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Morphine has long been known to have immuno-
suppressive properties in vivo, but the molecular and
immunologic changes induced by it are incompletely
understood. To explore how these changes interact with
lentiviral infections in vivo, animals from two nonhuman
primate species (African green monkeys and pig-
tailed macaques) were provided morphine and studied
using a systems biology approach. Biological speci-
mens were obtained from multiple sources (e.g. lymph
node, colon, cerebrospinal fluid, and peripheral blood)
before and after the administration of morphine (titrated
up to a maximum dose of 5 mg/kg over a period of 20
days). Cellular immune, plasma cytokine, and prote-
ome changes were measured and morphine-induced
changes in these parameters were assessed on an in-
terorgan, interindividual, and interspecies basis. In both
species, morphine was associated with decreased lev-
els of Ki-67* T-cell activation but with only minimal
changes in overall T-cell counts, neutrophil counts, and
NK cell counts. Although changes in T-cell maturation
were observed, these varied across the various tissue/
fluid compartments studied. Proteomic analysis re-
vealed a morphine-induced suppressive effect in lymph
nodes, with decreased abundance of protein mediators
involved in the functional categories of energy metabo-
lism, signaling, and maintenance of cell structure. These
findings have direct relevance for understanding the
impact of heroin addiction and the opioids used to treat
addiction as well as on the potential interplay between
opioid abuse and the immunological response to an
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With 20 million heroin addicts estimated worldwide and
countless others addicted to prescription opioids, drug ad-
diction remains a large public health problem. Addicted indi-
viduals are susceptible to a broad array of infectious compli-
cations and, in the United States alone, drugs of abuse
contribute directly to a third of all HIV infections (1, 2). A better
understanding of the underlying mechanisms of drug-induced
pathology may allow more informed application of opioid
replacement therapy as well as the development of additional
novel therapeutic interventions.

Opioids induce effects across a multitude of biological sys-
tems in vivo and these are not easily categorized into mean-
ingful patterns using standard experimental approaches. Al-
though opioids are known to have effects on immune
responses in humans, these effects have only been studied in
a limited manner and with conflicting results. For instance,
opioids directly suppress phagocytic function in vitro (3), with
little to no direct in vitro effects on T cells, natural killer (NK)"
cells, and B cells (4—6). By contrast, in vivo administration of
morphine has been shown to depress delayed-type hyper-
sensitivity reaction, cytotoxic T-cell activity, T-cell antigen
expression, antibody production, NK cell activity, and neutro-
phil activity (7-11).

Methadone and buprenorphine, opioids commonly pre-
scribed to relieve symptoms during heroin withdrawal, have
also been reported to impact the immune system in potent but
diverse ways. Methadone, for instance, has been variously
reported to improve (12), impair (11, 13), or have no effect (14)
on immune function. Similarly, buprenorphine has been vari-
ously reported to improve (15-17) or to suppress (7, 8, 13)
immune function, or to have no effect at all (10, 18). Such

" The abbreviations used are: NK, natural killer; NHP, nonhuman
primate; AGM, African green monkey; PT, pigtailed macaque; SIV
simian immunodeficiency virus; AMT, accurate mass and Time; MOR,
mu opioid receptor.
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conflicting information makes it difficult to establish best
practices for medical intervention of opioid abuse. By exam-
ple, it is possible that common opioid replacements such as
methadone and buprenorphine have dissimilar effects on bi-
ological systems, such that it would be optimal to provide one
instead of the other to certain opioid-addicted patients. Sim-
ilarly, in settings wherein opioids are used for pain relief, it
would be preferable to understand which may be immuno-
suppressive and likely to enhance susceptibility to infection in
vulnerable patient populations. Given the existing conflicting
and/or insufficient information, biological signatures associ-
ated with these drugs could reveal new avenues for therapeu-
tics development. Additionally, such signatures may lead to
the discovery of common pathways of addiction amenable to
therapeutic intervention. These possibilities prompt a need for
a comprehensive analysis of the effects of opioid exposure
that can best be carried out using the range of new analytics
that comprise a systems biology approach.

To date, only a limited number of studies have investigated
the proteomic response to morphine. These studies have
predominantly focused on in vivo brain tissues and structures
from morphine-treated rodents (19-28) whereas a few have
measured the proteomic response in morphine-treated cell
cultures from humans (29, 30), rats (31, 32), and Chinese
hamster ovaries (33). The majority of the studies (12 out of 15)
used two-dimensional gel electrophoresis for protein separa-
tion, providing information about changes in protein size and
isoelectric point, but with limited throughput, proteome cov-
erage, and dynamic range. On the basis of these results, a
recent meta-analysis (34) generated a consolidated database
(termed the “morphinome”) composed of 236 differentially
expressed morphine-responsive proteins in the central nerv-
ous system. However, it is clear from the literature that mor-
phine affects multiple organs that communicate with one
another to produce a coordinated response within an individ-
ual. Therefore, we chose to obtain a broader integrative view
useful for understanding the overall impact of opioids on an
organism.

In the current study, morphine was administered over a
20-day study period to six nonhuman primates (NHPs) of two
different species (African green monkeys (AGMs) and pig-
tailed macaques (PTs)), chosen because of their differential
susceptibility to pathogenesis induced by the simian immu-
nodeficiency virus (SIV). The data reported here represent a
baseline for a follow-on analysis of the morphine effects on
the course of SIV infection in these species. Overall, we
comprehensively sampled inguinal lymph node, colon, CSF,
and peripheral blood, and measured the immunomic and
proteomic changes within these various biological compart-
ments before and after the administration of morphine. We
report a series of changes that are induced, directly or indi-
rectly, by morphine in each species of NHP.

