Morphine Reciprocally Regulates IL-10 and IL-12 Production
by Monocyte-Derived Human Dendritic Cells and
Enhances T Cell Activation
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We evaluated the effect of morphine on human dendritic cells (DCs). Interestingly, immature DCs were found to express all 3
(u, ¥, 8) opioid receptors on the cell surface. Chronic morphine treatment (107 to 10712 M) during the development of DCs from
monocytes augmented LPS-induced upregulation of HLA-DR, CD86, CD80, and CD83 and increased the T cell stimulatory co-
pacity of DCs, which could be inhibited by naloxone, an opioid receptor antagonist. The change in surface phenotype was par-
alleled by a p38 MAPK-dependent decrease in IL-10 and increase in IL-12 secretion. Our data indicate that morphine exerts an
immunostimulatory effect by modulating LPS-induced DC maturation.
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INTRODUCTION

The observation that individuals under
severe stress or addicted to opioids are
generally immunosuppressed (1-3) has
led to the notion of a neuroendocrine-im-
mune network. Neuroactive ligands
exert a powerful effect on cells of the im-
mune system. There is growing evidence
that opioid receptors are expressed by
cells of the immune system and that opi-
oids modulate immune responses. In
contrast to endogenous opiates that exert
immunostimulatory effects (3,4), both the
therapeutic and chronic use of morphine
compromise the optimal function of the
immune system (5). Opiate addicts are
prone to infection. This effect of opiates
has been attributed to a variety of its im-
munomodulatory effects (6). Chronic ad-
ministration of morphine affects both in-
nate and adaptive immunity (7).

Morphine given in vivo suppresses a va-
riety of immune responses, including rat
T and natural killer (NK) cells (8),
macrophages, rat and macaque polymor-
phonuclear leukocytes (PMNs) (9,10),
and lymphocyte circulation in macaques
(11). Morphine-receiving mice have
splenic and thymic atrophy (12), mor-
phine triggers T cell apoptosis in in vitro
studies (13), and enhances macrophage
apoptosis in murine macrophages (14).
Several reports address the role of
macrophages in morphine-induced mod-
ulation of immunity (15-20). These stud-
ies pertain to a variety of macrophage
functions including phagocytosis, tumo-
ricidal activity, generation of nitric oxide
and reactive oxygen species, and cy-
tokine synthesis. Undoubtedly, these
studies have significantly advanced our
understanding of the role of opiates in
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the modulation of immunity; neverthe-
less, the effect of morphine on immunity
still remains a complex puzzle.
Dendritic cells (DCs) play a central
role in the initiation and control of an
adaptive immune response (21). Den-
dritic cells link the innate to the adaptive
immune response by their ability to de-
tect and capture foreign antigens and ef-
ficiency to present antigens to T cells.
Following the uptake and processing of
antigens in the periphery, immature DCs
migrate to the T cell-rich areas of lym-
phoid organs and undergo a maturation
process. Mature DCs are potent stimula-
tors of primary T cell and memory re-
sponses; they also produce an array of
cytokines and chemokines (21). Factors
that modify the DC maturation process
can influence the immune response
against pathogens and or vaccines. In ad-
dition to pathogen components and in-
flammatory cytokines, DCs respond to a
growing number of neuropeptides; for
example, calcitonin gene-related peptide
inhibits the antigen-presenting capacity
of DCs (22,23), substance P enhances nu-
clear factor kappa B (NF-«B) activation
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(24), and the vasoactive intestinal pep-
tide synergizes with TNF-a to increase
IL-12 production and enhance DC matu-
ration (25). Murine DCs have been
shown to express functional k-opioid (26)
as well as 8- and p-opioid (27) receptors.
Stimulation with the k agonist dynor-
phin suppressed the T cell stimulatory
capacity of DCs without affecting anti-
gen uptake or phenotypic maturation
(26). Expression of d-opioid receptor has
also been detected on human DCs (27).

