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ABSTRACT
The prevalence and societal impact of opioid use disorder (OUD) is an acknowledged public health crisis 
that is further aggravated by the current pandemic. One of the devastating consequences of OUD is 
opioid overdose deaths. While multiple medications are now available to treat OUD, given the prevalence 
and societal burden, additional well-tolerated and effective therapies are still needed. To this point, we 
have developed chimeric monoclonal antibodies (mAb) that will specifically complex with fentanyl and its 
analogs in the periphery, thereby preventing them from reaching the central nervous system. 
Additionally, mAb-based passive immunotherapy offers a high degree of specificity to drugs of abuse 
and does not interfere with an individual’s ability to use any of the medications used to treat OUD. We 
hypothesized that sequestering fentanyl and its analogs in the periphery will mitigate their negative 
effects on the brain and peripheral organs. This study is the first report of chimeric mAb against fentanyl 
and its analogs. We have discovered, engineered the chimeric versions, and identified the selectivity of 
these antibodies, through in vitro characterization and in vivo animal challenge studies. Two mAb 
candidates with very high (0.1–1.3 nM) binding affinities to fentanyl and its analogs were found to be 
effective in engaging fentanyl in the periphery and blocking its effects in challenged animals. Results 
presented in this work constitute a major contribution in the field of novel therapeutics targeting OUD.
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Introduction

Data from a recent Centers for Disease Control and Prevention 
(CDC) report revealed that 67,000 deaths due to drug overdose 
occurred during the 12-month period ending April 2019.1 

Overdose deaths due to heroin have increased at a rate of 10% 
a year from 2005 to 2010, then by 33% per year from 2010 to 
2014, and by 19% from 2014 to 2016. The most dramatic increase 
in deaths was due to synthetic opioids, such as illicitly manufac
tured fentanyl and its analogs (IMF), which have increased 88% 
per year from 2013 to 2016, with a 2016 death rate of 6.2 per 
100,000. From January to February 2017, 90% of the accidental 
overdose deaths in Ohio were attributed to IMF.2 A steep 
increase in the use of IMF alone or as additive to heroin continues 
to rise.3–5 Furthermore, IMF overdose is reported to be acute and 
rapid, requiring multiple doses of intranasal naloxone.3 The 
abuse of synthetic opioids has also led to an increased risk of 
acquiring an infectious disease such as the human immune 
deficiency virus (HIV) due to needle sharing.6,7 Finally, with 
the mounting annual cost of ~$78.5 billion, in the United 

States,8 incurred by the opioid epidemic, novel and pragmatic 
approaches are urgently needed to address this public health 
burden.

Limited treatment modalities remain a major barrier toward 
the successful mitigation of opioid use disorder (OUD). There 
are four pharmacotherapies currently approved to treat OUD: 
methadone, buprenorphine, naloxone and naltrexone. Oral 
buprenorphine/naloxone combinations (e.g., SUBOXONE®) 
are the most widely used treatment for relapse prevention, 
and recently, sustained-release injections of buprenorphine 
have been approved. The most dramatic impact on opioid 
overdose has been intranasal administration of the antagonist 
naloxone, which rapidly reverses opioid overdose.3 While 
opioid overdose can be reversed by naloxone, its use poses 
several challenges: 1) multiple doses may be required to reverse 
the effects of synthetic fentanyl analogs;9,10 2) the limited time 
window for efficacy upon overdose, which may not always be 
practical; and 3) it precipitates opioid withdrawal 
symptoms.9–11
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Current research efforts are focused on developing alterna
tives or complementary modalities to the four approved pro
ducts. An alternative approach to treat substance use disorders 
is use of vaccines or biologics that target specific drugs of abuse 
(DoA). Although the proof-of-concept for vaccines against 
DoA was demonstrated over 40 years ago,12,13 it has taken 
decades for the use of vaccines to treat SUDs to gain momen
tum. In the early 1970s, seminal efforts were devoted to hapten 
design that mimicked morphine, methamphetamine, and nico
tine. These haptens, primarily, were used to generate antibo
dies for the detection of DoA. This area of research waned by 
the 1980s, but, over the past 15–20 years, interest in drug- 
specific antibodies resurfaced. As such, continued efforts to 
improve hapten design have led to vaccine candidates that 
can induce effective antibodies.14,15 When the DoA enters the 
bloodstream, these antibodies bind the drug and impede it 
from crossing the blood–brain barrier, thereby preventing it 
from interacting with its molecular target (e.g., the µ-opioid 
receptor) in the central nervous system (CNS).

For a vaccine directed at an abused substance to be effective, 
it must induce high titer, high affinity, and long-duration 
antibodies. There have been multiple Phase 1 and Phase 2 
clinical trials demonstrating the safety and efficacy of vaccines 
to DoA.16–22 The best-studied vaccine for a DoA is against 
nicotine. However, Phase 3 clinical trials failed to meet the 
study primary endpoint of volunteer cessation of smoking,23 

although post-hoc analysis detected higher cessation rates in 
participants with the highest antibody titers.23,24 Similar find
ings were found in a Phase 3 clinical trial for cocaine.25 Thus, 
the data from the cocaine and nicotine vaccine trials indicated 
that a significant subset of patients did not produce a sufficient 
antibody response for clinical efficacy, limiting the practicality 
of vaccine approach for general use. Clearly, there is 
a threshold antibody concentration, which may differ for 
each substance of abuse, required to curb habitual use of an 
abused substance. More recently, studies in animals have 
shown that the fentanyl vaccine-induced antibodies cross- 
reacting with multiple fentanyl analogs, including 
carfentanil,26–28 which have been found in IMF.29 Although 
this is promising data, the antibody titer induced by the fenta
nyl vaccine dropped rapidly following immunization.27,30,31

Decades of vaccine research, preclinical and clinical, point 
to the potential role antibodies could play in addressing OUD. 
There is an emerging body of evidence supporting the potential 
of monoclonal antibodies (mAbs) as a therapeutic modality for 
OUD. For example, recent publications show that mAbs direc
ted at fentanyl and related molecules can sequester large 
amounts of drug in the periphery and reduce biodistribution 
to the brain, suggesting these mAbs could be used as 
a treatment modality for OUD.32,33 The preclinical studies 
strengthen the potential utility of mAbs as a viable treatment 
modality for OUD that would greatly benefit from proof-of- 
concept studies in humans.

