treated with HY6-F9 showed reduced brain
distribution of fentanyl compared with control (Supplemental
Fig. 2, D–F).
Kinetics of Respiratory Depression Reversal by

HY6-F9 Compared with Intravenous or Subcutaneous
NLX. To determine the rate of onset of HY6-F9 compared
with NLX, rats were given a challenge of 0.1 mg/kg of fen-
tanyl. Fifteen minutes after fentanyl administration, rats
were monitored for oxygen saturation during and after res-
cue with saline, HY6-F9 intravenously, NLX either subcu-
taneously or intravenously, or an intravenous mixture of
NLX 1 HY6-F9 (Fig. 4B). While intravenous NLX and the
combination NLX 1 HY6-F9 reversed fentanyl-induced
respiratory depression within �1 minute, intravenous
HY6-F9 alone reversed fentanyl effects in �2–4 minutes.
By comparison, subcutaneous naloxone reversed fentanyl
effects in �2 minutes. Antinociception (Fig. 4A), heart rate

Fig. 1. Antifentanyl monoclonal antibody HY6-F9 reverses pharmacological effects of fentanyl. Sprague Dawley rats (n 5 2–3 per group) were chal-
lenged with 0.1 mg/kg of fentanyl (s.c.) and monitored for fentanyl-induced antinociception, respiratory depression and bradycardia. (A) antinociception
via latency to respond on the hot plate test; and (B) oxygen saturation, (C) bradycardia, and (D) breath rate measured by pulse oximetry. Immediately
following the first measurement at 15 minutes, rats were passively immunized with 40 mg/kg of HY6-F9 (i.v.) or injected with saline (i.v.) or 0.1 mg/kg
of naloxone (s.c.) as a positive control. Data are mean ± S.E.M. ****p<0.0001, **p<0.01, *p<0.05 relative to saline (control).
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(Fig. 4C), and breath rate (Fig. 4D) were measured 15
minutes after fentanyl administration and 15 minutes
after rescue.

Pharmacokinetic profiling of NLX and HY6-F9 effi-
cacy against high fentanyl doses. To evaluate the efficacy
of NLX compared with the combination of NLX 1 mAb

Fig. 3. Coadministration of HY6-F9 and naloxone reverses effects of high dose fentanyl. A second cohort of naïve rats (n 5 3 per group) was chal-
lenged with 0.5 mg/kg of fentanyl (s.c.) and monitored for fentanyl-induced antinociception, respiratory depression and bradycardia. Immediately
following the first measurement at 15 minutes, rats were passively immunized with naloxone subcutaneously, HY6-F9 intravenously, or a combi-
nation of naloxone and monoclonal antibody intravenously. (A) Antinociception measured as latency to respond, and (B) oxygen saturation, (C)
heart rate [beats per minute (bpm)], and (D) breath rate [breaths per minute (brpm)] was measured by pulse oximetry. Data are mean ± S.E.M.
**p<0.01, *p<0.05 relative to saline (control).

Fig. 2. HY6-F9 protects against further fentanyl challenges. Oneweek after initial fentanyl challenge, rats (Fig. 1) were challenged with 0.2mg/kg of fenta-
nyl (s.c.), andmonitored for (A) antinociception, (B) oxygen saturation, (C) heart rate, and (D) breath rate. At 30minutes postfentanyl, fentanyl concentration
wasmeasured in (E) serumand (F) brain.Data aremean ± S.E.M. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 relative to saline (control).
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against increasing doses of fentanyl in pre-exposure scenarios,
rats were pretreated with saline or 40 mg/kg HY6-F9. Fifteen
minutes prior to challenge, rats received saline or 0.1 mg/kg of
NLX, and then increasing doses of fentanyl were administered
subcutaneously at 15-minute intervals, up to a cumulative
dose of 0.5 mg/kg (Fig. 5, A and B). HY6-F9 alone was effective
at preventing fentanyl-induced antinociception and hypoxemia
at 0.1 mg/kg of fentanyl and partially effective at 0.25 mg/kg,
but was not effective at a cumulative dose of 0.5 mg/kg of

