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Alum adjuvant is more effective than MF59 at prompting early germinal center
formation in response to peptide-protein conjugates and enhancing efficacy of
a vaccine against opioid use disorders
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ABSTRACT
Opioid use disorders (OUD) and fatal overdoses are a national emergency in the United States.
Therapeutic vaccines offer a promising strategy to treat OUD and reduce the incidence of overdose.
Immunization with opioid-based haptens conjugated to immunogenic carriers elicits opioid-specific
antibodies that block opioid distribution to the brain and reduce opioid-induced behavior and toxicity
in pre-clinical models. This study tested whether the efficacy of a lead oxycodone conjugate vaccine was
improved by formulation in either aluminum hydroxide or the squalene-based oil-in-water emulsion
MF59 adjuvant, which was recently FDA-approved for influenza vaccines in subjects 65+ years old. In
adult BALB/c mice, alum formulation was more effective than MF59 at promoting the early expansion of
hapten-specific B cells and the production of oxycodone-specific serum IgG antibodies, as well as
blocking oxycodone distribution to the brain and oxycodone-induced motor activity. Alum was also
more effective than MF59 at promoting early differentiation of peptide-specific MHCII-restricted CD4+

Tfh and GC-Tfh cells in adult C57Bl/6 mice immunized with a model peptide-protein conjugate. In
contrast, alum and MF59 were equally effective in promoting hapten-specific B cells and peptide-specific
MHCII-restricted CD4+ T cell differentiation in older C57Bl/6 mice. These data suggest that alum is
a more effective adjuvant than MF59 for conjugate vaccines targeting synthetic small molecule haptens
or peptide antigens in adult, but not aged, mice.
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Introduction

Opioid use disorders (OUD) affect over 2 million people in
the United States, and caused over 50,000 deaths in 2016.
Treatment and other societal impacts of OUD cost the US
an estimated $78 billion per year.1 Therapeutic vaccines
against OUD offer a viable treatment option that can be
combined with current medications to improve clinical out-
comes and potentially prevent fatal overdoses. The pre-
clinical efficacy of vaccines against heroin and prescription
opioids depends upon generating opioid-specific antibodies
that selectively reduce opioid distribution to the brain, opioid-
induced behavior, and toxicity associated with fatal overdoses
in mice, rats and non-human primates.2–9 In immunized rats,
greater vaccine efficacy correlated with higher individual
opioid-specific serum IgG antibody titers.2,10 In immunized
mice, vaccine efficacy correlated with the frequency of naïve
and early activated hapten-specific B cells and carrier-specific
T cells, as well as the formation of germinal centers (GC) in
secondary lymphoid organs – an essential component of the
adaptive immune response to vaccines.11–13 Vaccine efficacy
against oxycodone required intact T cell signaling.11,14

Vaccine efficacy against oxycodone also correlated with spe-
cific patterns of oxycodone-specific serum IgG subclasses dis-
tribution, characterized by elevated IgG2a in wild-type mice
immunized with an oxycodone vaccine combined with
a neutralizing anti-IL-4 monoclonal antibody, or in IL-4
knockout mice immunized with the same oxycodone
vaccine.15 A better understanding of the immunological
mechanisms underlying efficacy of addiction vaccines will
provide a blueprint for development of more effective immu-
nization strategies against opioids and other drugs of abuse.

In contrast to live attenuated vaccines, subunit or conju-
gate vaccines often require the use of an adjuvant to achieve
optimal efficacy against the target antigen. Adjuvants enhance
vaccine efficacy through recruitment of antigen presenting
cells, and subsequent activation of antigen-specific T and
B cells processes underlying generation of high affinity
antibodies.16–19 Aluminum hydroxide (alum), the most com-
monly used vaccine adjuvant, promotes a Th2-polarized
response in mice,20 and a more balanced Th1 and Th2
response in humans.21 Few alternatives to alum-based adju-
vants have been approved by the FDA and the European
Medical Agency (EMA), such as the TLR4 agonist

CONTACT Marco Pravetoni prave001@umn.edu Department of Pharmacology, University of Minnesota, Minneapolis, USA
Supplemental data for this article can be found on the publisher’s website.