We sought to investigate the conse-
quence of morphine on the differentia-
tion process of human myeloid DCs from
monocytes. Our data show that exposure
of monocytes to morphine during the
differentiation process into DCs enhances
the T cell stimulatory capacity of
lipopolysaccharide (LPS)-matured DCs,
which is mediated through classic opioid
receptors. This is paralleled by a p38
MAPK-dependent increase in IL-12 p70
secretion and decrease in IL-10 produc-
tion. In contrast to studies in T cells and
some reports on macrophages, morphine
enhances the response of DCs to a stimu-
lus and exerts an immunomodulatory
function that is likely to amplify a Th1
immune response. Thus, human mono-
cytes and DCs can be participants in the
neuroimmune dialog.

MATERIALS AND METHODS

Reagents

The p38 MAPK-specific inhibitor,
SB203580, a pyridinyl imidazole com-
pound, the MEK inhibitor PD98059, and
N-tosyl-L-phenylalanine chloromethyl
ketone (TPCK) were purchased from
Sigma (St. Louis, MO, USA). The in-
hibitors were used at a final concentra-
tion of 5 uM. These reagents were solubi-
lized in DMSO; therefore, DMSQO, in
identical concentrations, was also used in
controls. Dr. Singhal obtained morphine
from the National Institute for Drug
Abuse.

Isolation and Generation of DCs
DCs were generated from peripheral
blood mononuclear cells (PBMCs). Blood

of healthy volunteers was purchased
from the Long Island Blood Services
(Melville, NY, USA). PBMCs were iso-
lated over a Ficoll-Hypaque (Amersham
Biosciences, Uppsala, Sweden) density
gradient. CD14" monocytes were isolated
from PBMCs by positive selection using
anti-CD14 beads (Miltenyi Biotech,
Auburn, CA, USA) following the manu-
facturer’s instructions. To generate DCs,
CD14" cells were cultured in RPMI 1640
supplemented with 2 mM L-glutamine
(Gibco-BRL Life Technologies, Grand Is-
land, NY, USA), 50 utM 2-mercaptoethanol
(Sigma), 10 mM HEPES (Gibco-BRL),
penicillin (100 units/mL), streptomycin
(100 pg/mL) (Gibco-BRL), and 5%
human AB serum (Gemini Bio-Products,
Woodland, CA, USA). Cultures were
maintained for 7 days in 6-well trays (3 x
10° cells /well) supplemented with 1000
units/mL GM-CSF (Immunex, WA, USA)
and 200 units/mL IL-4 (R&D Systems,
Minneapolis, MN, USA) at days 0, 2, 4,
and 6. In all experiments, morphine was
added to the differentiating DCs at days
1, 3, and 5 at the indicated doses. Mor-
phine was tested for the presence of
endotoxin using the limulus assay
(Biowhittaker), and the measured endo-
toxin levels in 10> M morphine were

EU 0.001.

To analyze potential receptors used by
morphine on DCs, the antagonist nalox-
one (107 M) (Sigma) was added to DCs
on alternate days to morphine.

Stimulation of DCs

Monocytes (3 x 10°) were cultured in
6-well plates for 7 days in the presence
or absence of morphine and GM-CSF/
IL-4 as described above. At day 7 of
culture, immature DCs were either left
untreated (immature [IM]) or stimu-
lated with 100 ng/mL lipopolysaccha-
ride (LPS) (E. coli serotype O26:B6;
Sigma). DCs were left in the same
wells, and LPS was added directly to
the cultures. DCs were not washed be-
fore LPS addition; residual morphine
could still be present in the cultures.
Characteristics of DCs were analyzed
after 48 h of stimulation.
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Analysis of DC Phenotype