fentanyl. NLX alone was effective at preventing fentanyl-
induced hypoxemia at 0.1–0.5 mg/kg of fentanyl, but was not
effective against fentanyl-induced antinociception at 0.5 mg/kg
of fentanyl. By contrast, the combination of NLX 1 HY6-F9
prevented both fentanyl-induced antinociceptive and respira-
tory effects up to 0.5 mg/kg of fentanyl.
Because NLX is a competitive inhibitor of opioid receptor,

whereas a-fentanyl mAb affects distribution of fentanyl, we
hypothesized that prophylactic administration of mAb would
shift the dose-response curve for NLX against high fentanyl
doses by reducing the concentration of fentanyl competing
against NLX for opioid receptor binding in the brain. Rats
were pretreated with saline or with 10–40 mg/kg of HY6-F9,
then challenged with 2.25 mg/kg of fentanyl s.c., which is near
the reported LD50 for this drug (Vardanyan and Hruby, 2014).
Starting at 10 minutes after fentanyl administration, rats
were given increasing doses of NLX subcutaneously, and anti-
nociception and oxygen saturation were measured at 4-minute
intervals to evaluate reversal of fentanyl toxicity. In saline-
treated rats, approximately 0.3 mg/kg of NLX was required to
reverse fentanyl-induced hypoxemia, defined by oxygen satu-
ration > 90% (Fig. 5D), and 1.0 mg/kg of NLX partially
reduced fentanyl-induced analgesia (Fig. 5C). Pretreatment
with 40 mg/kg of HY6-F9 shifted the NLX ED50 against anti-
nociception approximately threefold (ED50 5 1.362 mg/kg for
NLX versus 0.4608 for NLX 1 40 mg/kg of HY6-F9,
p50.0116) and shifted the NLX ED50 for oxygen saturation
twofold (ED50 5 0.07398 mg/kg for NLX versus 0.02906 for
NLX 1 40 mg/kg of HY6-F9, p50.0129). Notably, an NLX
dose sufficient to reverse hypoxemia was not sufficient for rats
to achieve consciousness (data not shown); rats treated with
only NLX regained consciousness an average of 27.5 minutes
after fentanyl administration (i.e., 1–2 minutes after a dose of
1.0 mg/kg of NLX), whereas rats treated with 40 mg/kg of
HY6-F9 regained consciousness an average of 24 minutes after
fentanyl administration (i.e., 2 minutes after a dose of 0.3 mg/
kg of NLX). A dose of 10 mg/kg of HY6-F9 shifted the NLX
ED50 for oxygen saturation but did not reduce fentanyl-
induced antinociception nor time or dose required for con-
sciousness compared with NLX alone, suggesting that the
higher mAb dose of 40 mg/kg is necessary to increase NLX
efficacy against this dose of fentanyl.
Following the 0.5 mg/kg cumulative fentanyl challenge (Fig.

5, A and B), serum and brain of fentanyl-treated rats were col-
lected for analysis of fentanyl and norfentanyl concentrations
(Fig. 6). Rats treated with either HY6-F9 or NLX 1 HY6-F9
showed significantly increased serum concentrations of fenta-
nyl and reduced concentrations of fentanyl in brain (Fig. 6, A
and B). Similarly, HY6-F9-treated rats showed increased
serum concentrations and reduced brain concentrations of the
fentanyl metabolite norfentanyl (Fig. 6, C and D). Surpris-
ingly, rats treated with NLX alone showed a significant
increase in brain norfentanyl compared with rats treated with
saline (Fig. 6D), but NLX did not affect serum norfentanyl
compared with control (p50.58).