HUMAN VACCINES & IMMUNOTHERAPEUTICS
2019, VOL. 15, NO. 4, 909–917
https://doi.org/10.1080/21645515.2018.1558697

© 2019 Taylor & Francis Group, LLC

http://orcid.org/0000-0002-3395-6776
http://orcid.org/0000-0003-3041-4733
http://orcid.org/0000-0003-1036-0184
https://doi.org/10.1080/21645515.2018.1558697
https://crossmark.crossref.org/dialog/?doi=10.1080/21645515.2018.1558697&domain=pdf&date_stamp=2019-04-25


monophosphoryl lipid A (MPLA) and the TLR9 agonist
CpG,13,17 either formulated alone or in combination with
alum. As novel adjuvants become available or approved, it is
of interest to test them in combination with candidate vac-
cines to optimize their efficacy.

Influenza vaccine formulations containing the squalene-based
oil-in-water emulsion MF59 have been recently FDA-approved
for use in patients over 65 years old. The MF59-containing for-
mulation elicits protective antibody responses against influenza in
patients ranging from 6 months to over 65 years of age.22–24 Pre-
clinical studies have shown that MF59 elicits GC formation,25

increases GC-Tfh differentiation,26 and may be more effective
than alum in mice.25,27,28 These studies supported testing whether
use of the newly-approvedMF59 adjuvant increases the efficacy of
a candidate vaccine against oxycodone, one of themost commonly
abused prescription opioids in the United States, which consists of
an oxycodone-based hapten (OXY) conjugated to the keyhole
limpet hemocyanin (KLH) carrier protein (OXY-KLH).2–4

Additionally, because an MF59-containing vaccine is approved
for use in patients over 65 years, we also considered whether the
efficacy of MF59-adjuvanted vaccines may be age-dependent and
whether adjuvant choice should take in account the age of the
target population. For instance, individuals 55 and older
accounted for an estimated 40% of opioid-related hospitalizations
in 2015.29

This study first tested whether the OXY-KLH vaccine for-
mulated either in MF59 or in alum was effective in inducing
oxycodone-specific IgG antibodies that blocked oxycodone
distribution to the brain and oxycodone-induced motor activ-
ity in mice. The study further characterized hapten-specific
B cell population subsets over time in BALB/c mice immu-
nized with OXY-KLH formulated either in MF59 or alum.
Then, the study focused on characterization of peptide-
specific MHCII-restricted CD4+ T cell populations subsets
over time in C57Bl/6 mice immunized with a model protein-
peptide conjugate vaccine formulated in either alum or MF59.
Finally, both hapten-specific B cell and peptide-specific
MHCII-restricted CD4+ T cell population subsets were char-
acterized in aged BALB/c and C57Bl/6 mice immunized with
either OXY-KLH or the peptide-protein conjugate immuno-
gen. In this study, a candidate vaccine for OUD was more
effective when formulated in alum adjuvant rather than
MF59. Furthermore, results suggest that alum-containing vac-
cine formulations are more effective than MF59-formulated
vaccines for triggering early, but not late, GC formation and
B and T cell differentiation in mice.

Results

OXY-KLH formulated in alum is more effective than MF59
for blocking oxycodone distribution to the brain and
oxycodone-induced motor activity

To determine whether formulation of an oxycodone vaccine
in alum or MF59 adjuvants increased efficacy against oxyco-
done, mice were immunized with the candidate vaccine OXY-
KLH formulated in either 2% alum or 50% MF59. These
formulations were selected based on previous studies of OXY-
KLH adsorbed on alum,3,11–13 and per manufacturer

recommended dosage in the case of MF59. Control mice
were immunized with unconjugated KLH formulated in
alum. Immunized mice were tested for oxycodone-specific
serum IgG antibody titers and their efficacy in blocking oxy-
codone distribution to the brain, as well as oxycodone-
induced locomotor activity, which is a behavioral effect asso-
ciated with rewarding effects of opioids.