EXPERIMENTAL PROCEDURES

Study Design—All animal and in vitro procedures were performed
using standard protocols and according to guidelines approved by
the University of Washington Environmental Health and Safety Com-
mittee, the Occupational Health Administration, the Primate Center
Research Committee, and the Institutional Animal Care and Use
Committee.

Three African green monkeys (Chlorocebus sabaeus) and three
pigtailed macaques (Macaca nemestrina) were housed and followed
longitudinally for 85 days at the Washington National Primate Re-
search Center under the supervision of dedicated veterinary staff. The
data collected in the initial 20 day morphine arm of this study are
reported here, during which time morphine was titrated up to a
maximal dose of 5 mg/kg intramuscularly every 8 h as outlined in Fig.
1. Peripheral blood was sampled at day 0, 10, and 20, whereas iliac
lymph node biopsies, colonic mucosal biopsies, and cerebrospinal
fluid samples were obtained at days 0 and 20 according to guidelines
approved by the University of Washington Environmental Health and
Safety Committee, the Occupational Health Administration, the Pri-
mate Center Research Review Committee, and the Institutional Ani-
mal Care and Use Committee. NHPs were sedated for all procedures
that required handling using ketamine HCI at a dose of 10-15 mg/kg
or tiletamine zolazepam at a dose of 2-8 mg/kg with atropine 0.04
mg/kg. Samples were either shipped overnight or flash frozen and
stored at —80 °C on-site until shipping.

Flow Cytometry—Panels of antibodies used for multiparameter
flow cytometry are listed in supplementary Table S1 (including clone,
manufacturer, and conjugate). FACS analysis was performed on a
four-laser BD LSR-II flow cytometer (BD Biosciences). Complete
blood counts (CBC) were determined by absolute counting of 50 ul
whole blood after overnight shipping using Trucount absolute count-
ing tubes (BD Biosciences). Peripheral blood mononuclear cells were
isolated by density centrifugation using Histopaque®-1077 (Sigma
Aldrich, Saint Louis, MO) and then stained using a variety of pheno-
typing panels (supplementary Table S1). Colonic mucosa was me-
chanically disrupted, digested with collagenase type Il (Sigma Al-
drich), strained, and washed for the isolation of mucosal mononuclear
cells. Lymph nodes were mechanically disrupted and washed to
isolate mononuclear cells (35). Phenotyping was performed by cell
surface staining and, when necessary, by intracellular staining follow-
ing manufacturer’s instructions (BD Biosciences and eBiosciences,
San Diego, CA) (supplementary Table S1). FACS data were analyzed
using FlowJo software v9.1 (TreeStar, Ashland, OR) with standard
gating strategies and then transferred into analysis and graphic soft-
ware including Excel (Microsoft, Mountain View, CA), SPICE (kindly
provided by Dr. M. Roederer of the Vaccine Research Center, NIAID/
NIH, Bethesda, MD), and GraphPad Prism5 (San Diego, CA).

Plasma Cytokine Analyses—Plasma was isolated after overnight
shipment and subsequently stored at —80 °C prior to analysis. Cyto-
kines and lipopolysaccharide-binding protein (LBP) levels were meas-
ured using Cytokine Bead Array for non-human primates (BD Biosci-
ences, San Jose, CA), IL-12/23p40 Monkey ELISA (U-Cytech CM,
Utrecht, The Netherlands), IFN-a human ELISA kit (PBL Biomedical
Laboratories, Piscataway, NJ), and lipopolysaccharide-binding pro-
tein (HK315) ELISA kit (Hycult Biotechnology, Uden, The Netherlands)
all according to manufacturer’s instructions. Cytokine Bead Array
data were acquired on a LSR-Il flow cytometer (BD) and analyzed
using FlowJo Software (Treestar). ELISA data were acquired using a
Spectramax spectrophotometer (Molecular Devices, Sunnyvale, CA)
by measuring absorbance at 450 nanometers. Data were further
analyzed using Excel (Microsoft, Mountain View, CA) and GraphPad
Prism5 (San Diego, CA).

Sample Preparation for Proteome Analysis—Samples were dena-
tured in 8 m urea. A bicinchoninic acid assay (Pierce Biotechnology,
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Inc., Rockford, IL, USA) was performed to determine protein concen-
tration. Samples were reduced with 10 mm dithiothreitol for 1 h at
37 °C, and then diluted 10-fold with 50 mm NH,HCO;, pH 7.8. Trypsin
digestion was performed with sequencing grade-modified porcine
trypsin prepared according to the manufacturer (Promega, Madison,
WI). Trypsin was added to all protein samples at a 1:50 (wt/wt)
trypsin-to-protein ratio for 3 h at 37 °C, and samples desalted by
solid-phase extraction (Discovery DSC-18, SUPELCO, Bellefonte,
PA). Peptides were eluted from the solid-phase extraction column
using 80% acetonitrile: 20% water with 0.1% trifluoroacetic acid, and
dried by SpeedVac SC 250 Express (Thermo Savant, Holbrook, NY).

Whole blood was collected in EDTA collection tubes, followed by
centrifugation at 1500 rcf for 15 min at 4 °C. 5 ml top plasma layer was
collected, treated with approximately one-half tablet of EDTA-free
Complete Mini Protease Inhibitor Mixture (Roche Diagnostics, Indian-
apolis, IL), and stored at —20 °C. Subsequently, albumin and IgG
depletion was performed using the ProteoExtract Albumin/IgG re-
moval kit (EMD Biosciences, San Diego, CA), following the manufac-
turer’s protocol. Briefly, EDTA-plasma was diluted fivefold in cold 1X
PBS, and then passed through the removal column resin bed by
gravity flow into a collection tube. The removal column was subse-
quently rinsed twice with 1X cold PBS, with the flow-through added
to the same collection tube. Depleted plasma was stored as 1.5 ml
aliquots at —80 °C until sample preparation with urea and trypsin as
described above. Sample processing conditions were the same for
individual tissue/biofluids compartments across AGM and PT groups.