DCs (1 x 10*) were labeled (by incubat-
ing in 100 uL PBS/5% FCS/0.1% sodium
azide, staining buffer) with phycoery-
thrin (PE)-conjugated IgG specific for
HLA-DR (Becton Dickinson Immunos-
taining Systems [BD], San Jose, CA,
USA), CD83 (Immunotech-Beckman-
Coulter, Marseille, France), or fluorescein
isothiocyanate (FITC)-conjugated IgG
mAD specific for CD86 and CD80 (BD)
for at least 30 min at 4°C. Cells were then
washed 4 times with staining buffer,
fixed with 3.7% formaldehyde in PBS
(pH 7.2-7.4), and examined by flow cy-
tometry using FACScan (BD). In all ex-
periments, isotype controls were in-
cluded using an appropriate PE- or
FITC-conjugated irrelevant mAb of the
same Ig class. To detect the expression of
opioid receptors on the cell surface, unla-
beled primary antibodies against the opi-
oid w, k, and 8 receptors were used
(Oncogene Research Products, San
Diego, CA, USA) and detected using
FITC-conjugated goat anti-mouse Ig
(Biosource International, Camarillo,
CA, USA).

Measurement of Cytokines and
Chemokines

Cell culture supernatants were col-
lected from day-9 DCs. Cells were left
untouched after the initial seeding. The
production of cytokines and chemokines
in DC supernatants was measured by
ELISA (Pierce Boston Technology Cen-
ter, SearchLight Proteome Arrays Multi-
plex Sample Testing Services, Woburn,
MA, US) 48 h after activation with LPS
at day 7.

T Cell Isolation

T cells were isolated by negative selec-
tion using the RosetteSep antibody cock-
tail from Stem Cell Technologies (Van-
couver, Canada) according to the
manufacturer’s instructions. The isolated
T cells were routinely ~99% pure.

Mixed Leukocyte Reaction
To assess levels of cellular activation
and proliferation, cells were plated at
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10° cells/well in 96-well plates at a
DC:T cell ratio of 1:100. After 5 days,

the microcultures were pulsed with
[3H]thymidine (1 uCi/well) during the
last 8 h of culture. At the end of the in-
cubation period, the cells were har-
vested onto glass fiber filters with an
automated multiple sample harvesters],
and the amount of isotope incorporation
was determined by liquid scintillation
B-emission. Data is reported as mean
cpm of thymidine incorporation per
well; each experiment was carried out in
triplicate.

RESULTS

Morphine Modifies LPS-Induced DC
Maturation

The effects of opioids are mediated by
at least 3 different opioid receptors
termed , x, and 6, which belong to the
G-protein coupled membrane receptor
family (28). The expression of morphine
receptors on the cell surface of CD14"
monocytes was investigated by flow cy-
tometry. Monocytes were found to ex-
press all 3 opioid receptors (Figure 1A,B).
Immature DCs and LPS-matured DCs
expressed similar levels of all 3 opioid
receptors, and the expression did not dif-
fer significantly from that of monocytes
(Figure 1B). Chronic morphine stimula-
tion was mimicked by adding morphine
to the monocyte cultures at days 1, 3,
and 5 during the differentiation process.
The presence of morphine during the de-
velopment of DCs from monocytes did
not significantly alter the cell surface
phenotype of immature DCs (data not
shown). When immature DCs that had
been cultured in the presence of mor-
phine were stimulated with LPS, how-
ever, morphine-treated DCs showed in-
creased expression levels of HLA-DR,
CD86, and CD83 compared with DCs
differentiated in the absence of morphine
(Figure 2). No changes were observed in
the expression levels of CD80, CD40, and
CD54 (data not shown). The doses tested
were physiological (< 10°®) as well as
pharmacological (107 to 10™%). No differ-
ence in morphology was observed be-
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Figure 1. Expression of opioid receptors on monocytes and DCs. (A) Monocytes were ana-
lyzed for expression of the u, x, and 6 opioid receptors by surface membrane immunofluo-
rescence techniques using FITC-conjugated mAbs. The result shown is one representative
of five independent experiments using cells from different donors. (B) Monocytes, imma-
ture DCs (IM-DC), and LPS-matfured DCs (LPS-DC) were analyzed for expression of the u, «,
and & opioid receptors by surface membrane immunofluorescence techniques using FITC-
conjugated mAbs. Results shown are mean + SEM of five (monocytes) and three (IM-DC,
LPS-DC) experiments using cells from different donors.

tween morphine-exposed and nonex-
posed DCs, and the yield of DCs was not
affected by morphine (data not shown).
Another characteristic of mature DCs
is the secretion of cytokines. To analyze
whether morphine treatment altered the
cytokine profile of LPS-matured DCs,
cell culture supernatants were analyzed
for IL-10 and IL-12. Morphine consis-
tently reduced LPS-induced IL-10 secre-
tion almost completely (to the levels
present in immature DCs) in all 6 donors
tested and increased LPS-induced IL-12
(p70) production in 4 of 6 donors tested
(Figure 3). Furthermore, morphine did

not induce changes in the cytokine pro-
file in immature DCs (data not shown).

