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ABSTRACT

Vaccines offer a promising prophylactic and therapeutic intervention to counteract opioid use disorders
(OUD) and fatal overdoses. Vaccines generate opioid-specific antibodies that bind the target opioid,
reducing drug distribution to the brain and preventing drug-induced behavioral and pharmacological
effects. Due to their selectivity, anti-opioid vaccines can be administered in combination with FDA-
approved medications. Because patients with OUD or other substance use disorders may be affected by
other multifactorial co-morbidities, such as infection or depression, it is important to test whether vaccine
efficacy is modified by factors that may impact individual innate or adaptive immunity. To that end, this
study tested whether housing conditions would affect the efficacy of two lead vaccine formulations
targeting oxycodone and fentanyl in male mice and rats, and further analyzed whether differences in the
gastrointestinal (GI) microbiome would be correlated with either vaccine efficacy or housing conditions.
Results showed that housing mice and rats in either conventional (non-controlled) or specific pathogen-
free (SPF, sterile barrier maintained) environment did not affect vaccine-induced antibody responses
against oxycodone and fentanyl, nor their efficacy against oxycodone- and fentanyl-induced antinocicep-
tion, respiratory depression, and bradycardia. Differences in the Gl microbiome detected via 16S rRNA
gene sequencing were related to the housing environment. This study supports use of anti-opioid
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vaccines in clinical populations that may display deficits in microbiome function.

Introduction

The epidemic of opioid-related fatal overdoses constitutes
a significant public health burden. An estimated 2 million people
in the US suffer from opioid use disorders (OUD)' and two out of
three drug overdoses in 2018 involved opioids.” Synthetic opioids
such as fentanyl and its analogs are increasingly prevalent in the
community and have proven especially deadly. Synthetic opioids
were responsible for 67% of opioid-related deaths in 2018.” During
the COVID-19 pandemic, the incidence of opioid-related fatal
overdoses further increased, highlighting the complex interplay
of OUD and other public health threats.” Current treatments for
OUD include medication-assisted therapy (MAT) with drugs such
as methadone, buprenorphine, and naltrexone, as well as overdose
reversal using naloxone. However, these medications either dis-
play potential abuse liability or can complicate necessary pain
management. Vaccines have been explored as a viable addition
to the OUD-treatment repertoire and have displayed efficacy
against several opioids in mice, rats, dogs, and nonhuman
primates.*'* Upon active immunization, vaccines elicit drug-
specific polyclonal antibodies that bind the target drug preventing
the distribution of free (unbound) drug across the blood-brain
barrier, and reduce drug-induced pharmacological and behavioral
effects.® Vaccine efficacy varies across formulations containing

different components, such as haptens, carrier proteins, and
adjuvants.”*** Individual variability in vaccine efficacy has
been shown to relate to the preexisting antigen-specific B and
T cell repertoire, processes involved in CD4" T cell-dependent
B cell activation, and selected cytokine pathways.'>'>*>**
Additionally, pre-clinical studies in mice have shown that sex
and strain differences may have an impact on the efficacy of
vaccines against heroin,” oxycodone," and cocaine.”® Outside
of the laboratory, there are many factors that may impact transla-
tion such as age, sex, genetics, and environmental influences.
While some of these factors have been explored in the context of
OUD vaccines, many others have not.

One such factor is the link between environmental conditions
that may impact the gastrointestinal (GI) microbiome and the
body’s immune response to vaccines. Our knowledge of the
relationship between the environment, GI microbiome, and our
health continues to grow as more studies investigate this connec-
tion. In the context of vaccines, the composition of the GI micro-
biota has been shown to affect innate and adaptive immune
responses to vaccines, and vaccine efficacy in the clearance of
pathogens in both pre-clinical and clinical studies.”’ " Given
that opioid use is linked to an altered GI microbiome,”' ™ the
potential for gut dysbiosis in the target population to receive OUD
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vaccines is high. While pre-clinical studies involving vaccines
against OUD or other substance use disorders involve immuniza-
tion of laboratory animals in either conventional or specific
pathogen-free (SPF) housing conditions, previous literature indi-
cates that the abnormally hygienic environment of laboratory
mice may impact their immune system. This was demonstrated
by studies of “dirty mice” or “pet store mice,” which were bred
outside of the more controlled microbial environment (e.g., SPF)
of most research animals, which resulted in more robust immune
responses to infection.>® Therefore, it is essential to test whether
different housing conditions would affect vaccine efficacy against
OUD, and whether housing conditions would differentially affect
the GI microbiome in vaccinated and control subjects. Such
information will help to interpret pre-clinical data across labora-
tories using mice and rats housed under different conditions, and
to ensure validity of findings across academic labs and contract
research organizations (CROs) conducting GLP studies to sup-
port IND filing. Additionally, understanding the contribution that
housing or the microbiome may have on therapeutic outcomes
will inform clinical management of OUD patients, who may have
altered flora based upon the effects of opioids on the GI tract.