NanoRPLC Separations and MS(/MS) Data Acquisition—The
method used in this coupled a constant-pressure (5000-Ib/in?) re-
versed-phase capillary liquid chromatography system (75-um inside
diameter, 360-um outside diameter, 65-cm capillary, C-18 solid
phase; Polymicro Technologies Inc., Phoenix, AZ) to a VelosLTQ-
Orbitrap mass spectrometer (MS; Thermo Scientific, Waltham, MA)
using an electrospray ionization source manufactured in-house, as
previously reported (36-38). The instrument was operated in data-
dependent mode with an m/z range of 400-2000. The 10 most
abundant ions from the MS analysis were selected for MS/MS anal-
ysis using a normalized collision energy setting of 35%. A dynamic
exclusion of 1 min was used to avoid repetitive analysis of the same
abundant precursor ion. The heated capillary was maintained at
200 °C, and the ESI voltage was held at 2.2 kV (36-38).

Proteome Analysis—Neither AGMs nor PTs have a fully sequenced
genome. The rhesus macaque (Macaca mulatta) is the closest relative
with a fully sequenced genome (39). The rhesus macaque’s Ensemble
protein list (40) (http://www.ensembl.org) was obtained from InPara-
noid (M.mulatta.fa 21-Apr-2009) (41-43), containing 21,905 non-
redunant protein sequences (http://omics.pnl.gov), and used by
SEQUEST software (Version v.27, Rev 12, Thermo Fisher Scientific,
Waltham MA) to search the MS/MS spectral data. Although the ge-
nomes of AGM and PT are not fully sequenced, the Macaca mulatta
protein list has previously been used in other NHP studies (44, 45),
and there is high sequence similarity between members of the Pri-
mate taxon. Porcine trypsin was added to the database as an ex-
pected contaminant. No cleavage specificity was defined in the da-
tabase searching, and no fixed or variable modifications were
considered in the MS/MS analysis. Tandem mass spectral analysis
peaks were extracted with ExtractMSn (version 5.0, Thermo Scien-
tific) for subsequent analysis using 3.0 and 1.0 Da for parent and
fragment ion tolerances, respectively. For label-free quantification of
peptide abundance, we employed the accurate mass and time (AMT)
tag strategy (46) and for AMT tag database creation, raw SEQUEST
results were filtered on: (1) Xcorr = 1.9 for charge state +1, (2)
Xcorr = 2.2 for charge state +2, and (3) 3.75 for charge state +3.

Homologous proteins, including protein isoforms, are typically
identified by the same peptide or group of peptides. It is generally

impossible to unambiguously assign such peptides to a specific
protein. Signature peptides, defined as peptides unique to a single
isoform, can provide differentiating information that can be used to
filter ambiguous peptide assignments. However, the use of signature
peptides falsely assumes that other isoforms, whose sequence may
not code for identifiable signature peptides, do not exist in the sam-
ple. To address this, identified peptides were mapped to proteins and
then manually grouped into protein families. Raw data and collated
peptide identification information are available to the community as
supplemental data.

High resolution LC-MS features were deconvoluted by Decon2Ls
(version 1.0.2, using default parameters) and aligned to the AMT tag
database using VIPER (version 3.45 using default parameters), and
the theoretical mass and observed normalized elution times (NET) for
each peptide. Peptide alignment results were further refined with a
mass error < 2 ppm and FDR < 5% (47). Relative peptide abun-
dance was assigned using peak intensity. Data analysis was facil-
itated by a number of both published (48-52) and unpublished
in-group development tools that are freely available for download at
http://omics.pnl.gov.

Statistical Analysis—Outlier data sets were identified using a pep-
tide-centric approach that considers five statistical metrics to gener-
ate a robust Mahalanobis distance score (53). Three data sets re-
sulted in extreme peptide abundance distributions (p value < 0.001),
and were removed from the analysis. Relative peptide abundances
measurements were scaled in DanteR (version 0.1.1) (R Forge:
https://r-forge.r-project.org/projects/rgtk2extras/). A model-based
statistical approach was used to impute missing peptide abundance
values (54) and a protein-level ANOVA was applied to identify statis-
tically significant changes (p < 0.01) in protein expression levels. To
adjust for multiple comparisons, a Benjamini-Hochberg correction
was applied to p values (55). Relative protein abundances were
obtained by averaging scaled peptide abundance values, and used
for heatmap visualizations and Pearson product-moment correlation
analyses. Statistical analysis on cellular and cytokine data was per-
formed using paired t-tests in R (http://http://www.r-project.org/).

Pathway Analysis—The rhesus macaque genome provided limited
functional annotation for both PT and AGM data sets, and software
applications typically used for mammalian functional enrichment, in-
cluding DAVID (56, 57), InGenuity IPA, and Panther (58), currently
have limited or no support for NHP identifiers. Therefore, rhesus
macaque Ensembl protein identifiers were converted to human iden-
tifiers with the biomaRt package implemented in R (59), using En-
sembl Genes 61 database and the Macaca mulatta genes
(MMUL_1.0) data sets. Human identifiers were queried for pathway
analysis in DAVID (56, 57) and InGenuity IPA for functional protein
annotation. Due to complexities inherent to pathway analysis and
differences in the functional organization between different data-
bases, such as gene ontology (GO) and IPA, functional assignments
were manually consolidated. The biomaRt package was also used to
convert rhesus macaque Ensembl protein identifiers to rat UniProt
identifiers to query the Morphinome database (34) for proteins previ-
ously associated with morphine administration.