Discussion
As the incidence of opioid-related fatal overdoses continues

to rise in the US, new therapeutic and prophylactic strategies
are essential for public health and safety. Currently, opioid
antagonists, such as NLX, remain the main defense against

Fig. 4. Naloxone and HY6-F9 rapidly reverse fentanyl-induced oxygen
saturation. Naïve rats were challenged with 0.1 mg/kg of fentanyl
(s.c.), and 15 minutes post-fentanyl exposure, rats were given saline,
naloxone either intravenously or subcutaneously, HY6-F9 intrave-
nously, or naloxone 1 HY6-F9 intravenously. (A) Antinociception was
measured 15 and 30 minutes postfentanyl exposure, and (B) oxygen
saturation measured constantly by pulse oximetry for 10 minutes after
rescue administration. (C) Inset to show detail of oxygen saturation
from 15–20 minutes after fentanyl administration.
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opioid-related overdoses; however, particularly in the case of
fentanyl, it is unclear how effective these antagonists are in
preventing and reversing fentanyl-related overdose (Hill et al.,
2020; Pergolizzi et al., 2021). This highlights the importance of
identifying new therapeutic options to counteract fentanyl
overdose. Monoclonal antibodies offer a promising tool for the
treatment of OUD and prevention of opioid-related toxicity
and overdose; however, previous studies evaluating efficacy of
a-fentanyl mAbs have been limited in the mAb and fentanyl
doses used, and have not directly demonstrated the efficacy of
mAbs over time against repeated fentanyl exposure. In pre-
clinical studies, passive immunization with doses of 30–120
mg/kg of a-opioid mAbs were shown to counteract the pharma-
cological effects of fentanyl (Smith et al., 2019; Baehr et al.,
2020; Ban et al., 2021), and reversal of fentanyl effects postex-
posure has only been demonstrated 30–60 minutes after
administration (Smith et al., 2019). The present study
expands upon previous results by demonstrating that not only
does HY6-F9 rapidly reverse the effects of 0.1 mg/kg of fenta-
nyl postexposure within 5 minutes, but also that prophylactic
exposure to mAbs protects against further fentanyl challenges
at least 1 week after initial mAb treatment. Additionally, pre-
vious studies of a-opioid mAbs generally use opioid-induced
antinociception as the primary measure of mAb efficacy,
whereas fentanyl-induced respiratory depression is a major
contributor in overdose-related fatalities (Dolinak, 2017).
Hence, this study measured fentanyl-induced hypoxemia and
bradycardia in addition to antinociception, offering more clini-
cally relevant parameters for evaluating efficacy of biologics
against fentanyl.

Additionally, these results demonstrate that HY6-F9 enhan-
ces efficacy of NLX against relatively high fentanyl doses. The
increasing incidence of fentanyl-related overdose fatalities
indicates that NLX alone at its clinically used dose of 2–10 mg
may be insufficient to counteract fentanyl overdose; and sim-
ulated pharmacokinetic modeling suggest that as fentanyl
concentration increases, NLX is able to displace a lower pro-
portion of fentanyl from m opioid receptors (Moss et al., 2020),
consistent with its competitive antagonist mechanism. By con-
trast, the pharmacokinetic mechanism of mAb alters distribu-
tion of fentanyl, thus decreasing the concentration of fentanyl
available for receptor interaction. Hence, mAb enhances effi-
cacy of NLX by reducing brain fentanyl levels below a concen-
tration at which NLX is able to out-compete fentanyl for
receptors. Here, HY6-F9 increased NLX efficacy in both a
cumulative fentanyl challenge up to 0.5 mg/kg, and in a high-
dose fentanyl challenge of 2.25 mg/kg combined with NLX
dose-response (Fig. 5). The stoichiometric mechanism of a-fen-
tanyl mAb sequestration suggests that efficacy of mAb is
highly dependent on the ratio of available fentanyl-binding
mAbs to circulating drug; here, a dose of 40 mg/kg of HY6-F9
reduced brain fentanyl concentration by > 90% during a chal-
lenge of 0.2 mg/kg (Fig. 2), and by 70% during the cumulative
challenge of 0.5 mg/kg (Fig. 6). Although HY6-F9 alone did not
prevent fentanyl-induced effects at a dose of 0.5 mg/kg fenta-
nyl, the significant reduction in brain fentanyl at this dose
indicates the potential utility of mAbs in reducing overall
exposure of opioid receptors to fentanyl and/or increasing effi-
cacy of opioid antagonists at high opioid doses, supported by
the observation that the combination of 40 mg/kg of HY6-F9