In this study, we tested the hypothesis that the microbial
environment associated with different housing conditions
would alter responses to OUD vaccines. Mice and rats were
housed in either SPF conditions (wherein a sterile barrier is
kept throughout the study) or non-sterile housing, where no
such barrier is maintained (termed “conventional housing” in
many academic and commercial vivaria, and for the remainder
of this manuscript). We then assessed the effect of these hous-
ing conditions on the efficacy of vaccines against oxycodone
and fentanyl through examination of parameters such as the
generation of drug-specific antibodies, inhibition of opioid-
induced behaviors, and blockage of drug distribution to the
brain in mice and rats. Finally, we tested mice housed under
different conditions for changes in the microbiome that may be
related to either differential housing or administration of
vaccines.

Materials and methods
Drugs and reagents

Oxycodone and fentanyl were obtained from the University of
Minnesota Pharmacy. Drug doses and concentrations are
expressed as weight of the free base. Subunit keyhole limpet
hemocyanin (sKLH) was obtained as GMP-grade source
(Biosyn, Carlsbad, CA).

Animals

Male BALB/c mice (Jackson Laboratories, Bar Harbor, ME)
and male Sprague-Dawley rats (Envigo, Madison, WI) were
housed in a 14/10 hour light/dark cycle and fed ad libitum.
Mice were 6 weeks old on arrival, while rats were 2 months old
on arrival. Specified pathogen-free (SPF) animals were handled
in a laminar flow hood under sterile conditions for the dura-
tion of the experiment. Specific Pathogen-Free facilities are
regularly tested by RAR to ensure maintenance of SPF status.
Conventionally housed animals were kept in a separate facility

where no sterile barrier was maintained. Mice and rats were
tested in the same room for vaccine efficacy against drug-
induced behavioral effects. All testing occurred in the light
cycle.

Vaccine formulation

The anti-oxycodone conjugate vaccine consists of an oxyco-
done-based hapten (OXY) conjugated to the subunit keyhole
limpet hemocyanin carrier protein (sKLH) through
a tetraglycine linker. The OXY-sKLH has been extensively
described in mice and rats, and it has shown efficacy against
oxycodone-induced behavioral, pharmacological, and toxic
effects.*'”*”*® The anti-fentanyl conjugate vaccine consists of
a fentanyl-based hapten (F) conjugated to the sKLH through
a tetraglycine linker, which has been previously tested in both
mice and rats.”>*!

Immunization

Mice were immunized intramuscularly (im.) with 60 pg of
F-sKLH or unconjugated sKLH carrier protein as a control.
Conjugates were adsorbed on 300 pg of aluminum adjuvant
(Alhydrogel85, Brenntag) and delivered in a final volume of
30 pl in each hind leg for a total of 60 ul. Mice were immunized
on days 0, 14, and 28. Rats were immunized i.m. with 60 pg of
either OXY-sKLH or sKLH. Conjugates were adsorbed on
90 pug of aluminum to a final volume of 150 pl and delivered
into one hind leg. Rats were immunized on days 0, 21, and 42.