Like a vaccine, passive immunotherapy with a mAb is based 
on complexing a DoA in the periphery, thereby preventing it 
from reaching the CNS. This approach offers a high degree of 
specificity to a DoA, can be administered in quantities to 
sustain amounts required for clinical efficacy in all patients, 
and does not interfere with an individual’s ability to use any of 

the medications currently used to treat OUDs. Moreover, for 
those individuals who are immunosuppressed, including those 
with HIV/AIDS or autoimmune conditions, a mAb-based pas
sive immunotherapy would be preferred approach. Finally, 
unlike a vaccine, a mAb-based approach offers immediate 
‘protection’ against the DoA, whereas it may take weeks or 
months to produce sufficient antibody titers with a vaccine.

A large number of overdose deaths are due to fentanyl, 
primarily due to presence of trace amount of fentanyl and its 
analogs in the heroin supply.34–36 In pursuit of a suitable anti- 
fentanyl mAb, we produced two candidates, P1C3H9 and 
P1B6H7. The mAbs were derived from mice immunized with 
a novel fentanyl vaccine reported by Barrientos, et al.37 The 
in vitro characterization and in vivo studies of these mAbs 
revealed very high (0.1–1.3 nM) binding affinities to fentanyl 
and selected analogs. The mAb candidates were effective in 
binding fentanyl in the periphery and blocking the transloca
tion of the drugs to the brain, which resulted in negating the 
anti-nociceptive effects of the drug in challenged animals.

Results

Recombinant antibody generation, expression, and 
characterization

We recently reported an efficacious vaccine candidate against 
fentanyl in mice.37 This vaccine, called TT-para-AmFenHap 
/ALF43A, (Figure 1a) elicited a high titer of drug-specific 
antibodies that cross-reacted with fentanyl, fentanyl analogs, 
but not with drugs used for OUD therapy. We exploited the 
same animal model to develop the chimeric mAbs described in 
this study. Each chimeric mAb is composed of the constant 
domain of human IgG and the variable domains derived from 
mouse IgG. Female Balb/c mice were immunized with TT-para 
-AmFenHap/ALF43A vaccine and collected splenocytes were 
used to generate hybridoma clones. The experimental strategy 
is depicted in Figure 1b. P1B6H7 and P1C3H9 hybridoma 
candidates, based on their binding properties and specificity, 
were selected for further studies. The cDNAs from these clones 
were synthesized using random hexamers and PCR amplifica
tion using the respective V and J gene-specific forward and 
reverse primers with 15-bp overlap at 5ʹ and 3ʹ ends, including 
restriction sites (Supplementary Table S1). The resulting PCR 
products, variable domains of heavy (VH) and light (VL) 
chains, were cloned into linear vectors containing the human 
IgG1, and Igκ constant region genes using in-fusion cloning 
kits, respectively. The P1B6H7 and P1C3H9 sequences were 
analyzed using the Kabat database of VH and VL sequences; 
the variable region sequences are shown in Table 2 and 
Supplementary Table S3.38 The recombinant chimeric antibo
dies VL and VH genes belonged to mouse IgG V subgroups, 
including J and D gene segments as shown in Supplemental 
Table S2. Recombinant chimeric antibodies were transiently 
expressed in Chinese hamster ovary (CHO) cells, purified 
using protein A affinity chromatography as shown in 
Figure 2a, and further characterized by enzyme-linked immu
nosorbent assay (ELISA) (Figure 2b). The mAbs reacted with 
BSA-para-AmFenHap in an ELISA, but did not react with 
BSA-SM(PEG)2.

e1991552-2 B. BAN ET AL.



Figure 1. Description of immunogen and experimental strategy. a) Design of the fentanyl vaccine that was used to immunize mice. The immunogen is composed of 
tetanus toxoid (TT) carrier protein conjugated to the para-AmFenHap hapten through the NHS-PEG2-maleimide linker. b) Experimental strategy to generate the chimeric 
mAb described in this study. The constant IgG domains in the chimeric mAbs originated from human IgG while the variable domains were from mouse.

Figure 2. Characterization of purified mAb. a) SDS-PAGE analysis of purified anti-fentanyl chimeric antibodies. Purification of anti-fentanyl antibodies using protein 
A affinity chromatography. Lane M represents molecular marker, lane 1 represents P1B6H7 Ab under reduced condition, and lane 2 represents P1C3H9 Ab under 
reduced condition, respectively. Lanes 3 and 4 represent P1B6H7 and P1C3H9 Abs under non-reducing condition, respectively. HC indicates heavy chain and LC 
indicates light chain. b) Confirmatory ELISA of chimeric version of anti-fentanyl antibodies derived from hybridomas.
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Drug binding and cross-reactivity

We assessed whether the mAb candidates are able to sequester 
fentanyl and analogs in vitro using equilibrium dialysis-liquid 
chromatography-tandem mass spectrometry (ED-LC-MS 
/MS).37 Both mAb candidates P1C3H9 and P1B6H7 effectively 
bound fentanyl at 6.7 nM concentration of either mAb 
(Figure 3a). The 50% fractional bound fentanyl were at 
1:3200 dilution of the stock, corresponding to ~ 0.2 nM mAb. 
The antibody-drug dissociation constants (Kd) were in the 
nanomolar range (Table 1). We also tested other fentanyl 
analogs acryl fentanyl, cyclopropyl fentanyl, and furanyl fenta
nyl, and obtained a similar trend using their respective EC50 
values (Figure 3b-d). The EC50 corresponds to the mAb con
centration that effectively bound 50% of the drug used in the 
assay. A low EC50 suggests a relatively higher affinity to the 
assayed drug.