Oxycodone-specific serum IgG antibody titers were signif-
icantly higher in mice immunized with OXY-KLH formulated
in alum as compared to OXY-KLH formulated in MF59, and
both adjuvants showed a large increase in antibody titers as
compared to the unconjugated KLH control (Figure 1(a)).
Mice immunized with KLH, OXY-KLH plus alum, or OXY-
KLH plus MF59 were subsequently challenged with 5 mg/kg
oxycodone and monitored for changes in motor activity
(Figure 1(b-c)). As anticipated, vaccination with OXY-KLH
formulated with alum was effective at preventing oxycodone-
induced motor activity compared to the KLH control group.
By contrast, OXY-KLH formulated with MF59 was not effec-
tive in reducing oxycodone behavioral effects compared to
KLH. In an independent experiment, immunized mice were
challenged with 2.25 mg/kg oxycodone a week after the last
vaccination to test for vaccine efficacy in blocking oxycodone
distribution to the brain (Figure 1(d)). Mice immunized with
OXY-KLH formulated in alum showed a statistically signifi-
cant decrease in brain oxycodone concentration at 30 minutes
post-injection, whereas mice immunized with OXY-KLH for-
mulated in MF59 showed a smaller reduction in brain oxyco-
done concentration.

OXY-KLH formulated in alum or MF59 triggers equivalent
B cell expansion

To better understand the effect of alum andMF59 adjuvants on
the adaptive immune response underlying vaccine efficacy,
hapten-specific B cell population subsets were examined over
time in mice immunized with OXY-KLH. To this end, analysis
of OXY-specific B cells was performed by means of antigen-
based magnetic enrichment paired with multiparameter flow
cytometry.11,12 At 14 days post-immunization, mice immu-
nized with OXY-KLH in alum showed a substantially larger
number of Fc+ B cells as a proportion of total OXY-specific
B cells (Figure 1(e)). However, at 42 days post-immunization,
both the total number of oxycodone-specific B cells, and the
proportions of ASC, naïve and memory B cells, GC B cells, and
Fc+ cells, were not significantly different in the MF59 group as
compared to alum. These data suggest that the early expansion
of B cell subsets in mice immunized with alum may contribute
to the greater vaccine efficacy.

Alum is more effective than MF59 in generating early Tfh
and GC-Tfh cell responses to vaccination with a
peptide-protein conjugate

A 2W1S-based peptide:MHCII tetramer enrichment assay was
used to assess expansion of 2W1S:I-Ab-specific CD4+ T cells
as previously described.30 Mice were immunized with 2W1S
conjugated to SA-PE (2W1SSA-PE) formulated in alum or
MF59 on days 0, 14, and 28, and lymph nodes and spleens
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Figure 1. Behavioral, pharmacokinetic, and B cell comparison of alum and MF59. BALB/c mice were immunized with oxycodone vaccine OXY-KLH plus alum,
OXY-KLH plus MF59, or a KLH control. (a) Mice were immunized on days 0, 14, 28, and 56, and OXY-specific IgG titers at 59 days were measured by ELISA (n = 7 per
group). (b-c) Mice were immunized on days 0, 14 and 28, and motor activity induced by 5 mg/kg oxycodone was recorded over 60 minutes post-injection on day 45
(n = 7 per group). (c) Cumulative motor activity as total distance travelled during the first 15 minutes post-injection. (d) Mice were immunized on days 0, 14 and 28
and challenged with 2.25 mg/kg oxycodone on day 35, and oxycodone concentrations in brain 30 minutes after oxycodone administration were measured by GC-MS.
(e) Mice were immunized on days 0, 14 and 28, and lymph nodes and spleens were collected at 14 or 42 days post-immunization (n = 5 per group). Total OXY-
specific B cells populations were analyzed by flow cytometry. Data are mean±SEM. *p < 0.05, **p < 0.001, **** p < 0.0001.
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were collected at intervals up to 100 days for analysis by flow
cytometry.