Morphine Mediates Changes in IL-12
Secretion through p38 MAPK

To investigate the involvement of
MEK, p38 MAPK, PI3K, and NF-kB path-
ways in morphine-mediated changes of
IL-12 and IL-10 production, we used their
specific inhibitors, PD98059, SB203580,
LY294002, and TPCK, respectively (Fig-
ure 4A). The LPS-induced secretion of
IL-10 was completely reduced by the p38
MAPK inhibitor SB203580 (Figure 4A,B).
Morphine-mediated reduction of IL-10
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Figure 2. Morphine enhances expression of surface molecules in LPS-matured DCs. Im-
mature DCs were differentiated in the absence or presence of different doses of mor-
phine (107 to 1072 M) for 7 days. DCs were exposed to medium only (IM) or LPS

(100 ng/mL) for 48 h. DCs were analyzed for expression of the indicated markers by
flow cytometry using PE- or FITC-conjugated mAbs. One representative experiment of
3 is shown on nongated DCs.
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Figure 3. Effect of morphine on IL-10 and IL-12 production in LPS-matured DCs. Immature
DCs were differentiated in the absence or presence of different doses of morphine (107 to
10712 M) for 7 days. DCs were exposed to medium only (IM) or LPS (100 ng/mL) for 48 h.
LPS, immature DCs exposed to LPS; LPS + morphine, morphine-treated immature DCs ex-
posed fo LPS. Cell culture supernatants were analyzed for the presence of IL-10 and IL-12
(p70) by ELISA. The results shown are mean + SEM of 4 independent experiments.
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secretion in LPS-matured DCs could not
be reversed by any of the other inhibitors
tested (Figure 4A). The LPS-induced IL 12
secretion and the morphine-mediated in-
crease in IL-12 production were both re-
duced using the p38 MAPK inhibitor (Fig-
ure 4A,B). None of the other inhibitors
reduced the morphine-augmented IL-12
levels (Figure 4A).

Morphine Enhances the T Cell
Stimulatory Capacity of
LPS-Matured DCs

Mature, cytokine-producing DCs in-
duce T cell activation and proliferation,
leading to the development of adaptive
immunity (21). Because we found that
morphine reduces IL-10 production in
LPS-matured DCs, and because IL-10 is
known to reduce T cell proliferation (29),
we tested whether morphine-treated ma-
ture DCs would show an increased T cell
stimulatory capacity. Immature DCs
were generated in the presence or ab-
sence of morphine for 7 days and ma-
tured by exposure to LPS for 48 h. DCs
were harvested and cocultured with allo-
geneic T cells for 5 days. Morphine-
treated LPS-matured DCs showed in-
creased activation of T cells (Figure 5A).
To further evaluate whether morphine
exerts its effect on DCs though opioid re-
ceptors, immature DCs were generated
in the presence or absence of morphine
as described above. The morphine-
treated group was divided into two
groups: one received only morphine
every other day of culture and the other
was exposed to the opioid antagonist
naloxone on alternating days of mor-
phine treatment. We found that the in-
creased T cell stimulatory capacity of
morphine-treated mature DCs could be
blocked by naloxone (Figure 5B).

DISCUSSION

Morphine is widely used in the clinic.
When given in vivo, morphine sup-
presses a variety of immune responses,
including rat T and NK cells (8),
macrophages, rat and macaque PMNs
(9,10), and lymphocyte circulation in
macaques (11). Although some studies
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have recently been performed in mouse
DCs, the function of opioid receptors on
human DCs has not been investigated.