To determine if recombinant antibodies are cross-reactive 
with drugs used for OUD therapy, we tested the binding 
against methadone, naltrexone, buprenorphine, and naloxone 
using ED-LC-MS/MS.37 Results showed that neither mAb had 
significant binding to these four drugs (fraction bound <0.25) 
(Figure 3e-h).

Molecular modeling of the antigen-binding domain of 
anti-fentanyl mAb

We next investigated the molecular interactions of fentanyl 
with the two mAb candidates in silico. Sequence alignment 
for P1B6H7 and P1C3H9 antibody variable regions shows the 
heavy chains are 42% identical and light chains are 52.47% 
identical, respectively. The homologues modeling structures of 
the murine P1B6H7 and P1C3H9 (IgG1/κ) antigen-binding 
domains were generated using the Chemical Computing 
Group MOE software.

The canonical structure designation of the complementar
ity-determining regions (CDR) loops was based upon the 
length of the loops and the presence of key residues at specific 
locations in the antibody sequence. The structural alignment 
(Figure 4a) clearly indicated that the structure of these anti
bodies does not perfectly overlap, and structural differences are 
in the loop regions, including CDRs. LCDR1 in P1C3H9 is 5 
residues longer than its counterpart in P1B6H7 (Table 2). The 
two antibodies bind the fentanyl ligand in dramatically differ
ent modes (Fig. S1). The energy of the final model was deter
mined to be −3,546.84 kJ/mol for P1B6H7 and −3,816.92 kJ/ 
mol for P1C3H9, for the fully minimized energy structures, 
and the root-mean-square deviation (RMSD) between the fully 
minimized structure and the initial model was 0.27 Å using all 
backbone atoms. In P1B6H7, the binding site was almost 
completely buried with the tip of its benzyl moiety facing 
solvent. In P1C3H9, the binding site was a groove, and it 
appears to rely on overall surface complementarity. The ligand 
interacting residues for the loops shown in Figure 4(b,c) are 
summarized in Table S5.

While all CDR loops are involved in forming the binding 
site of P1B6H7 antibody (Figure 4b), only five CDR loops are 
involved in formation the binding site of P1C3H9 (Figure 4c), 
with CDRL2 providing no direct contact to the ligand. The 

molecular structures of the fentanyl ligands bound to the two 
antibodies are remarkably similar (RMSD value 0.631 Å). 
A cationic ligand was involved in cation–π interactions with 
the antibody aromatic side chain, which may increase its 
binding affinity. The typical nonpolar hydrogen–π interac
tions are the interactions between hydrogen atoms, attached 
to carbon atoms, and the conjugate π-systems. In the case of 
P1B6H7, an aspartic acid (Asp H101) residue of the carboxyl 
group interacted with the carbon 1 position of fentanyl using 
a hydrogen donor. Fentanyl ligand’s first nitrogen atom inter
acts with the π-cloud of the aromatic ring of tyrosine (Tyr 
L91) in a cationic-π interaction, as do the fentanyl ligand’s 
carbon 2 and 4 (C4 and C8) hydrogen atoms interaction Tyr 
L91 as shown Figure 4d and Fig. S2. In the case of P1C3H9, 
fentanyl ligand’s nitrogen atom interacts with the π-cloud of 
the aromatic ring of tyrosine (Tyr H102c) in cationic-π inter
action. The fentanyl ligand’s carbon 4 (C4) hydrogen atom 
interacts with the π-cloud of the aromatic ring of tyrosine 
(Tyr H102I) through nonpolar hydrogen–π interaction. 
Similarly, fentanyl ligand’s aromatic ring π-cloud interacts 
with Tyr H102I carbon’s hydrogen and hydroxyl (OH) group 
through nonpolar π-hydrogen interaction, as shown in 
Figure 4e and Fig. S2.

Efficacy assessment and fentanyl biodistribution in vivo

The efficacy of CHO-cell produced and purified mAbs was 
assessed using tail immersion after a single fentanyl challenge 
dose (0.1 mg/kg, subcutaneous (s.c.)). We found that mice 
intravenously (i.v.) administered 1.0 mg of either mAb were 
significantly protected against fentanyl-induced antinocicep
tion as measured using a tail immersion assay 15 mins post- 
fentanyl dosing (Figure 5). The control group exhibited the 
antinociceptive effects of fentanyl administration.

Immediately after the antinociception test, blood and brain 
were collected for fentanyl analysis using LC-MS/MS. In mice 
administered mAbs P1B6H7 and P1C3H9, fentanyl levels in 
the blood were significantly higher (by ~20-fold) compared to 
control (Figure 6a). An opposite trend was observed in the 
brain (Figure 6b), where the mAb recipients had significantly 
lower (~3-fold) fentanyl concentration in the brain compared 
to controls.