During the initial immunization phase, the total number
of 2W1S-Ab-specific CD4+ T cells increased in both groups,
then decreased by 42 days (Figure 2(a)). While the total
number of 2W1S:I-Ab-specific CD4+ T cells was similar in
the alum-treated and MF59-treated groups, the frequencies
of T follicular helper (Tfh) cells (Figure 2(b)) and germinal
center- Tfh (GC- Tfh) cells (Figure 2(c)) were significantly
higher in the alum-treated group at earlier time points. At
7 days after the first immunization, mice immunized with
2W1SSA-PE in alum showed larger populations of Tfh, GC-
Tfh, and Treg cells as subsets of 2W1S:I-Ab-specific CD4+

T cells (Figure 2(d)). However, at 14 days the size of these
T cell subsets was diminished, and beyond 14 days the T
cell profiles did not differ between the alum and MF59
groups. These results suggest that vaccines formulated
with alum induce a more robust early Tfh and GC-Tfh
immune response, whereas alum and MF59 induce equiva-
lent long-term T cell responses to conjugate vaccines.

MF59 is equivalent to alum for the vaccination of aged
mice

Because an MF59-adjuvanted influenza vaccine is approved for
use in elderly patients, we next performed flow cytometry analysis
of antigen-specific B and T cells in mice at the end of their
reproductive age (10 months old). Because the greatest difference
between adjuvants was observed at 7–14 days after a single immu-
nization, aged mice were immunized once with OXY-KLH for-
mulated in either alum or MF59, and flow cytometry was
performed 7 days post-immunization (Figure 3(a-b)). Whereas
young mice (6–7 weeks old) immunized with OXY-KLH in alum
showed a larger proportion of Fc+ B cells (Figure 1(e)), no sig-
nificant differences were observed among Fc+ cells or other sub-
sets of OXY-specific B cells (Figure 3(a))

Peptide-specific T cells were next evaluated in aged mice
immunized with 2W1SSA-PE formulated in either alum or
MF59. No significant differences were observed in aged
mice between the two adjuvants (Figure 3(b)). Total Tfh
and GC-Tfh cell numbers were equivalent between the two
experimental groups (data not shown), and the total 2W1S:
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I-Ab-specific CD4+ T cell population showed a near-
identical profile. This contrasted to the earlier time points
post-immunization in young adult mice, where Tfh and
GC-Tfh cell responses to alum were increased compared
to MF59. Taken together, these experiments indicated that
alum and MF59 adjuvants elicit similar B and T cell
responses in aged mice.

Discussion

Adjuvants are important components of most vaccine formu-
lations because of their role in boosting vaccine efficacy and
tailoring immune responses. The FDA recently approved the
use of the squalene-based oil-in-water emulsion MF59 in
influenza vaccines administered to elderly patients. Our goal
was to determine whether MF59 would provide a more effec-
tive adjuvant than alum for a candidate vaccine for OUD, and
whether there were differences between the two adjuvants in
eliciting antigen-specific B cells and CD4+ T cells in response
to hapten- or peptide-protein conjugate vaccines.

We first tested whether formulating an oxycodone vaccine
in either adjuvant would increase its efficacy in reducing
oxycodone distribution to the brain and attenuating oxyco-
done-induced behavioral changes using the well-characterized
locomotor activity test. We have previously shown that active
immunization with the oxycodone vaccine OXY-KLH
reduced oxycodone distribution to the brain in mice and
rats,2,3 and prevented oxycodone-induced behavior and toxi-
city associated with overdose.31 However, this is a first report
of using oxycodone-induced motor activity to select a lead
vaccine formulation. To date, OXY-KLH has been formulated