Antibody analysis

Serum antibody analysis was performed via indirect ELISA on
blood sampled from facial veins in mice (days 14 and 34) and
from tail veins in rats (day 49). Ninety-six-well plates were
coated with 5 ng/well of F-BSA conjugate or OXY-OVA con-
jugate (for mice and rats, respectively) or unconjugated BSA or
OVA as a control. Conjugates were diluted in 50 mM Na,COs,
pH 9.6 (Sigma) and blocked with 1% porcine gelatin. Serum
was incubated on the plate and then washed and incubated
with an HRP-conjugated goat anti-mouse IgG (1:30,000,
Jackson ImmunoResearch Laboratories), IgG; (1:35,000,
Alpha Diagnostic International), IgG,, (1:7500, Alpha
Diagnostic International), or goat anti-rat IgG (1:50,000,
Jackson ImmunoResearch Laboratories) to assess hapten-
specific serum IgG antibody levels using statistical analysis
previously described.*”?”

Effect of vaccine on opioid-induced antinociception

To determine the efficacy of the vaccine to block opioid-
induced analgesia, a hot plate test was performed to establish
whether vaccination protects against centrally-mediated effects
of opioids. Rodents were acclimated to the testing environment
for 1 h prior to measuring baseline. Maximum latency to
respond was either 30 s (rats) or 60 s (mice) to avoid tissue
damage due to thermal injury. Rodents were placed on a hot
plate (Columbus Instruments, OH) set to 54°C and removed
after displaying a lift or flick of the hind paw or jumping. In



mice, baselines were measured on day 35 (7 days after last
immunization), followed by administration of 0.05 mg/kg fen-
tanyl, subcutaneously (s.c.). The hot plate response was mea-
sured again 30 min after injection. In rats, baselines were
measured on day 56 (14 days after last immunization), and
rats were given 2.25 mg/kg of oxycodone, delivered s.c. at time
0 and again at 17 min (cumulative dose of 4.5 mg/kg oxyco-
done). The hot plate response was measured at 15 and 30 min.
Data are displayed as percent MPE calculated as: (postdrug
latency — baseline latency)/(maximal cutoff — baseline latency)
x 100.

Effect of vaccine on opioid-induced respiratory depression
and bradycardia

Oxygen saturation, heart rate (beats per minute, BPM), and
breath rate (breaths per minute, BRPM) were measured by
pulse oximetry before and after drug administration in rats.
Oximetry was measured using a MouseOx Plus (Starr Life
Sciences, Oakmont, PA). Rats were acclimated to the testing
environment for 1 h prior to measuring baseline. After collec-
tion of baseline responses, rats were given two s.c. doses of
2.25 mg/kg oxycodone, delivered at time 0 and 17 min.
Oximetry measurements were collected at baseline and post-
challenge at 15 and 30 min.

Analysis of oxycodone and fentanyl concentrations in
serum and brain

After the final oximetry and hot plate measurements, animals
were anesthetized, decapitated, and trunk blood and brain were
collected for analysis. For fentanyl samples, samples were pro-
cessed using liquid chromatography coupled to mass spectro-
metry (LC-MS) as previously described.”> Oxycodone samples
were processed using gas chromatography coupled to mass
spectrometry (GC-MS) as previously described.

Analysis of Gl microbiome in vaccinated mice

Murine fecal samples were collected pre-challenge on day 35 and
flash frozen in liquid nitrogen. The fecal content was processed
using DNeasy PowerSoil® kits (Qiagen, Germantown, Maryland)
modified to include a bead-beating step where fecal pellets were
lysed using glass beads by a MagnaLyser tissue disruptor.”!
Sequencing and bioinformatics were performed by the
University of Minnesota Genomic Center, MN, United States.
At the University of Minnesota, after DNA isolation, 16S ribo-
somal DNA hypervariable regions V5 and V6 were amplified via
PCR using primers with the V5F RGGATTAGATACCC and
V6R CGACRRCCATGCANCACCT gene-specific sequences,
IMumina adaptors, and molecular barcodes as described to pro-
duce 427 base pair (bp) amplicons. Samples were sequenced on
an Illumina MiSeq (Illumina, San Diego, California) using
MiSeq 600 cycle v3 kit.”