Discussion

Pragmatic approaches are needed to mitigate OUD, particu
larly in the context of fentanyl abuse and overdose. Our 
research has addressed this public health burden by identifying 
anti-fentanyl mAbs that can neutralize both fentanyl and some 
of its highly potent analogs, and block fentanyl activity in 
a preclinical model. In particular, we generated chimeric 
mAbs P1C3H9 and P1B6H7 and determined that 1) these 
mAbs bound fentanyl and fentanyl analogs (cyclopropyl fenta
nyl, acryl fentanyl, and furanyl fentanyl), but not drugs used for 
opioid abuse therapy (naloxone, naltrexone, methadone, or 
buprenorphine); 2) passive immunization protected mice 
from antinociceptive effects of fentanyl; and 3) both mAbs 
effectively sequestered fentanyl in the blood and prevented 
access to the brain.

e1991552-4 B. BAN ET AL.



Figure 3. Specificity and cross-reactivity of mAb. Stock mAb solutions in PBS (1.0 mg/mL) were diluted with a buffer that contained 5 nM of indicated drugs and dialyzed 
against buffer in an equilibrium dialysis plate. Drug concentrations in the sample and buffer chambers were determined after 24 h, and fraction bound was calculated. a) 
fentanyl, b) acryl fentanyl, c) cyclopropyl fentanyl, d) furanyl fentanyl, e) buprenorphine, f) methadone, g) naloxone, h) naltrexone. Data shown are mean ± std dev of 
triplicate measurements. Red: mAb P1C3H9, Blue: mAb P1B6H7.
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This study is the first report on chimeric mAbs that target 
fentanyl and its analogs. Opioid-targeting murine mAbs have 
been previously reported and found efficacious in animal 
models.32,33,39 In our work, the clones P1C3H9 and P1B6H7 
were formed by the human constant domains and mouse 

variable domains. Mouse mAbs are not ideally suited for clin
ical use because they are typically immunogenic. Thus, human 
patients may generate antibodies that neutralize the mouse 
mAbs, making chronic antibody treatment ineffective. MAbs 
that contain human sequence, such as chimeric, humanized, or 
fully human mAbs, are more desirable for therapeutic 
purposes.

In silico molecular docking showed that the binding sites of 
these two antibodies have strikingly different topologies. As 
expected for a small antigen, the P1B6H7 binding site is a deep 
pocket that buries most of the ligand surface upon interaction. 
The fentanyl binding site of P1C3H9 can be described rather as 
a shallow depression on the protein surface, a topology that is 
considered to be more appropriate for larger antigens such as 
peptides. This change in binding site topology is due to con
formational rearrangements of CDR loops and can therefore be 
directly attributed to their sequence differences.

The drastic difference in the overall topology of binding 
sites (pocket versus groove) allows P1B6H7 to bury a larger 
part of the ligand. This energetic deficiency due to electrostatic 

Table 1. Antibody-drug dissociation constants (Kd) of chimeric mAb.

Drug target

Antibody affinity (Kd), nM

P1C3H9 P1B6H7

Fentanyl 0.15 ± 0.03 1.28 ± 0.12

Table 2. Amino acid sequences were deduced from DNA sequences and CDRs 
were selected as described in Kabat database.

P1C3H9 P1B6H7

Light chain CDR1 KASQNVGNNVA RSSKSLLHRNGITYLY
CDR2 SASYRYS QMSNLAS
CDR3 QQYNSYPFT AQNLELPWT

Heavy chain CDR1 SSVMH SGYWN
CDR2 NINPYNDGTKYNEKFKG YISYSGSTYYNPSLKS
CDR3 EGIYYGSSYRDY YPYNGHNGYLDY

Figure 4. Molecular modeling of mAbs and their interaction with the fentanyl ligand. a) Predicted 3-dimensional (3D) structures alignment of the variable domain of 
antibodies B6H7 and C3H9 single-chain variable fragments (scFvs) with a comparison of the binding pockets. P1B6H7 is yellow (VL) and dark red (VH). P1C3H9 is purple 
(VL) and green (VH). The CDRs are indicated using arrow mark, LCDR represents for light chain and HCDR represents for heavy chain, respectively. b) The residues 
forming binding sites with fentanyl ligand (gray black) of antibodies: P1B6H7 and P1C3H9. The elements of specific protein-ligand interactions are shown. The key 
residues of mAbs interact with fentanyl ligand are shown in red.
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interactions in the P1C3H9-fentanyl complex is compensated 
by a stacking interaction between the fentanyl phenyl ring 
motifs and tyrosine (Tyr H102I), the interaction lacking in the 
P1B6H7-antibody complex. This compensation lowers the 
binding energy levels (Table S6), directly from the electrostatic 
interaction between π-electron clouds and from improved van 
der Waals interactions between protein and piperidine and 
phenyl moieties of the fentanyl ligand. Both antibodies use 
water-mediated hydrogen bonding and cation–π interaction 
between the nitrogen atom of fentanyl and a nearby tyrosine 
residues in both antibodies, and these should contribute 
equally to their binding affinity. It is important to note that 
in each case the interactions are with different parts of the 
antibody and that this does not appear to relate to activity or 
efficacy. One interesting conclusion drawn from our analysis of 
the two binding sites is that hydrophobic interactions contri
bute similarly to their respective binding affinities.

It is well understood that protein–protein recognition may be 
achieved in diverse ways, because of the vast number of possible 
epitopes in large antigens. It is also well understood that protein– 
protein recognition sites are large enough to provide high affinity 
via various sets of interactions. It is expected, however, that for 
progressively smaller ligands recognition may converge to 
a unique mode because the binding site must encompass the entire 
ligand and the number of potential antigenic determinants is 
reduced. Hence, the conclusion may be drawn that even small 

ligands that have a limited number of recognition determinants 
can bind to structurally diverse binding sites with comparable 
affinities.