RESULTS

Overall Summary of Proteomic Response to Morphine
Treatment—To determine the systemic response to mor-
phine, AGMs and PTs were treated with increasing doses of
morphine (ranging from 1-5 mg/kg over a period of 20 days)
and monitored, as outlined in Fig. 1. Samples were obtained
from lymph node, colon, and CSF on days 0 and 20 and from
peripheral blood on days 0, 10, and 20, and these samples
were subjected to immunomics and proteomics analyses. A
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Fig. 1. Study design. Morphine was administered starting at 1
mg/kg intramuscularly every 8 h (mg/kg IM g8hr) and titrated upwards
to a maximum dose of 5 mg/kg IM g8hr by study day 20. Animals
were sampled across a variety of biologic compartments (A). The
tissues and fluids obtained were subjected to cell phenotypic, cyto-

kine, and proteomic analyses (B).

high throughput, label-free quantification (AMT tag) approach
resulted in the confident identification and quantification of
1771 unique proteins from lymph node (1196 proteins; 4896
peptides), colon (1225 proteins; 5034 peptides), CSF (253 pro-
teins; 2341 peptides), and plasma (141 proteins; 2049 pep-
tides). Human homologs were identified for 1548 NHP pro-
teins (87%). Morphine treatment resulted in significant
changes (p = 0.01) in the abundance of 689 proteins in the
tissues and fluids analyzed: 422 (35%) in the lymph node, 215
(18%) in the colon, 113 (45%) in CSF, and 56 (40%) in plasma.

Correlation analyses were performed to measure inter-indi-
vidual and inter-species variation in tissue and fluid compart-
ments before and after treatment with morphine. The highest
correlation between and within species was observed in the
lymph node (0.92 + 0.03 [mean correlation R value +standard
deviation]) and colon (0.90 * 0.04) (Figs. 2B and 2D, respec-
tively). Comparing the tissues, the colon had the greatest
inter-individual correlation (AGMs: 0.94 = 0.007 and PTs:
0.94 + 0.008) and the lowest inter-species correlation (0.86 =
0.01) (Fig. 2D). By contrast, the lowest inter-individual and
inter-species correlation was observed in the CSF (0.67 *+
0.10) and plasma (0.63 = 0.10) (Figs. 2F and 2H, respectively).
Overall, greater variation in morphine-induced protein expres-
sion was observed in the CSF and plasma compared with the
lymph node and colon. In the results presented below, the
global response to morphine will be discussed in the context
of individual compartments, i.e. lymph node, colon, CSF, and
peripheral blood.

Morphine Suppressed T-cell Activation in the Lymph
Node—Similar to the proteomics results, the immunomics of
the lymph node showed a bifurcation in the clustering den-
drogram between AGMs and PTs, indicating that the greatest
level of variance in the immunomics data was between the
two species rather than between individuals of each (Fig. 3). In
contrast to the PTs, all three premorphine biological replicates
from the AGMs clustered together on a separate branch rel-

ative to the postmorphine samples. Although there were no
significant changes in the percentage of discrete T-cell sub-
populations between the two species after morphine treat-
ment (supplemental Fig. S1), there were significant decreases
in T-cell activation, as reflected by the fraction of CD4* HLA-
DR*, CD4™ Ki-67", CD8* HLA-DR*, and CD8" Ki-67" as
well as of CD8™ naive T cells (Fig. 4). PTs showed a trend of
increasing CD8™" Tgyra cells during morphine exposure that
was not apparent for the AGMs (Fig. 4F). Although not statis-
tically significant, a decrease in the frequency of classical
CD14*CD16~ monocyte was also observed after morphine
treatment in both species (supplemental Fig. S1).

The magnitude of the lymph node proteomic response, in
terms of number of proteins significantly altered in abun-
dance, was greater in the AGMs compared with PTs, with 326
and 175 proteins altered, respectively (supplemental Fig.
S2A). There were 79 proteins that were differentially ex-
pressed in both species (supplemental Fig. S2). Although a
small subset of proteins increased in abundance during mor-
phine treatment, 267 (82%) and 166 (95%) of the proteins
showed significant decreases in abundance in the AGMs and
PTs, respectively, mirroring the suppressed immunomics pa-
rameters of T-cell activation observed in the blood and lymph
node.

Opioids have been reported to perturb metabolic processes
in the central nervous system (23, 60) and proteomic analysis
of the lymph node revealed 52 metabolic proteins (43 in the
AGMs and 23 in the PTs) that were decreased in abundance
(supplemental Fig. S3). Of note, 14 of these proteins were
associated with energy metabolism (including AHCY, ATP5B,
(28) DBI, ENO1, FASN, MDH2, PKM2, PRDX1, TKT, TPI1, and
VCP) and were significantly decreased in both AGMs and PTs.
Energy pathways with suppressed protein levels include gly-
colysis (12 proteins), pyruvate metabolism (6 proteins), oxida-
tive phosphorylation (5 proteins), pentose phosphate pathway
(4 proteins), the tricarboxylic acid cycle (3 proteins), and glyc-
erolipid metabolism (3 proteins) (supplemental Fig. S4). Con-
comitant with suppression of proteins involved in energy me-
tabolism was a decrease in the abundance of proteins
involved in the inflammatory process [e.g. COX2 (cyclooxy-
genase 2), COTL1 (coactosin-like 1), and IL-16 (interleukin-
16)] and of those involved in leukocyte recruitment response
to inflammation [e.g. RAC1 (ras-related C3 botulinum toxin
substrate 1), TLN1 (talin 1), and RHOB (ras homolog gene
family, member B)].