16S rRNA sequencing data analysis

Primer sequences were removed from raw sequencing reads and
low-quality bases (Phred score <20) were trimmed from 3’ end
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using Cutadapt.*” Microbial taxonomy assignment abundance
quantification was analyzed with Greengenes database (ver.08/
13) using dada2 pipeline.*' Microbial diversity was quantified by
Shannon’s index (a-diversity), and Bray-Curtis dissimilarity (B-
diversity) using R package “vegan.”** The dissimilarity between
pairs of treatment groups was assessed using permutation multi-
variate analysis of ANOVA (PERMANOVA), and the signifi-
cance of pair-wise comparison was adjusted for multiple
comparison using Bonferroni correction. Individual differential
taxa were identified using DESeq2 with significance determined
based on a false discovery rate (FDR) of 0.05.* Relative abun-
dance of functional content of microbial communities was
obtained using PICRUSt.**

Results

Housing conditions do not affect vaccine efficacy against
fentanyl in mice

To determine the effects of housing conditions on vaccine
efficacy, mice housed in either conventional or SPF condi-
tions were immunized on days 0, 14, and 28 with either
F-sKLH or unconjugated sKLH (control). After a primary
immunization, F-sKLH elicited significantly lower antibody
titers in SPF mice compared to conventionally housed mice
(Figure 1(a)). However, on day 34 no significant differences in
antibody response were detected between conventionally and
SPF housed mice (Figure 1(b)). To further assess whether
housing conditions would affect the quality of the humoral
response, IgG; and IgG,, subclasses were measured on day 34.
Vaccinated groups in both SPF and conventional housing
showed equivalent levels and distribution of IgG; (Figure 1
(c)) and IgG,, titers (Figure 1(d)).

After immunization, the ability of F-sKLH to reduce drug
distribution to the brain was assessed by a hot plate test of
centrally mediated analgesia. Animals were challenged with
0.05 mg/kg s.c. fentanyl and the hot plate response was mea-
sured 30 min post-challenge and compared to baseline as
a percent of maximum possible effect (MPE). Both conven-
tionally and SPF housed vaccinated mice showed a significant
reduction in fentanyl-induced analgesia (p < 0.05) at 30 min
post-challenge, with no significant difference seen between
housing conditions in vaccinated groups (Figure 1(e)).
Fentanyl distribution to the brain was also directly analyzed
via LC-MS post-mortem (Figure 1(f)). Across both conditions,
the F-sKLH vaccine was able to effectively block fentanyl dis-
tribution to the brain as compared to control animals. All
together, these data indicate that housing conditions do not
have a significant effect on fentanyl vaccine efficacy in mice.

Housing conditions do not affect vaccine efficacy against
oxycodone in rats

An anti-oxycodone conjugate vaccine was used to assess vac-
cine efficacy in rats housed in either conventional or SPF
housing conditions (Figure 2). Rats were immunized on days
0, 21, and 42 with either an oxycodone conjugate (OXY-sKLH)
vaccine or the unconjugated carrier protein as a control. Blood
was collected on day 49 to assess oxycodone-specific antibodies
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Figure 1. In vivo comparison of the effect of conventional and SPF housing conditions on vaccine responses against fentanyl in mice . The F-sKLH vaccine and the
unconjugate sKLH control were tested in male BALB/c mice (n = 12/group) in either conventional or SPF housing. Conjugates were adsorbed on alum adjuvant and
injected in mice i.m. on days 0, 14, and 28. Blood was collected via facial vein at days 14 and 34 to test for fentanyl-specific serum antibody titers via ELISA. IgG titers are
shown for (a) 14 days post-immunization and (b) 34 post-immunization. Serum from 34 days post-immunization was tested for (c) IgG, subclass titers and (d) 1gG,,
subclass titers. On day 35, all mice were challenged s.c. with 0.05 mg/kg fentanyl. (e) Effect of F-sKLH in blocking fentanyl-induced antinociception in the hot plate test at
30-min post-challenge. After being tested on the hot plate, mice were euthanized and brains were collected. (f) Brain fentanyl concentrations in mice measured via LC-
MS. Statistical analysis performed via Welch’s t-test between control and immunized mice in different housing conditions, after establishing no statistical difference
between control groups under each housing condition via t-test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

in serum via ELISA (Figure 2(a)). While the vaccine produced
high anti-oxycodone serum IgG titers, there was no significant
differences between housing conditions.