Our mAb candidates bound to fentanyl and analogs with high 
affinity. We measured the affinities of P1C3H9 and P1B6H7 using 
ED-LC-MS/MS and found that the fentanyl Kd values (0.15 ± 0.03 
and 1.28 ± 0.12 nM, respectively) are similar to the competitive 
IC50 of the lead 6A4 mAb reported by Smith et al.32 that had 
~10−11 M affinity and the mAb HY4-1F9 clone reported by Baehr 
et al.,33 which had <2 nM. These affinity values, however, cannot 
be directly compared because different techniques were used to 
measure them. Nevertheless, the mAb candidates have been 
shown to bind tightly to target drugs. Strong binding mAb are 
desirable because they can be given at lower doses and still 
abrogate opioid effects.33 Both mAb P1C3H9 and P1B6H7 cross- 
reacted with potent fentanyl analogs acryl fentanyl, cyclopropyl 
fentanyl, and furanyl fentanyl, which have modifications at the 
N-acyl moiety (Figure 3a-d). These analogs have similar or at least 
three-fold higher potency than fentanyl and have been found in 
postmortem specimens from opioid overdose victims.40–43

It is important that candidate therapeutics do not impede 
existing medications to OUD. The mAb candidates described 
here are not cross-reactive with OUD medications. Using ED- 
LC-MS/MS, we showed that mAb P1C3H9 and P1B6H7 did not 
bind methadone, buprenorphine, naloxone, and naltrexone 
(Figure 3e-h). These findings are not surprising because the 

Figure 5. Effect of mAb on the fentanyl-induced antinociception. Mice (n = 5–7/group) were immunized with 1.0 mg of indicated mAb (i.v.) and challenged with 0.1 mg/ 
kg fentanyl (s.c.). Controls did not receive mAb. Antinociception was measured 15 mins post-fentanyl using a tail immersion test. The percentage maximum possible 
effect (%MPE) was calculated as the posttest latency minus the pretest latency divided by the maximum time (10 seconds) minus the pretest latency times 100. Data 
shown are mean ± s.e.m. Statistical analysis used ordinary one-way ANOVA with Bonferroni correction for multiple comparisons. * p < .001, ** p < .01. Red: mAb P1C3H9, 
Blue: mAb P1B6H7, Black: Control.
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chemical structure of these drugs and the hapten used in the TT- 
para-AmFenHap vaccine are vastly different (Fig. S3).37 In the 
active immunization model, mice antisera also did not cross-react 
to these drugs.37 These results suggested that the mAbs presented 
here could be used in tandem with OUD medications for patients 
who are actively seeking therapy.

The mAb candidates protected mice from the antinociceptive 
effects of fentanyl. Mice that received 1.0 mg of the mAb P1C3H9 
and P1B6H7 (~40 mg/kg, i.v., 25 g mouse) 15 mins before chal
lenge with 0.1 mg/kg fentanyl (s.c.) had significantly reduced 
antinociception than unimmunized control as measured using 
a tail immersion test. This test, which evaluates spinal reflex, is 
one of the standards used to assess the antinociceptive effects of 
opioids.37,44,45 Previous works have used intraperitoneal (i.p.) 
administration of mAb and s.c. drug challenges.33 Typical protec
tive mAb doses ranges from 30 to 120 mg/kg, with higher affinity 
mAb requiring lower dosing.32,33 A sublethal fentanyl challenge 
dose of 0.1 mg/kg is typically used in mouse models.33,37,46

Predominantly, immunotherapeutics to drugs of abuse are 
believed to work by complexing the drugs in the periphery and 
preventing their access to the brain. We attempted to investigate 
this mechanism by challenging mice with fentanyl and quantify 
fentanyl concentrations in blood and brain. After the fentanyl 
challenge dose and antinociception measurement, mice were 
sacrificed, and blood and brain samples were immediately col
lected for fentanyl analysis. The mAb candidates altered the bio
distribution of fentanyl in mice. We found that the fentanyl 
concentration in the blood is higher than in the brain for mice 
that received the mAbs. This result suggests that fentanyl has been 
effectively sequestered in the blood and has in effect been blocked 
from reaching the brain. The reverse is true for mice that did not 
receive the mAbs: fentanyl concentration was higher in the brain 
than in the blood. These observations are consistent with our 
equilibrium dialysis experiments where these mAbs were found 
to bind the drugs in vitro (Figure 3). As such, it is prudent to 
assume that mAbs have complexed the drugs in the blood and 
prevented their access to the brain. Undoubtedly, much is needed 
to be learned on the mechanism of action of immunotherapeutics 
to drugs of abuse, a subject that remains a rich area for future 
research. This retention of fentanyl occurs because the mAb 
circulating in the periphery bind and trap free fentanyl immedi
ately following s.c. administration. The blood–brain biodistribu
tion measurements agree with the findings from the tail- 
immersion assay. Mice that had reduced fentanyl concentration 
in the brain and increased concentration in the blood had lower % 
Maximum Possible Effect (%MPE) compared to controls. 
Previous reports from the groups of Janda26,32 and Pravetoni33,46 

on the analysis of fentanyl in blood and brain from either actively 
or passively immunized mice gave comparable results. In our 
study, mice were challenged with 0.1 mg/kg (s.c.) fentanyl. Mice 
are typically less sensitive to opioids compared to humans. The 
documented lethal dose for mice was ~ 4 mg/kg, while it is 
~0.03 mg/kg in humans (~ 2 mg, 70 kg average human). Our 
study revealed that in vivo, a 1 mg i.v. dose of mAbs (~40 mg/kg, 
25 g mouse) could bind and prevent 1/3 of the 0.1 mg/kg fentanyl 
from reaching the brain. In a real-word scenario where humans 
receive ~2 mg of fentanyl, and assuming other factors remain 
constant, a dose of ~40 mg/kg of mAb given prophylactically 
could prevent fatal overdose. The purpose of the mAbs is to act 
as a prophylactic and not an antidote to overdose in patients who 
relapse. Previous works from the groups of Janda26,32 and 
Pravetoni33,46 also tested the mAbs and vaccines as prophylactics 
rather than as antidotes. Fundamentally, it would be interesting to 
see the efficacy of these mAbs when considered as an antidote. 
Taken together, the data presented in this study indicate that 
mAbs P1B6H7 and P1C3H9 are highly effective in an in vivo 
mouse model and warrant further clinical development.