We show that human monocytes ex-
press all 3 opioid receptors on the cell
surface and that chronic exposure of
monocytes to morphine during the DC
differentiation process enhances the T cell
stimulatory capacity of LPS-matured DCs.
It has been shown that mouse DCs that
were cultured with the k-opioid—specific
antagonist dynorphin overnight showed
suppressed T cell activation, but their
phenotypic maturation was not affected
(26). The mouse spleen contains several
subtypes (plasmacytoid and myeloid) of
DCs that are CD11c", each of which could
respond in a different way to dynorphin.
Therefore, mouse splenic CD11c" cells
cannot be directly compared with our
human myeloid DCs. Also, in our system,
we are chronically exposing monocytes to
morphine during the differentiation
processes into DCs. Our experiments
were designed to mimic constant expo-
sure of differentiating DCs to morphine,
which would be the case in people chroni-
cally exposed to morphine. Morphine was
added to the cultures until day 5, and po-
tential leftover morphine was not re-
moved when the DCs were exposed to
LPS. We do not know how a one-time ex-
posure of immature DCs to morphine
would affect their response to LPS. Mor-
phine stability and turnover of opioid
receptors bound to morphine on DCs re-
mains to be tested. Also, it still needs to
be evaluated whether morphine acts spe-
cifically on stimuli that go through toll-
like receptors, such as LPS, and whether
the same effects will be observed with
other DC maturation stimuli such as
CD40L.

Here we show that morphine exerts
stimulatory effects on human myeloid
DCs in vitro. The different results ob-
tained in comparison with the mouse
DCs could be because morphine can sig-
nal through all 3 opioid receptors,
whereas dynorphin is k-receptor specific.
Furthermore, it is likely that a mixture of
myeloid and plasmacytoid DCs responds
differently than a culture of only myeloid
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Figure 4. Morphine modulates IL-12 production through p38 MAPK. Immature DCs were
differentiated in the absence or presence of morphine (107 M) for 7 days. DCs were
exposed to medium only (IM) or LPS (100 ng/mL). LPS, immature DCs exposed to LPS;
LPS + morphine, morphine-treated immature DCs exposed to LPS. (A) One hour before
LPS exposure, immature d 7 DCs were incubated with DMSO or 5 uM SB203580 (SB),
PD98059 (PD), LY294002 (LY), or TPCK (TP). Forty-eight hours after addition of LPS, cell
culture supernatants were analyzed for the presence of IL-10 and IL-12 (p70) by ELISA.
The results shown are mean = SEM of 2 independent experiments. (B) One hour before
LPS exposure, immature d 7 DCs were incubated with DMSO or 5 uM SB203580 (SB).
Forty-eight hours after addition of LPS, cell culture supernatants were analyzed for the
presence of IL-10 and IL-12 (p70) by ELISA. The results shown are mean + SEM of 4 inde-

pendent experiments.

DCs, as in our experiments. Another
study showed that mouse bone mar-
row-derived DCs show increased T cell
activation when incubated with 8- or
u-specific agonist (30). These bone
marrow—derived DCs were generated in
the presence of GM-CSF, which yields
only myeloid DCs (31). Therefore, this
system resembles our human in vitro
culture system, and the results obtained
with regard to T cell activation are in