The 422 significantly altered proteins in the lymph nodes of
AGMs and PTs (supplemental Fig. S2) were queried against
the previously-published morphinome database (34). Rat Uni-
Prot identifiers were assigned to 372 macaque proteins using
BioMart and 37 of these proteins were present in the morphi-
nome database (supplemental Table S2). These proteins in-
cluded heat-shock proteins (HSPA5, HSPA9, and HSPBL2),
multiple energy metabolism proteins (ENO2, ENO3, MDH2,
TKT, DLD, TP, and AKR1B1), and proteins associated with

608

Molecular & Cellular Proteomics 11.9


http://www.mcponline.org/cgi/content/full/M111.016121/DC1
http://www.mcponline.org/cgi/content/full/M111.016121/DC1
http://www.mcponline.org/cgi/content/full/M111.016121/DC1
http://www.mcponline.org/cgi/content/full/M111.016121/DC1
http://www.mcponline.org/cgi/content/full/M111.016121/DC1
http://www.mcponline.org/cgi/content/full/M111.016121/DC1
http://www.mcponline.org/cgi/content/full/M111.016121/DC1
http://www.mcponline.org/cgi/content/full/M111.016121/DC1
http://www.mcponline.org/cgi/content/full/M111.016121/DC1

Systems Biology Analysis of Morphinome Effects

Lymph Node
A_ (1,196 Proteins) B
T 2 B : B o
] ——
3 ==
097 sl —+—
—r
0.95/0.96 |
c ©
0.96(0.95/0.95 =
S~ |
0.94(0.95(0.95(0.96 g s
Q
0.94|0.95|0.96{0.94|0.94 o o |
o
0.92(0.93(0.92(0.94(0.93|0.93
wn
0.96(0.90/0.93(0.89|0.91(0.91/0.93 S
0.95(0.96{0.90{0.92{0.90|0.92|0.92|0.91 g,_
0.92|0.89/0.91|0.87|0.86(0.85(0.86|0.86 |0.85 A'GM I;T AGMIVS PT
Fic. 2. Inter-individual and inter- Inter-individual - Inter-species
species proteomic variation. Correla- Colon
tion measurements of inter-individual C. T ‘1'2 P’“'”s’ B D.
and inter-species variation based on rel- 24
ative protein abundances between o | m— —
lymph node (A, B), colon (C, D), CSF (E, 096 <7 ——
F), and plasma (G, H). For the heatmaps 0.95(0.95 =
(A, C, E, and G), the number of proteins 0.95/0.940.94 §
. . L S~
conS|dered in each analysis is repre- cwpajonoss| T o
sented in parentheses below the com- S

. 0.93(0.93/0.93|0.94(0.94 o |
partment title. Green bars represent =

0.87/0.86|0.88(0.86|0.86(0.88
AGMs and brown bars represent PTs, o
with light and dark bars indicating pre- 0:54)0.8610.86 0.6710.670:661 .66 °
and postmorphiney respective|y_ The 0.94(0.94|0.86|0.85(0.87(0.84|0.86|0.86 g__

. . . . T T T
numbers within the colored bars indicate 0.95(0.94/0.930.87|0.84|0.87|0.85|0.86(0.85 AGM PT  AGMvs PT
represents the animal number. Pearson Inter-individual  Inter-species
correlation values between NHP individ-
uals are reported in the lower right cells E. (zsﬁifems) F.
and upper left cells are color-coded to 132l 1 o
graphically represent the correlation,
with red representing strong correlation 0.88 3 s
and blue representing weak correlation. o7{0s0 &

0.74{0.74(0.80 o

Hierarchical clustering was performed
and the results are indicated by the den-
drogram at the left of each heatmap.

0.75/0.67|0.72|0.73

_
I
E 1
1
— —_

0.76(0.97(0.97|0.97|0.97

Correlation
0.7

= o v BEEEN o o~ EE
3
?

Boxplots (B, D, F, and H) indicate the ik el e e 9- g
. n n 0.61/0.56|0.57|0.55(0.65|0.66
interquartile ranges of correlation values. 1
. . . 0.79/0.81|0.66|0.58(0.58|0.54|0.72|0.69 w _} ]
The median is shown by the horizontal o o
. . ) ) 0.70/0.75|0.74|0.54|0.600.58|0.60| 0.620.63 o
black line, with vertical whiskers repre- ooslosrloraloralosalomlosrlosslosoloss <
H “ ” “* (i H ) . . ) . - o
Sentlng the range . AGM and PT Indl- 0.70(0.72(0.69|0.69{0.69(0.72(0.66|0.66|0.71{0.66 |0.70 AéM FI’T AGMIVS PT
cate the |nter-|nd|V|dt.JaI correlation, both Interindwidual ~ Intor-species
pre- and postmorphine, whereas “AGM
versus PT” illustrates the inter-species G (14"1"'2-?0'.'e‘f:s>
variation. ’ 2 > : B o
1 s °
1
«©
2 s3] T
=} -1 .
3 g (=] 1
—r
2 O o]
2 ° 8 ! T
3 © | — !
o 1
2 |
. < —r
o
T T T
1 AGM PT  AGMvs PT
Inter-individual Inter-species

0.4 07 1
Pearson Correlation

Molecular & Cellular Proteomics 11.9 609



Systems Biology Analysis of Morphinome Effects

Lymph Node
(17 Cell Types)

0.8710.