Materials and methods

Materials

Centricon filters were purchased from Amicon (Beverly, MA). 
Super Blue TMB Microwell Substrate was a product of KPL 
(Gaithersburg, MD). Microwell plates for ELISA (high- 
binding, flat bottom) and standard tissue culture plastic were 
purchased from Corning/Costar (Cambridge, MA). Ultralink 

Figure 6. Blood-brain distribution of fentanyl in mice. Mice (n = 5/group) were 
immunized with 1.0 mg of indicated mAb (i.v.) and challenged with 0.1 mg/kg 
fentanyl (s.c.). Controls (black bars) did not receive mAb. Mice were sacrificed and 
blood and brain were collected for fentanyl measurements using LC-MS/MS. Data 
shown are mean ± std dev. Statistical analysis used ordinary one-way ANOVA with 
Bonferroni correction for multiple comparisons. ** p < .001, *** p < .0001. Red: 
mAb P1C3H9, Blue: mAb P1B6H7.
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Bio-support beads (50–80 µm diameters) for equilibrium bind
ing studies were purchased from SapidyneInc (Boise, ID). 
Horseradish peroxidase-labeled goat anti-human IgG were 
purchased from Jackson ImmunoResearch Laboratories 
(Catalog; AB_2337577, West Grove, PA). Fetal bovine serum 
(FBS) (low IgG) was from Hyclone Laboratories (Logan, UT). 
HEPES-buffered saline (HBS, 137 mM NaCl, 3 mM KCl, 
10 mM HEPES, pH 7.4) was prepared using reagents from 
Fisher Scientific (Pittsburgh, PA). L-glutamine (Catalog; 
25030149), Penicillin-Streptomycin (Catalog; 15140122) from 
Fisher Scientific, Pittsburgh, PA), and bovine serum albumin 
(BSA) (fraction V, metal-free (Catalog; 10735094001) from 
Sigma Aldrich Inc St. Louis, MO 68178.

Cell lines

The P1B6H7 and P1C3H9 hybridomas were grown in Dulbecco’s 
Modified Eagle’s Medium (DMEM) (Gibco BRL, USA) supple
mented with 10% (v/v) FBS (Gibco BRL, USA), 100 U/ml peni
cillin (Gibco BRL, USA) and 100 μg/mL streptomycin (Gibco 
BRL). ExpiCHO-S cells used for transient expression of antibody 
were obtained from Thermo Fisher Scientific (Waltham, MA) and 
cultured according to the manufacturer’s protocol.

Immunizations and hybridoma generation

All animal studies were conducted under an approved animal 
use protocol in an Association for Assessment and Accreditation 
of Laboratory Animal Care International-accredited facility in 
compliance with the Animal Welfare Act and other federal 
statutes and regulations relating to animals. Experiments invol
ving animals adhered to the principles stated in the Guide for the 
Care and Use of Laboratory Animals, 8th edition.47 A previously 
described vaccine composed of a fentanyl hapten conjugated to 
tetanus toxoid (TT-para-AmFenHap) and adjuvanted with lipo
somes containing monophosphoryl lipid A adsorbed on alumi
num hydroxide was used to immunize mice.37 Female BALB/c 
mice (n = 10 per group) were immunized intramuscularly (i.m.) 
on weeks 0, 3, 6, and 14 using 50 μL of the vaccine formulation as 
described.37 This dose contained 10 μg of TT−para-AmFenHap 
(based on the protein content of the protein−hapten conjugate), 
20 μg of synthetic monophosphoryl 3-deacyl lipid A (3D- 
PHAD) in ALF43, and 30 μg of aluminum in aluminum hydro
xide (Alhydrogel) in DPBS pH 7.4. ALF43 contained DMPC/ 
DMPG/cholesterol/3D-PHAD at a molar ratio of 9:1:7.5:1.136; 
the molar ratio of phospholipids/3D-PHAD was 8.8:1.

Mice were boosted i.v. at week 38 with 10 μg TT-para- 
AmFenHap, 20 μg 3D-PHAD in ALF43, without Alhydrogel. 
Three days following the boost, mice were terminated, and 
spleens disaggregated into single-cell suspension in serum- 
containing culture media. B cells of the immunized mice were 
fused with nonproducing myeloma cells, namely X63Ag.653, 
using the ClonaCell-HY Hybridoma Kit (Stemcell 
Technologies). The fusion, selection and expansion were done 
following the experimental procedure of the kit. Once the fused 
hybridoma were appropriately expanded, the cells were selected 
based on the ability of cell culture media to bind BSA-para- 
AmFenHap in ELISA (Supplementary Figure S4) using the 

method described previously.37 The cells that bound in the 
assay were then selected and subcloned in HAT selection media 
to ensure that they were monoclonal. This resulted in two clones 
(P1B6H7 and P1C3H9) with isotype of mouse 1gG1 heavy chain 
and kappa light chain.