concordance. A DC-stimulatory property
of another neuroactive ligand has re-
cently been identified. Basu and Srivas-
tava (32) showed that DCs express the
vanilloid receptor 1, which binds cap-
saicin and acts on neurons to convey the
sensation of pain. Engagement of the
vanilloid receptor with capsaicin caused
maturation of DCs. Thus, it appears that
the signals for pain and immunomodula-
tion are intricately linked.
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Figure 5. Morphine treatment increases the
T cell stimulatory capacity of LPS-matured
DCs. (A) Immature DCs were differentiated
in the absence or presence of different
doses of morphine (107 to 1072 M) for 7
days. DCs were exposed to medium only
(M) or LPS (100 ng/mL) for 48 h. LPS, imma-
ture DCs exposed to LPS; LPS + morphine,
morphine-treated immature DCs exposed
to LPS. Two days after exposure to LPS, DCs
were cocultured with 10° allogeneic T cells
at a DC:T cell ratio of 1:100. T cell prolifera-
tion was assessed by measuring the amount
of (*H)thymidine incorporated during the
last 8 h of a 5-day culture period. The results
shown are mean + SEM of 3 independent
experiments using DCs generated from dif-
ferent donors. (B) Immature DCs were differ-
entiated in the absence or presence of
morphine (108 M) for 7 days. The morphine-
tfreated group was divided into two groups:
one received only morphine and the other
morphine and naloxone (10° M) on alter-
nating days until day 7. On day 7, DCs were
exposed to medium only (IM) or LPS (100
ny/mL) for 48 h. On day 9, DCs were har-
vested, washed, and cocultured with 10° al-
logeneic T cells at a DC:T cell ratio of 1:100.
T cell proliferation was assessed by measur-
ing the amount of CH)thymidine incorpo-
rated during the last 8 h of a 5-day culture
period. The results shown are mean + SEM of
3 independent experiments.

Our results show that prolonged expo-
sure of DCs to morphine during their
differentiation from monocytes leads to a
MAPK-dependent increase in IL-12 pro-
duction when stimulated with LPS. This
was paralleled by an increased T cell
stimulatory capacity that could be
blocked using the opioid antagonist
naloxone, suggesting involvement of a
classic opioid receptor.

IL-10 can inhibit LPS-induced DC mat-
uration (33,34). It also functions as an en-
dogenous inhibitor of IL-12 in DCs (35)
and Th1 responses but stimulates Th2
cell population and humoral immunity,
whereas IL-12 is an inducer of cell-
mediated immunity that promotes the
development, proliferation, and function
of Th1 cells. IL-12 promotes the activa-
tion and function of NK cells, T cell cyto-
toxicity, and production of IL-2 and
IFN-y (36). Because morphine-treated
DCs showed enhanced IL-12 production,
this effect of morphine may be the result
of the morphine-induced inhibition of
IL-10 generation. In murine macrophages,
morphine increased IL-12 production but
did not alter IL-10 production (37). This
could be due to species differences or
different signaling pathways utilized in
macrophages and DCs.

Only the p38 MAPK inhibitor
SB203580, and none of the other inhibitors
tested, reduced the morphine-augmented
IL-12 levels, suggesting that morphine
mediates increased IL-12 production via a
P38 MAPK-dependent pathway. It is
likely that morphine increased the
amount of phosphorylated p38 in DCs.
However, we cannot exclude that mor-
phine also alters other signaling pathways
that were not investigated in this study.

Endogenous opiates exert immunos-
timulatory effects (3,4). Helper T cells
produce endogenous opioids, and mem-
ory T cells within inflammatory tissue
are capable of synthesizing and releas-
ing B-endorphins (38-40). Because DCs
can respond to exogenous opioids, en-
dogenous opioids might play a role in
DC-T cell communication. When re-
leased from helper T cells, opioids could
act on DCs to foster increased IL-12
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production, which would shift the
helper T cells to a Th1 phenotype.

Even though morphine has been
shown to exert inhibitory effects on
T cells and in certain conditions macro-
phages (6,14), our data show that it ex-
erts a stimulatory effect on DCs in vitro.
However, in vivo an increased Thl re-
sponse due to high levels of IL-12, and
increased T cell proliferation in the con-
text of an infection, might not be desir-
able and have negative effects on the
host’s immune response. As it has been
shown that exaggeration of the IL-12 re-
sponse may result in endotoxic shock
(41,42) or allograft rejection (41-44) and
can block antiparasitic immunity (45),
the stimulatory effect of morphine on
DCs might in fact have a negative impact
on the development of an immune re-
sponse in vivo. On the other hand, ex
vivo-generated DCs that are used for im-
munotherapy of cancer patients, if gener-
ated in the presence of morphine, might
induce a stronger immune response to
tumor because of elevated IL-12 levels.
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