Fig. 5. Pre-exposure naloxone (NLX) or HY6-F9 in cumulative fentanyl challenge and NLX dose-response. A–B, Rats pretreated with 40 mg/kg
mAb were treated with saline or 0.1 mg/kg NLX s.c. Fifteen minutes after NLX, rats were challenged at 15-minute intervals with increasing doses
of fentanyl, to a cumulative dose of 0.5 mg/kg. (A) Antinociception measured as latency to respond, and (B) oxygen saturation measured by pulse
oximetry. (C and D) Rats pretreated with 10 or 40 mg/kg mAb were given 2.25 mg/kg fentanyl. Ten minutes after fentanyl, and at 4-minute inter-
vals, rats were given increasing doses of NLX to reverse overdose. (C) Antinociception measured as latency to respond, and (D) oxygen saturation
measured by pulse oximetry. Data are mean ± S.E.M. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 relative to saline (control).
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and 0.1 mg/kg of NLX prevented antinociception above 0.5
mg/kg of fentanyl.
Fentanyl-related fatal overdoses have also been associated

with WCS, in which the chest wall and upper airways become
rigid in response to fentanyl exposure, both impairing respira-
tion and compromising the ability of first responders to con-
duct CPR in overdose patients. While the mechanisms
underlying WCS are not entirely understood, it appears that
WCS is primarily mediated by alpha-adrenergic and choliner-
gic signaling rather than opioid receptor signaling (Torralva
and Janowsky, 2019). In contrast to morphine and other
opioids, fentanyl has demonstrated interaction with nonopioid
receptors, including adrenoceptors (Torralva et al., 2020).
Hence, NLX or other opioid receptor-specific pharmacotherapy
is not effective in reversing WCS (Miner et al., 2021). Instead,
reducing the concentration of free (unbound) fentanyl through
vaccine-induced polyclonal antibodies or a-opioid mAbs may
be particularly beneficial in limiting the occurrence of fenta-
nyl-induced WCS by reducing overall signaling to all fentanyl-
responsive receptors in both the central and peripheral ner-
vous system.
Several known or potential limitations of mAb-based thera-

peutics targeting small molecules remain to be explored. First,
the high doses of mAb and apparent requirement of intrave-
nous administration for efficacy postfentanyl exposure could
render clinical application difficult. In support for accelerating

translation, future studies will need to explore mAb formula-
tions suitable for subcutaneous or intramuscular delivery,
which may broaden the feasibility of administering mAb in
clinical settings. Additionally, while high specificity of mAb for
fentanyl may be beneficial by allowing concurrent administra-
tion of nonfentanyl opioids, it may limit the utility of mAbs as
reversal agents in cases of multiopioid exposure or exposure to
fentanyl analogs. However, as demonstrated by a previously
described a-fentanyl mAb 6A4 that showed efficacy against
both fentanyl and carfentanil in mice (Smith et al., 2019), it is
possible to envision development of mAbs that cross-react
with a variety of compounds within the fentanyl-like chemical
family. Potentially, clinical efficacy against multiple com-
pounds could be achieved by coadministration of multiple
mAbs targeting a series of structurally distinct opioids.
Finally, although naloxone for overdose reversal exhibits a
short half-life, extended release formulations exist of the
antagonist naltrexone which would exhibit similarly long
duration of efficacy to mAb; however, such medications may
complicate management of withdrawal symptoms and other
side effects. While it has not been tested whether a-fentanyl
mAb would precipitate withdrawal in opioid-dependent indi-
viduals, previous work with a-nicotine mAb showed no mAb-
induced withdrawal effects (Roiko et al., 2009). These data
support further evaluation of mAbs as a therapeutic and pro-
phylactic strategy to limit the occurrence of OUD and opioid-
related overdose and support their use alongside FDA-
approved medications such as NLX.
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