in alum, Freund’s, MPLA, and alum mixed with MPLA.13

Here, we hypothesized that MF59 would increase vaccine
efficacy compared to the well-established adjuvant alum.
Contrary to our expectations, oxycodone-specific serum IgG
antibody titers were higher in mice immunized with OXY-
KLH formulated in alum than mice immunized with OXY-
KLH formulated in MF59. The OXY-KLH vaccine formulated
in alum was also more effective in reducing oxycodone-
induced motor activity in mice challenged with 5 mg/kg
oxycodone. OXY-KLH in alum was also more effective at
reducing oxycodone distribution to the brain in mice chal-
lenged with 2.25 mg/kg oxycodone. These doses (2.25–5 mg/
kg) result in oxycodone plasma concentrations that are repre-
sentative of the range found in patients with OUD
(>50–150 ng/mL).32,33 Hence, a direct comparison of the
oxycodone vaccine formulated in either MF59 or alum
showed that alum is better at generating antibody levels that
are effective in blocking clinically relevant doses of
oxycodone.

It has been reported that MF59 increases B cell responses
to immunization compared to alum.25 In the context of active
immunization against opioids, this study found that mice
immunized with OXY-KLH in alum showed higher numbers
of hapten-specific B cells and more pronounced GC B cell
differentiation compared to MF59 (Supplemental Figure 2).
These results are consistent with the enhanced production of
oxycodone-specific serum IgG antibodies and greater vaccine
efficacy against oxycodone when OXY-KLH was formulated
in alum.

The finding that MF59 is not more effective than alum in
promoting GC B cell differentiation differs from previous
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studies.25,26 However, study design varies with respect to
antigen, immunization protocol, and immunological assays.
For instance, previous studies found a significant effect of
adjuvants on B cell responses in the lymph nodes closest to
the injection site, while proximal lymph nodes and spleen
showed no differences between groups.25 In the current
study, antigen-specific B cells were magnetically enriched
from individual mouse samples consisting of pooled lymph
nodes and spleen. While antigen-based magnetic enrichment
may provide a sensitive method to detect scarce antigen-
specific B cells in the total B cell repertoire, this method
does not provide anatomical resolution. Future studies will
benefit from integrating flow cytometric analysis of magneti-
cally enriched antigen-specific B cells with immunohisto-
chemistry assays to provide a more comprehensive analysis
of vaccine responses.

Here, MF59 was found to promote Tfh cell responses,
which is consistent with previous reports.26 Antigen-specific
CD4+ T cell population subsets were tracked over time in
a model consisting of mice immunized with a peptide-
protein conjugate paired with magnetic enrichment using
2W1S:I-Ab-MHCII tetramers and flow cytometry. Total
2W1S:I-Ab-specific CD4+ T cells were similar across both
groups at all time points. The two adjuvant groups did not
show significant differences in Tfh cells except at 20 days
post-immunization, where the percentage of Tfh cells was
higher in the alum than MF59 group. At earlier time points
(days 7 and 14), mice immunized with 2W1SSA-PE formulated
in alum showed higher GC-Tfh cells compared to formula-
tions with MF59. To our knowledge, this is the first study that
directly compares antigen-specific T cell responses to MF59
and a second vaccine formulation that includes a clinically-
approved adjuvant. Since MF59 was not significantly better
than alum in inducing adaptive immune responses against
small molecule haptens and peptides conjugated to carrier
proteins, perhaps use of MF59 should be limited to protein-
based or live-attenuated vaccines.

Since MF59 was recently FDA-approved for influenza vac-
cines in patients 65+ years old,34 MF59- and alum-adjuvanted
vaccines were compared in 9–10 months aged mice to test for
age-dependent differences in adaptive immune responses to
these vaccine formulations. Analysis of antigen-specific B and
T cell population subsets showed no differences in response to
vaccines formulated in either alum or MF59 adjuvants. These
data indicate that, in the context of peptide- and hapten-
protein conjugate vaccines, MF59 and alum adjuvants were
equally effective in mice. However, data from adult mice
suggested that alum is more effective than MF59 to achieve
optimal responses to opioid vaccines, and by extension other
synthetic or conjugate vaccines.