On day 56 (14 days after final immunization), rats were chal-
lenged with 2.25 mg/kg dose of s.c. oxycodone at time 0 and
a second dose 17 min later. Vaccine efficacy was assessed by hot
plate antinociception (Figure 2(b) and (c)) measured prior to drug

delivery and at 15- and 30-min post-challenge. After each dose,
rats in both housing conditions showed trends toward signifi-
cantly lowered MPE%, but these trends were only statistically
significant for conventional housing after the first dose, and for
SPF after the second dose.

As another measure of vaccine efficacy, a pulse oximeter was
used to assess oxycodone-induced respiratory depression and
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Figure 2. In vivo comparison of conventional and SPF housing conditions on vaccine responses against oxycodone in rats. The OXY-sKLH vaccine was tested in male
Sprague-Dawley rats (n = 12/group) in either conventional or SPF housing. Conjugates were adsorbed on alum adjuvant and injected i.m. on days 0, 21 and 42. Blood
was collected via tail vein on day 49 to measure (a) oxycodone-specific IgG tiers via ELISA. On day 56, all rats were challenged with two s.c. doses of 2.25 mg/kg
oxycodone at 0 min and 17 min (to provide a cumulative dose of 4.5 mg/kg). Hotplate responses were measured at baseline, 15 mins and 30 mins, and maximum
possible effect (MPE%) was calculated for (b) 2.25 mg/kg and (c) 4.5 mg/kg cumulative dose. Efficacy of OXY-sKLH was further assessed by measuring (d) oxygen
saturation, (e) heart rate and (f) breath rate at baseline, 15 min, and 30 min post-drug challenge. After 30 min, rats were euthanized for blood and brain collection to
measure oxycodone distribution to the (g) serum and (h) brain, via GC-MS. Statistical analysis was performed via Welch's t-test between control and immunized rats in
different housing conditions. Symbols: * represents significance between conventionally housed animals or as indicated by lines between groups, # represents
significance between SPF-housed animals. * or # p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

bradycardia, which are both commonly associated with opioid
use.”” At a dose of 2.25 mg/kg oxycodone, only SPF-housed
control animals showed a significant decrease in oxygen
saturation compared to control (Figure 2(d)). However, at
a cumulative dose of 4.5 mg/kg oxycodone, both conventional
and SPF housed animals showed significant differences in
oxygen saturation compared to their respective controls. This
suggests that the oxycodone conjugate vaccine was able to
effectively protect animals against this opioid-induced respira-
tory depression under both housing conditions.

The heart rate of control animals decreased in both SPF and
conventionally housed rats after oxycodone administration
(Figure 2(e)). At a dose of 2.25 mg/kg oxycodone, this drop
was statistically significant only between vaccine and control
groups housed under SPF conditions. At a cumulative dose of
4.5 mg/kg oxycodone, conventionally housed animals showed
a significant change in heart rate between vaccine and control
groups, which was not seen in the SPF animals. Breath rates of
animals in all housing conditions and vaccine groups trended
downwards as the dose of oxycodone increased, but none were

statistically significant (Figure 2(f)). After 30 min post-drug
challenge, blood and brain were collected and tested to deter-
mine the distribution of oxycodone in each compartment. In
both SPF and conventionally housed animals, vaccination with
OXY-sKLH led to a significant increase in serum oxycodone
concentrations and a decrease in brain oxycodone concentra-
tions (Figure 2(g)) and (h).

Magnitude of change in metrics of vaccine efficacy do not
differ between SPF and conventionally housed animals

While there was no significant difference between vaccine
response in SPF and conventionally housed rodents,
the percent change in response from control was calculated
in each group to ensure the magnitude of response was similar
between groups. Mean of the control was calculated and com-
pared between SPF and conventional housing. Next,
the percent change in efficacy between the immunized animals
and the mean of the control was determined and compared
between housing conditions (Table 1). There was no change in
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Alpha diversity (Shannon's)

Table 1. Statistical analysis of metrics of vaccine efficacy between housing conditions in control groups and change from percent change
from mean control value in immunized groups.