Generation of recombinant chimeric antibodies, 
production, and purification

Total RNA was extracted from P1B6H7 and P1C3H9 hybrido
mas cells using QIAGEN’s RNeasy Kit. cDNA was synthesized 
from RNA using SuperScript™ III First-Strand system for reverse 
transcription (RT)-PCR (Invitrogen CatLog: 8080051) according 
to the manufacturer’s protocol using oligo (dT) and random 
hexamer primers. The variable region sequences of heavy- 
chain and light-chain genes were amplified from the cDNA 
using primer sets (Supplementary Table S1). PCR reactions 
were performed in a volume of 50 µl with 4 µl cDNA using 
Phusion® High-Fidelity PCR master Mix with HF Buffer (New 
England BioLabs, Ipswich, MA). The PCR reactions were carried 
out for 35 cycles, using annealing temperature (Tm) 58 ± 2°C. 
The size of PCR products was verified by agarose gel electro
phoresis. All primers used in Ig gene-specific PCRs included 
restriction sites (AgeI and SalI for IgGH, AgeI and BsiWI for 
Igk), which allowed direct cloning into expression vectors con
taining the human IgGH, IGK constant regions, respectively. 
Ligation of PCR-amplified variable regions of the heavy and light 
chains of P1B6H7 and P1C3H9 antibodies were performed 
using In-Fusion® HD Eco-Dry™ Cloning Kit (Takara Bio USA) 
fused into linear human IgG1/kappa vectors, respectively. Each 
ligation reaction was used to transform 50 µL of One Shot™ 
TOP10 Chemically Competent E. coli (Thermo Fisher 
Scientific, Waltham, MA). The transformed single bacterial colo
nies were used to re-amplify and isolate plasmid DNA, and 
subsequently clones were sequenced by Sanger sequencing. 
The sequences were assembled and assessed for translation 
into functional polypeptides using SnapGene 5.0.7 software 
and were analyzed in IMGT-VQUEST. Amino acid sequences 
predicted from the nucleic acid sequence were numbered and 
designated CDRs of light and heavy chain of isolated immuno
globulin genes were defined using VBASE2.

ExpiCHO-S cell (Thermo Fisher Scientific) were used for 
recombinant antibody expression. Transfection reactions were 
carried out using both correct sequenced variable region of 
heavy- and light-chain plasmid DNA with a 1:1 ratio 1 μg plasmid 
per 1 mL culture using an ExpiFectamine™ CHO Transfection Kit 
(Catalog; A29129, Thermo Fisher Scientific) including other sup
ply reagents according to the manufacturer’s instructions. The 
transfected cells incubated for an additional 3–6 days, at which 
time the conditioned medium was collected as recombinant chi
meric antibodies (rchmAb) culture supernatant for analysis. The 
functionality of isolated VH/VL combination antibodies were 
validated by ELISA and Western analysis.

The chimeric IgG1/k antibodies were purified using 
a HiTrap™ MabSelect™ PrismA 5 mL column (Cytiva, Catalog; 
17549852, MA) according to the manufacturer’s protocol. 
Briefly, ExpiCHO-S cell culture supernatants were loaded on 
protein A agarose column to capture expressed IgG in the 
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medium, then washed with 20 mM sodium phosphate, 250 mM 
sodium chloride (NaCl), pH7.4, followed by an additional wash 
with 20 mM sodium phosphate, pH 7.4, before elution with 
100 mM sodium acetate, pH 3.5 and subsequently neutralized 
by 0.1 M Tris-HCl (pH 9.0). The purified IgG was further 
equilibrated in phosphate-buffered saline (PBS), pH 7.4 and 
concentrated using a Centricon centrifugal concentrator (30 
KD MW cutoff, Fisher Scientific) at 4°C. Levels of endotoxin in 
each batch of purified antibody were determined to be <1 EU/mg 
of antibody measured by a LAL chromogenic quantitation kit 
(Thermo Scientific). The purified mAbs were subjected to 
matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry to determine molecular weight homogeneity and 
the presence of contaminating proteins (Supplementary Figure 
S5). High performance-size exclusion chromatography was also 
performed to assess aggregation states of the mAbs. Negligible 
aggregation was observed in the purified P1B6H7 and P1C3H9 
that has been stored at −20°C for over 3 months of storage 
((Supplementary Figure S6).

Drug binding and antibody affinity analysis

Drug binding was measured using ED-LC-MS/MS as described 
previously.48 Briefly, mAbs were diluted with 0.05% BSA in 
DPBS, pH 7.4 (ED buffer) containing 5 nM of a drug. The 
following drugs were tested: fentanyl, cyclopropyl fentanyl, fur
anyl fentanyl, methadone, naloxone, buprenorphine, and metha
done. An aliquot (100 µL) was seeded into sample chambers of 
the ED plate and the buffer chamber was filled with 300 µL of 
ED buffer. The plate was incubated at 4°C and 300 rpm for 24 h 
in a thermomixer. Aliquots (90 µL) from sample and buffer 
chambers were pipetted out and analyzed by LC-MS/MS. The 
detailed LC-MS/MS method has been previously described37 and 
provided in Supplemental Methods (Tables S4 and S5).