These conclusions should be examined in light of the limita-
tions of the study. First, while greater vaccine efficacy in the
younger mice was found after three immunizations with OXY-
KLH in alum, no statistically significant differences were found
in the antigen-specific B or T cell populations between the two
adjuvants at any time point later than 14 days after the first
immunization. It was previously found that the frequency of
early-activated hapten-specific B cell subsets, including GC
B cells, correlated with subsequent vaccine efficacy against

oxycodone and nicotine.11 It is possible that adjuvants’ effect
are limited to the early immune response to these vaccines, and
that the early-activated antigen-specific B and T cell subsets
shape and determine long-term vaccine efficacy against drugs
of abuse. Alternatively, it is conceivable that at 35 days post-
immunization and later, the immunological mechanisms that
give rise to the pharmacological differences in vaccine efficacy
are not detected by the methods used in this study. Additionally,
while early immunological differences between the two adju-
vants decreased in an age-dependent manner, later time points
were not examined in aged mice, leaving the possibility that
differences in response to the two adjuvants could arise under
an extended immunization schedule. Still, these data show that
the well-characterized alum adjuvant is equally or more effective
than MF59 under several experimental conditions. In clinical
trials of novel vaccines, it is beneficial to limit additional vaccine
components to those that have regulatory approval and proven
safety for use in humans. Based on these results, alum adjuvant is
likely to be sufficiently effective for a potential clinical trial of
OXY-KLH or other small molecule conjugate vaccines against
opioids or other targets.

Materials and methods

Drugs and reagents

Oxycodone was obtained through the NIDA Drug Supply
Program. Drug doses and concentrations are expressed as
weight of the free base.

Mice

Male BALB/c and C57Bl/6 mice (Harlan Laboratories, 047
and 044 respectively, and Jackson Laboratories, 000651,
000664) were housed in a standard 12/12 hours light/dark
cycle and fed ad libitum. Adult mice were 6–7 weeks old at
arrival, while older mice were 9–10 months at arrival. Mouse
studies were approved by the Minneapolis Medical Research
Foundation and University of Minnesota Animal Care and
Use Committees, and performed in accordance with the U.S.
Department of Health and Human Services Guide for the
Care and Use of Laboratory Animals, 8th edition.

Opioid-based hapten synthesis, peptides, and conjugates

An oxycodone-based hapten (OXY) containing a tetraglycine
linker at the C6 position was synthesized from oxycodone as
previously described.11 For immunization studies, the OXY hap-
ten was conjugated to KLH (Thermo Fisher, 77,600) by carbo-
diimide (EDAC) coupling chemistry and designated as OXY-
KLH. For use as a coating antigen in ELISA, the OXY hapten
was conjugated to OVA (Sigma, A5503-5G). For antigen-based
magnetic enrichment of OXY-specific B cells, a biotinylated
analog of the OXY hapten was conjugated to streptavidin
bound to R-PE (SA-PE, Prozyme, PJRS25). A decoy reagent
was prepared by conjugating the fluorescent dye Alexa-Fluor
647 (AF647, Thermo Fisher, A20173) to SA-PE. For immuniza-
tion studies involving tracking of peptide-specific MHCII-
restricted T cells (I-Ab), the biotinylated 2W1S peptide
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(EAWGALANWAVDSA) was conjugated to SA-PE.11 For anti-
gen-based magnetic enrichment, 2W1S peptide was conjugated
either to APC or PE (2Wp:MHCII tetramers) as described.30,35,36

Immunization

Mice were immunized s.c. with 75 μg of either OXY-KLH or
unconjugated KLH as control. In studies focusing on analysis
of 2W1S-specific T cell populations, mice were immunized s.
c. with 25 μg of 2W1SSA-PE. All immunogens were adsorbed
on 2% alum (Alhydrogel85, Brenntag Biosector, M0025312)
or mixed with an equal volume of squalene-based oil-in-water
emulsion AddaVax (MF59, Invivogen, vax-adx-10) to a final
volume of 0.2 ml. These adjuvant doses were chosen based on
our previously published optimal formulation of OXY-KLH
in alum, Invivogen’s recommended use instructions, and
existing studies using MF59.25,26,37 Mice were immunized up
to four times on days 0, 14, 28, and 56 as noted for each
experiment.