Control Immunized Change from Mean Control Value (%)
Conventional SPF Conventional SPF
Metric Mean SEM Mean SEM __ |Signficance?| Mean SEM Mean SEM _ |Signficance?
Mouse Brain Fentanyl Concentration (ng/g) 2.015 0.242 2.255 0.100 ns 51.613 5.430 63.636 4.229 ns
Mouse Hotplate Latency (s) 42.063 4.366 50.717 3.512 ns 21.426 9.885 45.3582 8.560 ns
Rat Brain Oxycodone Concentration (ng/g) |1799.000| 87.957 [2139.917| 78.975 * 38.697 4.091 36.659 3.854 ns
Rat Serum Oxycodone Concentration (ng/ml) | 679.500 | 31.826 | 798.917 | 35.109 * 692.544 | 37.092 | 503.049 | 38.788 **
Rat Hotplate Latency (15 min) 15.150 1.290 16.592 1.739 ns 27.833 5.773 31.599 | 12.446 ns
Rat Hotplate Latency (30 min) 25.175 2.035 27.150 1.471 ns 17.411 9.806 28.579 8.595 ns

A

Alpha diversity (Shannon's)

Mann-Whitney U test (MHT adjusted:none)
*, p<0.05; **, p<0.005; ***, p<5e-04
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Figure 3. The impact of housing environment and vaccination on mouse Gl microbiome. After immunization, mouse fecal samples were collected for analysis of
microbiome via 16s rRNA sequencing. (a) Box plots show that conventionally housed mice exhibited a significant increase in a-diversity (calculated by Shannon’s index)
compared to SPF mice. (b) Non-metric multidimensional scaling (NMDS) plot was used to visualize the unweighted UniFrac distances of each group (calculated by Bray-
Curtis distance). (c) Changes in abundance of bacteria by environment or vaccination at family and genus levels were displayed in the heatmaps. Bacteria were selected
from the comparison of SPF and conventionally housed sKLH controls with FDR<O0.1. (d) In control mice housed in either SPF or conventional conditions, bacterial gene
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magnitude of the response in any of the metrics tested, with the
exception of the rat serum oxycodone concentrations. Of note,
the mean control values were significantly different between
both rat serum and brain oxycodone concentrations when
comparing housing conditions.

Effect of housing conditions and vaccination on
microbiome in mice

To evaluate whether housing conditions or vaccination group are
responsible for microbiota changes, gut microbial composition
was evaluated by 16S rRNA gene sequencing of fecal pellets from
each group. The alpha diversity was quantified by the Shannon
diversity index, which accounts for both operational taxonomic
unit (OTU) richness and evenness. The Shannon diversity was
significantly decreased in SPF groups compared with convention-
ally raised groups, regardless of vaccination status (Figure 3(a)).

Nonmetric multidimensional scaling (NMDS) analysis of the
Bray-Curtis distance plot was also performed among the fecal
samples from different groups. There was a clear separation
between conventional and SPF sKLH-immunized controls
(PERMANOVA test, FDR q = 0.007; Figure 3(b)) and conven-
tional and SPF F-sKLH (PERMANOVA test, FDR q = 0.007;
Figure 3(b), Table S1). This suggests the changes in microbiota
are influenced more by environmental conditions than vaccina-
tion status.

SPF mice receiving sKLH displayed a decreased relative abun-
dance of Proteobacteria at the phylum level, Rikenellaceae,
Gemellaceae, and Clostridiaceae at the family level and
Candidatus Arthromitus, Gemella, and Nelumbo at the genus
level compared to conventionally-housed sKLH controls. The
relative abundance of Dehalobacteriacea and Ruminococcaceae at
the family level and Marvinbryantia and Oscillospira at the genus
levels were increased (Figure 3(c), Table S2).

Additionally, the overlap between F-sKLH and control
groups in the SPF condition (PERMANOVA test, FDR
q = 0.114) represents resilience to modulation by vaccination
(Figure 3(b)). Interestingly, there was significant and distinct
clustering of the F-sKLH group compared to control animals in
conventional housing (PERMANOVA test, FDR q = 0.046)
(Figure 3(c)). There was a reduction of Rikenellaceae at the
tamily level and Anaerostipes and Candidatus Arthromitus at
the genus level, and expansion of Marvinbryantia at the genus
level in conventionally housed F-sKLH treatment group
(Figure 3(c)).