0.89|0.72(0.75(0.82

0.85|0.66(0.72(0.77

0.90|0.70{0.70(0.78

0.64|0.45|0.38|0.48

0.62|0.46(0.36(0.47

0.79|0.62(0.53(0.63

[ |
0.4 0.7 1
Pearson Correlation
o
e
—_
—_
I 1
| °
© 1
= —_ [e—
K]
T o |
g o '
& 1
O 1
1
~ 1
© —
N
N
T T T
AGM PT AGM vs PT

Inter-individual Inter-species

Fic. 3. Correlation measurements of inter-individual and inter-
species variation based on cell counts within the lymph node.
A, is a correlation heatmap of Pearson correlation values, with the
number of cell types determined in the analysis above the heatmap in
parentheses. Green bars represent AGMs and brown bars represent
PTs, with light and dark bars indicating pre- and postmorphine, re-
spectively. The numbers within the colored bars indicate the animal
number. Pearson correlation values between NHP individuals are
reported in the lower right cells and upper left cells are color-coded to
graphically represent the correlation, with red representing strong
correlation and blue representing weak correlation. Hierarchical clus-
tering was performed and the results are indicated by the dendrogram
at the left of each heatmap. The boxplots Panel B indicate the inter-
quartile ranges of correlation values. The median is shown by the
horizontal black line, with vertical whiskers representing the range.
“AGM” and “PT” indicate the inter-individual correlation, both pre-
and postmorphine, whereas “AGM versus PT” illustrates the inter-
species variation.

maintaining structural integrity (LMNA, VCP, CAPZB, YWHAZ,
and DPYSL2).

Discordant Response in the Colon—The percentage of
CD8* T cells was increased within the colonic mucosa of
AGMs after morphine administration, whereas PTs had a
slight decrease in CD8" T-cell percentages over the same
study period (supplemental Fig. S5). In contrast to AGMs,
which showed a significant increase (p < 0.05) in CD8™ T-cell
maturation toward central memory (Tcy,), PTs had a consid-
erable, yet non-significant, decrease in CD8" T, levels (Fig.
5A). PTs did show a significant decrease in CD4™ T, cells
(Fig. 5B). Discordance was also observed in CD8" Tgyra @nd
Tem cells. AGMs showed considerable, yet nonsignificant de-
crease, in CD8" Tgyra Cells, whereas PTs had a significant
increase (Fig. 5C). CD8" Tg,, cells showed a significant de-
crease in percentage in the AGMs, but the PT response was
highly variable (Fig.5D).

Protein abundance changes in the colon resulting from
morphine treatment were measured in colon biopsies from
AGMs and PTs. The proteomic response of the colon to
morphine showed 215 proteins that changed significantly in
relative abundance, 103 and 143 in AGMs or PTs (supplemen-
tal Fig. S6A), respectively while 31 (30%) proteins were sig-
nificantly altered in both species (supplemental Fig. S6B).
From the 31 proteins that showed a significant change in
abundance, only three shared directionality in the NHPs: pro-
filin 1 (PFN1) and annexin A1 (ANXA1) were decreased and
peptide YY (PYY) was increased. Similar to observations in
the lymph node, the predominant response in AGMs was a
decrease in protein abundance. From the 72 (70%) proteins
that showed a significant change exclusively in the AGMs, 49
of these proteins were decreased (supplemental Fig. S6C). In
contrast, of the 109 (76%) proteins that showed a significant
change exclusively in the PTs, the majority, 87 proteins, were
increased in abundance (supplemental Fig. S6D). Paralleling
the immunomics measurements, the proteomics results
showed discordant and heterogeneous responses between
the AGMs and the PTs at the colonic mucosa.

To map the 215 proteins to the morphinome database, rat
UniProt accession identifiers were assigned to 192 macaque
proteins. These rat identifiers were queried against the mor-
phinome database, identifying 14 proteins significantly
changed in the colon and previously reported in the literature
(34) (supplemental Table S1).

CSF Proteomic Response—Morphine exposure resulted in
altered expression of 113 CSF proteins, 107 in the AGMs and
17 in the PTs (supplemental Fig. S7A). From the 113 signifi-
cant proteins in the CSF, 15 showed a significant change in
both AGMs and PTs (supplemental Fig. S7B). These 15 pro-
teins included several proteins previously shown to be altered
by morphine, including GOT1 (aspartate aminotransferase)
(34). Although some proteins (including VIM, ECM1, and
APOA2) showed reduced relative abundance in the CSF of
AGMs during morphine administration, the predominant ef-
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fect was an increase in abundance in AGMs (supplemental (neurotrimin). Significant increases of AGA (L-asparginase),
Fig. S7C). Some proteins were exclusively altered in AGMs, OPCML (opioid binding protein/cell adhesion molecule-like),
including NCAM1 (neural cell adhesion molecule 1) and NTM  NRCAM (neuronal cell adhesion molecule), and NPY (neuro-
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in cell count from day 0 to day 20 as determined by a paired t test.

peptide Y) were exclusively found in AGM CSF and not in PT
CSF. AGA is an enzyme that cleaves N-linked oligosaccha-
rides from glycoproteins and has been linked to morphine-
dependent immunosuppression in lymphoid cells (61, 62).
OPCML is a GPI-anchored protein that exhibits selectivity for
mu opioid receptor (MOR) ligands and acts as a potent tumor
suppressor protein (63). NRCAM is an adhesion protein typi-
cally expressed in neurons linked to reward and memory, and
is involved in polysubstance abuse (64). A significant de-
crease of TTBK2 (tau tubulin kinase 2) protein was measured
in both AGMs and PTs. TTBK2 is a serine-threonine kinase that
putatively phosphorylates tau and tubulin proteins. Dysfunction
of TTBK2 has been linked to Alzheimer’s disease (65) and
spinocerebellar ataxia type 11 (SCA11) (66), a neurodegenera-
tive disease characterized by progressive ataxia and atrophy of
the cerebellum and brainstem. Chronic morphine treatment of
rats has been associated with an increase in NPY expression in
the hypothalamus (67), indicative of increased food intake and
decreased physical activity. NPY has also been linked to mor-
phine-mediated immunosuppression of NK cell activity (68).
AGMs Experienced Larger Decreases in Peripheral Blood
T-cell Activation State After Morphine Treatment—In the case
of the peripheral blood, CD4* T-cell percentages remained
constant while CD8* T-cell percentages slightly increased by
day 20 in both AGMs and PTs (supplemental Fig. S8A). Mir-
roring these changes, the percent of CD4"CD8~ (DN%) T
cells decreased in both species by day 20 (Fig. 6A). The