Antibody analysis

Serum antibody analysis was performed by indirect ELISA in
blood samples obtained by facial vein sampling. ELISA plates
were coated with 5 ng/well of OXY-OVA conjugate or uncon-
jugated OVA as control in 50 mM Na2CO3, pH 9.6 (Sigma,
C3041-100CAP) and blocked with 1% gelatin. Mouse primary
immune sera were bound to plates, and plates were washed
and incubated with HRP-conjugated goat anti-mouse IgG
(Jackson ImmunoResearch Laboratories, 115–035-008) to
determine oxycodone-specific serum IgG antibody titers as
previously described.3

Effect of immunization on oxycodone-induced motor
activity

A behavioral study was performed to determine the extent to
which the OXY-KLH vaccine formulated in either alum or
MF59 prevented oxycodone-induced motor activity. Mice
were immunized on days 0, 14, and 28, and locomotor sensi-
tization was induced by two priming injections of oxycodone
on days 41 and 43. Motor activity was recorded on day 45.
Motor activity studies were conducted during the light cycle,
and mice were first given 1 hour to habituate after transport
to the behavioral room. Mice were injected with saline and
placed in an open field (ENV-510S, Med Associates) for
15 minutes to establish a baseline. Then, mice were given
5 mg/kg oxycodone s.c. and their ambulatory activity was
monitored for an additional 60 minutes. The entire apparatus
was enclosed in a sound attenuating cubicle. Locomotor activ-
ity was monitored via infrared beam breaks and recorded by
Activity Monitor 5.0 software (Med Associates).

Effect of immunization on oxycodone distribution

A pharmacokinetic study was performed to determine the
extent to which the OXY-KLH vaccine formulated in either
alum or MF59 prevented oxycodone distribution to the brain.
Male BALB/c mice were immunized with OXY-KLH

formulated in alum or MF59 on days 0, 14 and 28. On day
35 mice were given 2.25mg/kg oxycodone delivered s.c. and
euthanized 30 mins post-injection via CO2 inhalation in
IACUC-approved conditions. Animals were decapitated,
trunk blood and brain were collected and oxycodone concen-
trations were analyzed via gas chromatography coupled to
mass spectroscopy as previously described.3

Analysis of antigen-specific B and T cell population
subsets

Antigen-specific B and T cell populations were analyzed by
antigen-based magnetic enrichment paired with multipara-
meter flow cytometry, as previously described.11,12 Briefly,
lymph nodes and spleen were collected and disaggregated
to a single-cell suspension before magnetic enrichment of
antigen-specific B and T cells. Detailed procedures for
B cell staining and flow cytometry, including gating strate-
gies, has been previously reported. Supplemental material
includes detailed procedures for T cell staining and gating
strategies. Flow cytometry analysis was performed on a BD
LSR II Fortessa using FACSDiva 7.0 software (BD
Biosciences, 659528) and processed using FlowJo v10.1
(BD Biosciences).

Statistical analysis

Mean of oxycodone-specific serum IgG antibody titers, oxy-
codone concentrations, locomotor activity expressed as total
ambulatory distance, and B and T cell numbers were com-
pared by one-way ANOVA paired with Dunnett’s post hoc
test for multiple comparisons and by Student’s t-test or
Mann-Whitney test when analyzing two groups. Analyses
were performed using Prism 7.0 (GraphPad).
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