The functional profiles of the microbial communities were
analyzed in each group using PICRUSt. Of 42 KEGG pathways
tested, 8 non-human-gene pathways differed in abundance
between SPF and conventional raised controls (FDR q < 0.05).
These include pathways related to cell growth and death, tran-
scription, cancer, infectious diseases, carbohydrate metabolism,
energy metabolism, metabolism of cofactors and vitamins, and
metabolism of terpenoids and polyketides. There were no sig-
nificant changes in functional composition related to vaccina-
tion in either conventional or SPF groups (Figure 3(d), Table
S3). However, when comparing SPF and conventional sKLH
controls, KEGG pathways related with cell growth and death,
cancer, energy metabolism, metabolism of cofactors and vita-
mins, and metabolism of terpenoids and polyketides were found
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to be down-regulated while KEGG pathways related with carbo-
hydrate metabolism, transcription, and infectious disease were
up-regulated in SPF controls. This suggests that environmental
factors have a more important impact on microbial changes
compared to vaccination.

Discussion and conclusion

The effect of the microbiome on health and disease has been
increasingly investigated in recent years. Changes in the micro-
biome have been associated with cardiovascular disease, auto-
immune conditions, cancer, obesity, diabetes, and potentially
even mental health disorders.*>*” Studies have suggested that
the microbiome plays a role in the immune response to
vaccination,””>* making it critical that vaccine efficacy is tested
in conditions that closely mimic the human microbiome. Since
opioid use is also correlated to gut dysbiosis, it is even more
imperative that vaccines for OUD are tested in a variety of
contexts’"**?*? to ensure vaccines will translate into a clinical
setting. In this study, we sought to determine if changes in
animal housing conditions affected the efficacy of vaccines
against fentanyl and oxycodone in mice and rats. We found
that while there were some minor differences in microbiota
diversity between the two housing conditions, there were no
major differences in the efficacy of either vaccine.

Differences in housing conditions and subsequent effects on
behavior and disease have been noted in the literature in both
mice and rats. Published studies show that housing conditions
can affect the development of experimental autoimmune ence-
phalitis in mice,*® and rats housed in conventional vs. SPF
conditions showed varying responses to surgical trauma and
anesthesia.”” Studies exploring the differences between wild
and laboratory mice also show that immune composition var-
ies greatly between environmental conditions. Wild mice have
more robust numbers and heterogeneity of circulating IgG, as
well as significantly greater numbers of T cells, with less NK
cells and dendritic cells.”® In this study, we found that there was
a significant increase in alpha diversity in the GI microbiota
when comparing mice in conventional vs. SPF conditions,
regardless of vaccination status. Since alterations in GI micro-
biota have been closely tied to many pathologies and altera-
tions in metabolism, this study supports the need for careful
consideration of mouse models when testing new therapies,
and the requirement for comparisons between housing condi-
tions to ensure microbiota differences do not affect treatment
outcomes.

When analyzing the microbiome via sequencing, a distinct
change in bacterial species was observed between convention-
ally housed control and immunized mice. Interestingly, these
changes in microflora mirrored the changes observed in SPF
mice when compared to conventionally housed mice. While no
change in diversity between control and immunized mice was
found in the SPF group, this finding may be due to a lack of
microbial diversity due to the stringent microbial environment
in these housing conditions. This finding suggests that the
vaccine composition may have influenced the GI microbiome.
While the fentanyl-based F hapten has been shown to be
inactive at the mu-opioid receptor,”’ formal GLP toxicology
studies of conjugate vaccines containing fentanyl-based
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haptens are warranted. Histopathology and blood chemistry
analysis in mice injected with OXY-sKLH,** as well as GLP
toxicology studies of OXY-sKLH in rats (Pravetoni, personal
communication), did not show any sign of toxicity. There have
been reports that opioids modulate toll-like receptor (TLR) 4,
a TLR involved in regulation of the GI microbiome, and that
OXY-KLH responses were altered in TLR4KO mice.'” Follow-
up studies will be needed to explore any potential interaction
between anti-opioid vaccination, immunity, and microbiome.