percentages of regulatory T cells (Treg) were not significantly
altered by morphine administration (supplemental Fig. S8A).
Most significant was the decrease in activated T cells that was
associated with the morphine treatment period. By day 20, for
instance, both species (and especially the AGMs) had a sta-
tistically significant decrease in the fraction of circulating
Ki-67+CD4™ T cells (Fig. 6B) and both also showed decrease
in the fraction of circulating HLA-DRTCD4* T cells (supple-
mental Fig. S8A). Of note, AGMs started with a higher base-
line activation state in all T-cell compartments. Additionally,
the fraction of circulating naive T-cell levels was decreased in
both species after morphine treatment (supplemental Fig.
S8A). In terms of circulating myeloid cells, PTs had a decrease
in the frequency of nonclassical CD14“™CD16~ monocytes
(Fig. 6C) and a relative increase in the frequency of in classical
CD14"CD16~ monocytes, whereas AGMs had a decrease in
the frequency of the latter population (Fig. 6D). Although the
expression of HLA-DR remained the same in PTs, HLA-DR
expression decreased on the AGM non-classical monocyte
population (data not shown). There were no statistically signifi-
cant changes in plasma cytokine measures after morphine
treatment (supplemental Fig. S9). There was, however, a trend
toward a decrease in pro-inflammatory cytokine IL-12 levels in
the plasma of AGMs and a decrease in IFN-gamma levels in the
plasma of PTs.

Similar to the immunomics, discordant responses were ob-
served in the plasma proteome analysis between AGMs and
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PTs, with AGMs showing a greater proteomic response to
morphine (two increased, 49 decreased) compared with PTs
(19 increased) (supplemental Fig. S10A). Of note, several
complement proteins (e.g. C3, C4A, and C7) were significantly
decreased in the AGMs and significantly increased in PTs.
Clusterin (CLU, formerly known as cytolysis inhibitor), which is
involved in the complement pathway, was significantly de-
creased in AGMs and increased in PTs (supplemental Fig.
S10B). Morphine has been reported to both enhance (69) and
to suppress (70) complement receptor-mediated phagocyto-
sis. Conflicting reports in the literature and the discordance in
complement proteins observed between AGMs and PTs sug-
gest that the differential complement response to morphine
may be species-dependent (supplemental Figs. S10C, S10D).

DISCUSSION

The biological impact of opioid use is only partly under-
stood, yet the global public health impact of these drugs is
quite large. Clearly, the effects of in vitro experiments meas-
ure only the direct effects of these drugs without taking into
account indirect and secondary pathways that may propagate
opioid-associated impacts within a biological system. Here,
we have provided a comprehensive characterization of the in
vivo effects of opioids in the context of two different NHP
species. We have found that morphine produces an immuno-
suppressive effect in the lymph node of both NHPs, paralleled
by decreases in activation levels of T cells in the peripheral
blood of AGMs and PTs. Substantial decreases in energy
metabolism proteins were concurrently measured within the
lymph node proteome. These findings suggest that the ob-
served decreases in energy metabolism proteins may be con-
tributing to the decreased T-cell activation within lymph node
and peripheral blood. Findings across gut mucosa, CSF, and
plasma were inconsistent between the species, suggesting
that protein changes that are highly tissue- and species-
specific may accompany the response to morphine in vivo.
These findings provide a framework for understanding the
effects of morphine across a highly relevant but complicated
in vivo system and have identified protein pathways of interest
that may be playing key roles in immune-inhibitory actions of
opioids.

Overall, distinct responses to morphine were observed in
the proteomic data across the collected lymph node, colon,
CSF, and peripheral blood samples. For instance, although
protein expression was largely suppressed in expression in
the lymph nodes of both AGMs and PTs (Figs. 7 and supple-
mental Fig. S2), protein abundances were predominantly in-
creased in the CSF of AGMs but minimally impacted in PTs
(Figs. 7 and supplemental Fig. S2). It is this variation in re-
sponse between NHP species that is the most intriguing.
Numerous studies have focused on the immunomodulatory
effect of morphine in NHPs (typically the rhesus macaque)
and the effect that chronic morphine exposure exerts during
simian immunodeficiency virus (SIV)/simian-human immuno-

deficiency virus (SHIV) infection by increasing viral pathogen-
esis (71-73). Given the large discrepancy in the response to
morphine between AGMs and PTs, this study raises the ques-
tion of how diverse NHP species may respond to SIV/SHIV
infections during different opioid administration regiments.

This study directly compares the responses to morphine in
multiple organs of two NHP species by integrating proteomic
and immunomic response profiles. In terms of inter-species
correlations, the collected tissues showed higher correlation
between both individuals and species, while the fluid com-
partments (.e. CSF and blood) were more variable. Fewer
proteins were observed in the fluids compared with the tis-
sues and the overall distribution of protein abundance values
showed greater variability in the fluids compared with the
tissues (supplemental Figs. S11C and S11D versus supple-
mental Figs. S11A and S11B), suggesting that this increased
variability was not because of a few outlier protein abun-
dances but rather due to an inherent characteristic of fluid
compartments (74). Plasma also provided the least amount of
protein identifications and subsequently was the least inform-
ative of all the biological compartments. Additional abundant
protein depletion steps were used to achieve a higher dy-
namic range of detection for plasma, which could be a con-
tributing factor to this variability, whereas the NHP CSF was
taken cleanly through preparation with minimal processing.
However, plasma results still reflected a clear differentiation of
protein expression between species with predominant down-
regulation in AGMs compared with PTs (Figs. 7 and supple-
mental Fig. S10). These observations highlight the perspec-
tive gained by broadening the proteome analysis across
diverse compartments where indirect effects of the core mor-
phine response may be evident.