Determination of Kd used competition ED as noted.48 

Briefly, mAb was diluted with 5 nM of isotopically labeled 
tracer drug (dx where x = 3 or 5 heavy isotopes) in ED buffer 
at a serum dilution that yielded 50% binding in the serum- 
binding experiments. The buffer chambers were filled with ED 
buffer that contains an increasing concentration of competitor 
drug (final concentration, 0 nM to 40 nM). Half maximal 
inhibitory concentration (EC50) was interpolated using four- 
parameter logistic curve (plot of % inhibition vs. concentration 
of competitive inhibitor). The % inhibition values were 
obtained using equation (3) and were used to calculate Kd.37

Molecular modeling of the antigen-binding domain of 
anti-fentanyl mAb

The homologues modeling structures of the murine antibodies 
(IgG1/k) P1B6H7 and P1C3H9 single-chain variable fragments 
were generated using Chemical Computing Group MOE soft
ware (Chemical Computing Group ULC, Montreal Canada) and 
models were visualized with the program PyMoL (Schrödinger 
Inc., New York, New York). To understand the molecular inter
action of fentanyl hapten ligand with the P1B6H7 and P1C3H9 
antibodies, MOE software was used to analyze antigen–antibody 
docking.49 The PDB structure of fentanyl ligand was obtained 
from the PubChem compound database. In this study, the 

fentanyl ligand affinity score was obtained when ligand binds 
to antibody paratope. Furthermore, rigid, and induced fit (flex
ible) dockings were performed using the MOE software package. 
In MOE, all antibody structures were subjected to energy mini
mization using the CHARMM force field, and docking was 
performed with the ‘Rigid Receptor’ and ‘Induced Fit’ docking 
protocols. The docking was performed using the ‘Triangle 
Matcher’ placement method, which is the most efficient method 
for well-defined binding sites. All conformations per ligand were 
scored using the ‘London dG’ scoring function, submitted to 
a refinement step based on molecular mechanics and rescored 
with the ‘GBVI/WSA dG’ scoring function. GBVI/WSA dG, 
a force field-based scoring function, determines the binding 
free energy (kcal/mol) of the ligand from a given pose. In this 
study, the rotamer explorer RMSD limit was set to 2.0 Å, energy 
window to 4 kcal/mol and residues farther than 4.5 Å were kept 
fixed, and 10 ligand binding poses were ranked according to 
their CDOCKER energies. The electrostatic density of P1B6H7 
and P1C3H9 antibodies and the binding pockets were predi
cated and visualized with the program MOE software. To predict 
the most critical binding contacts between the P1B6H7 and 
P1C3H9 antibodies and fentanyl ligand, Chemical Computing 
Group MOE software was used as described software method.49

Passive transfer experiments in mice

Female BALB/c mice, 6–7 weeks of age received 1.0 mg of each 
test mAb by i.v. injection in the tail vein. Mice in the control 
group received saline. Thirty minutes after test mAb adminis
tration, animals received an s.c. fentanyl (0.1 mg/kg) challenge 
dose. This route has been used previously to evaluate anti- 
fentanyl vaccines.26,46 Antinociceptive effects were assessed 
15 min after each fentanyl injection using tail immersion.44,50

The tail-immersion assay involved immersing the mouse 
tail in a water bath set at 54°C. The latency times were mea
sured with a cutoff time of 8 sec to prevent tail injury. 
Antinociception, measured as % Maximum Potential Effect 
(%MPE), was calculated using equation (1): 

%MPE ¼
Post fentanyl injection latency time � baseline latency time

Cutoff latency � baseline latency time
x100 (1) 

Analysis of fentanyl in blood and brain

The collected brain tissues were homogenized using 
a Benchmark Bead Bud 6 homogenizer. Samples were weighed 
in a tared 2 mL microcentrifuge tube with ceramic beads, then 
diluted with 2:1 ratio 1xDPBS. The tubes were then mixed at 
6 m/s for 30 seconds, with a 30 second pause between each of 
the 3 cycles. The tubes were then transferred to a standard 
benchtop centrifuge and spun at 500 xg for 2 minutes, and 
homogenized brain samples were aspirated into clean 2 mL 
microcentrifuge tubes. Blood samples were prepared by stan
dard benchtop centrifugation at 3100 xg for 3 minutes, and the 
resulting supernatant transferred to a new tube.

Samples were spiked with 10 µL of fentanyl-d5 internal 
standard (100 ng/mL in methanol). Next, 100 μL of the respec
tive samples were combined with LC-MS grade acetonitrile 
(3:1, vol:vol) and spun down at 9300 xg for 10 minutes at 
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4°C. Following centrifugation, the supernatant was collected in 
18 × 150 mm glass tubes, and dried with nitrogen gas or air at 
40–50°C. Samples were then reconstituted with 200 μL 1xDPBS 
and rapidly vortexed. Potential high abundant interferents in 
the sample such as phospholipids were eliminated using solid- 
phase extraction. Samples were applied to Bond Elute Plexa 
PCX cartridge and eluted by a fresh mixture of acetonitrile and 
ammonium hydroxide (95:5, vol:vol). The eluate was dried and 
reconstituted in100 μL of 10 mM ammonium formate with 
0.1% formic acid for LC-MS/MS analysis.

The resulting samples were then analyzed using a Waters 
Acquity UPLC system with Tandem Quadrupole Detector as 
previously described.37 The detailed method is provided in 
Tables S4 and S5. The samples were run under the column 
conditions ACQUITY HSS T3, 2.1 × 100 mm, 1.8 μm at 65°C. 
The strong and weak wash were 90% acetonitrile in water and 
10% methanol in water, respectively. The following mobile 
phases were used: Mobile phase A (10 mM ammonium for
mate with 0.1% formic acid) and mobile phase B (methanol 
with 0.1% formic acid). The instrument ran at a flow rate of 
500 μL/ minute, and injection volume of 10 μL, and 8.0 minutes 
per sample. Internal standard technique was used for quantifi
cation. The limit of quantification was 0.25 ng/mL fentanyl.

Data analysis

GraphPad Prism 8 (GraphPad Software, La Jolla, CA) was used 
for all statistical analyses and graphing of data. Ordinary one- 
way ANOVA with Bonferroni correction for multiple compar
isons was used for statistical analysis of the blood–brain fentanyl 
distribution data. Differences were considered significant if 
p ≤ 0.05. All values represent the mean ± standard error of the 
mean (SEM).
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