Despite these minor differences in GI microbiota, we found
no major significant differences in the efficacy of vaccines
targeting fentanyl or oxycodone when examining opioid-
specific antibody titers, pharmacokinetic parameters, and phy-
siological and behavior responses. This outcome was unex-
pected, as there have been several studies noting the effects of
the microbiome on immune response after vaccination.””>°
These results help validate previous data of preclinical studies
of anti-opioid vaccines conducted in both SPF and conven-
tional housing conditions. This also suggests that efficacy of
anti-opioid vaccines are not significantly affected by environ-
mental factors associated with housing conditions in labora-
tory animals, making interpretation of data from different
laboratories more consistent. Additionally, these data suggest
that OUD patients with opioid-induced dysbiosis may equally
benefit from anti-opioid vaccination.

One point of interest is that in control rats, serum, and brain
oxycodone levels were significantly increased in SPF housing
conditions compared to conventional conditions (Table 1).
This would suggest that the metabolism of oxycodone is
decreased in SPF conditions, which may be linked to differ-
ences in the microbiota. Published literature has established
a link between diversity of GI microbiota and the dysregulation
of metabolism of morphine.’”> While few studies have
addressed the potential of the microbiome to affect the meta-
bolism of other opioid molecules, such as oxycodone or fenta-
nyl, it is possible that decreased microbial diversity in SPF rats
would lead to decreased oxycodone metabolism, resulting in
increased oxycodone concentrations in the serum and brain.
This would be consistent with the findings that the functional
differences in microbiome between SPF and conventional mice
(Figure 3(d)) resulted in differences in metabolism of carbohy-
drates, vitamins, cofactors, terpenoids, and polyketides. These
potential differences in metabolism and microbiome condi-
tions will need to be further evaluated, although they may be
of note for future experimental design and when comparing
studies of laboratory animals housed under different
conditions.

Future follow-up experiments will address some of the lim-
itations of the current study to further explore the interplay
between the microbiome and vaccination against OUD. One
limitation is that current studies were only performed in male
mice and rats. Significant differences in titers between male and
female mice after anti-opioid vaccination were previously
reported,'™* and there have been noted sex differences in
microbiome composition.”> Future studies will compare male
and female animals to determine whether the GI microbiome
affects the efficacy of anti-opioid vaccines in a sex-dependent
fashion. Another limitation of this study was that the SPF
condition likely does not fully capture the changes in

microbiome that are found in chronic opioid users. For exam-
ple, previous literature indicates that active opioid users have an
increase in abundance in Bifidobacterium and decreases in
Baceterodacea, Clostridiales XI, and Ruminococcaceae, which
were not recapitulated in the current study.’* However, there
was a decrease in overall alpha diversity and in Rikenellaceae,
which are consistent with previous literature using mice chroni-
cally treated with morphine.”* While it has been shown that rats
chronically treated with opioid agonists and antagonists still
mount an  anti-opioid  antibody  response  after
vaccination,”>*"® the relationship between chronic opioid
treatment and microbiome composition has not yet been
explored in the context of vaccines for OUD. This will be critical
in future studies to determine whether opioid users will respond
to anti-opioid vaccination.

As testing of OUD vaccines in clinical settings is underway
(e.g., OXY-sKLH, NCT 04458545), the impact of vaccination
on GI microbiota and vice versa will help to inform clinicians
on therapeutic management of OUD patients. Pre-clinical stu-
dies are often conducted in microbially controlled environ-
ments, which may be masking or changing pathologies and/
or outcomes related to disease treatment. In the case of OUD,
looking at the impact of the GI microbiome on potential
therapeutic efficacy becomes even more crucial when the target
population may have a higher incidence of abnormal micro-
biome function. We found that while SPF and conventionally
housed animals displayed differences in GI microbiota compo-
sition, these differences did not affect the efficacy of either an
anti-oxycodone or anti-fentanyl vaccine. These studies validate
previous and future data testing opioid vaccines preclinically in
different housing conditions, and support future testing of
OUD vaccines as a treatment strategy for individuals that
may have deficits or abnormal microbiomes, as well as other-
wise healthy individuals.
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