In the lymph nodes, the vast majority of significantly altered
proteins (82% in AGMs and 95% in PTs) decreased in abun-
dance. This decrease in protein abundance likely contributes
to the immunosuppressive effects reported during morphine
treatment (75) and parallels the decreased T-cell activation
observed in the NHPs (Fig. 7). Several functional pathways
were altered during morphine treatment, but cellular energy
metabolism was by far the most affected. Many key proteins
involved in energy metabolism (e.g. MDH2, TKT, DLD, TPI1,
ENO2, and ENOBS) have previously been reported to decrease
in response to morphine (34). For instance, MDH2 had a
twofold decrease in rat brains (22). Similar profile trends be-
tween brain and lymph node potentially indicate mechanistic
commonalities in the response to morphine. In contrast,
MDH2 was significantly increased in PT colon, as colon ap-
pears to produce a distinct response to morphine compared
with lymph node and the neural system. TPI, which was
decreased in the lymph node, has also been shown to be
decreased in rat forebrain upon morphine exposure (28). TPI
and MDH2 play important roles in glycolysis and the citric acid
cycle, respectively. A number of studies have identified links
between immunosuppression and changes in energy metab-
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olism, which fuels defense functions (76, 77). In fact other
drugs such as cannabinoids are known to reduce energy
metabolism and possess immunosuppressive properties (78).
The impact by morphine on energy metabolism may represent
a centralized functional hub in the lymph node that contrib-
utes immunosuppression.

While the current experiment was not designed to distin-
guish between direct and indirect effects of morphine, a sig-
nificant decrease in the members of the energy metabolism
pathway could result in decreased functional activity and
thereby immunosuppression. Several other pathways also

showed restricted protein expression during morphine, in-
cluding signal transduction, immune response, cell growth,
and DNA/RNA binding proteins. Notably, the decreased
abundance of proteins involved in these pathways paralleled
the suppressed levels of T-cell activation in both the lymph
node and peripheral blood.

In comparison with the lymph node, the colon showed a
more heterogeneous response in the AGMs, displaying pre-
dominantly decreases in abundances (70% decreased), in
contrast to PTs, which showed predominantly increases in
abundances (76% increased). The colonic proteomic re-
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sponse to morphine appears to be predominantly species-
specific, and further efforts are warranted to determine the
extent of variability within and between these two NHP spe-
cies. In regard to the known effects of morphine on the gut,
opioid receptors (including the MOR) are present throughout
the gastrointestinal tract (79, 80). Morphine can produce side
effects at the gastrointestinal tract, including opioid bowel
dysfunction, which occurs upon activation of the MOR (81).
Such dysfunction can become so severe that many terminally
ill patients choose to discontinue opioid treatment to attenu-
ate their gastrointestinal discomfort. However, different pro-
teomic profiles between AGMs and PTs could serve as im-
portant models for understanding and intervening morphine
gastrointestinal side-effects as well as for better understand-
ing outcomes after SIV infection.

As mentioned above, the decreases in T-cell activation
levels in the various biologic compartments between the two
NHP species reflect the suppressive impact of morphine on
energy metabolism pathways. For example, PTs and AGMs
both experienced declines in Ki-67" T cells in peripheral
blood and lymph node. The impact on T-cell maturation sub-
sets was more variable between the two NHP species. For
example, PTs experienced increases in the more terminally
differentiated Tgyra Subset in lymph node and colon, while
AGMs experienced increases in central memory T-cell sub-
sets at the colon. These differences may be linked to the
proteomic variability observed between the two species or
linked to fundamental biologic differences among the two
species. Indeed, when studied in the context of SIV infection,
these two NHP species meet diametrically apposed out-
comes, where PTs suffer a pathogenic infection and AGMs
coexist with minimal inflammation and pathology. The de-
creases observed in the current study in T-cell activation
levels is hypothesized to be favorable for decreasing the
target cell pool necessary for SIV/HIV replication while in-
creases in central memory subsets is hypothesized to be a
favorable change, by increasing the number of effector cells
poised to mount effective immune responses against offend-
ing pathogens. Whether these changes persist after lentiviral
infection, and how this baseline perturbation of the biological
system impacts SIV outcome will be subject of a subsequent
report.

Indeed, the major thrust of our findings is consistent with
the majority of other published studies revealing both direct
and indirect immunosuppression resulting from opioid ther-
apy. Various studies have sought to further explore the com-
plicated mechanisms underlying morphine-associated immu-
nosuppression, but few have described the molecular
changes associated with morphine activity in vivo. Here, we
show that morphine is associated with a decrease in T-cell
activation in two different species of NHPs, particularly within
the lymph node and the peripheral blood. Paralleling this
effect was a large effect on the energy metabolism protein
pathways. These findings suggest that energy metabolism

changes measured within lymph node may be a marker or a
causal change driving decreased T-cell activation levels. Un-
derstanding these effects in more detail, and their potential
impact on various disease outcomes remains an area of in-
terest. Finally, these findings highlight the need for alternative
analgesics in the clinical setting that do not produce the same
peripheral morphine-associated side effects, including immu-
nosuppression and gastrointestinal dysfunction. Future stud-
ies directed at identifying the mechanism(s) for these periph-
eral responses and the use of morphine analogs and
antagonists will be instrumental in the effort to identify such
alternative analgesics.
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