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Abstract

Opioids were originally discovered because of their ability to induce analgesia, but further
investigation has shown that the opioids regulate the function of cells involved in the immune
response. We suggest that the regulation of cytokine, chemokine, and cytokine receptor expression
is a critical component of the immunomodulatory activity of the opioids. In this paper we review the
literature dealing with the regulation of cytokine and cytokine receptor expression by agonists for
the three major opioid receptor types (u, k, and 8), and nociceptin, the natural agonist for the orphanin
FQ/naciceptin receptor. Although the opioid receptors share a high degree of sequence homology,
opposing roles between the kappa opioid receptor (KOR) and the mu opioid receptor (MOR) have
become apparent. We suggest that activation of the KOR induces an anti-inflammatory response
through the down-regulation of cytokine, chemokine and chemokine receptor expression, while
activation of the MOR favors a pro-inflammatory response. Investigation into the opioid receptor-
like (ORL1)/nociceptin system also suggests a role for this receptor as a down-regulator of immune
function. These effects suggest a broad role for opioids in the modulation of the function of the
immune system, and suggest possible targets for the development of new therapeutics for
inflammatory and infectious diseases.
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1. Introduction

For many centuries, opium derived from secretions of Papaver somniferum seedpods have
been utilized for analgesic purposes. Morphine, an opium alkaloid, was isolated in 1803 by
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Serturner and was later found to be primarily responsible for the analgesic properties of opium.
However, other metabolites of heroin may also posses pharmacological activities considering
that the heroin metabolites 6-monoacetylmorphine (6 MAM), morphine, morphine-6-p-D-
glucuronide (M6G), and morphine-3-p-D-glucuronide (M3G) can induce discriminative
stimulus effects in rhesus monkeys similar to heroin [1;2].

Three distinct opioid receptor classes have been identified and cloned, and are designated p,
K, and & [3-7]. All three opioid receptors are widely distributed in the central nervous system
(CNS). The expression of opioid receptors on cells of the immune system was first implicated
by the ability of opioids to alter immune function. Wybran et al. [8] provided the first
experimental evidence that cells of the immune system express opioid receptors. These studies
showed that morphine inhibited the ability of human T lymphocytes to rosette with sheep
erythrocytes, and this effect could be blocked by the opioid antagonist naloxone. Based on this
evidence, Wybran et al. hypothesized that naloxone-sensitive receptors were expressed on
human T lymphocytes. Since these initial studies, pharmacological, molecular, and, more
recently, immunologic evidence for the expression of opioid receptors on immune cells have
been reported [9-11]. Furthermore, p-, k-, and 3-opioid receptors (MOR, KOR, and DOR)
have been cloned from mRNA isolated in primary lymphocytes, primary macrophages, and
several cell lines with sequences that are essentially identical to opioid receptors found in the
CNS [12-16].

The receptor designated Opioid Receptor-Like 1 (ORL1) exhibits substantial sequence
homology with the classic opioid receptors [17-20]. Similar to the classic opioid receptors,
ORL1 is coupled to G proteins and expressed within the CNS as well as on cells of the immune
system [21]. Moreover, human immune cells also express the precursor protein for nociceptin,
prepronociceptin, suggesting the presence of an intact ORL1-nociceptin circuit entirely within
the immune system [22]. The functional capacity of ORL1 was demonstrated by the ability of
nociceptin to induce the chemotaxis of immune cells [23;24]. A recent study suggests that
expression of ORL1 may actually be greater on cells of the immune system [25], but despite
this observation, little attention has been given to potential regulation of the immune response
by the ORL1-nociceptin system.

Treatment with various opioid compounds has been shown to modulate a number of aspects
of the immune response, including antibody responses in vitro and in vivo [26-28], phagocytic
cell function [29;30], Natural Killer Cell activity [31], the development and function of T cells
in the thymus [32-34], and cytokine and cytokine receptor expression (reviewed below). As
mentioned above, itis clear that cells of the immune system express opioid receptors. However,
at the present time it is not possible to state with certainty how universal this expression is. It
is clear that levels of expression of the opioid receptors on leukocytes are lower than for
neurons. In contrast, the nociceptin receptor appears to be expressed by some cells of the
immune system at relatively high levels, and at levels which are equivalent to expression in
the brain [21]. Once a set of reliable monoclonal antibodies is available, which would permit
direct analysis of the expression of the opioid and nociceptin receptors by sub-populations of
leukocytes, we will be in a position to learn a great deal more about the overall role of opioid
and nociceptin receptors in the immune system.

2. Effects of Opioids and Nociceptin on the Expression of Cytokines and
Cytokine Receptors

Regulation of immune and inflammatory responses is dependent on the functions of cytokines,
and we suggest that many of the immunomodulatory activities of the opioids and nociceptin
are due, at least in part, to the modulation of cytokine expression. The experience of
investigators with the opioids, particularly the relatively non-selective opioid agonist
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morphine, is complicated by effects which are not sensitive to treatment with an opioid
antagonist such as naloxone. This is also true for the opioid p-endorphin [35], a peptide which
appears to interact with a binding site on some leukocytes that is not a classic opioid receptor
(reviewed in [36]). These effects are assumed to be due to mechanisms which are not classical
opioid receptor mediated. For example, Brown and Van Epps [37] showed that both p-
endorphin and met-enkephalin elevated IFN-y production by Concanavalin A (ConA)-
stimulated human peripheral blood mononuclear cells (PBMCs), but the increase in IFN-y
production was not reversible by the opioid antagonist naloxone. Further, Mandler et al. [38]
also found that B-endorphin increased IFN-y production from phytohemagglutinin (PHA)-
stimulated human lymphocytes, and this effect was partially reversed with naloxone. On the
other hand, Peterson et al. [39] found that human PBMCs pretreated for 3 hours with either
B-endorphin or morphine followed by ConA stimulation failed to produce control levels of
IFN-y, and this effect was reversed in the presence of naloxone.

Bessler et al. [40] showed that pretreatment with B-endorphin significantly enhanced IL-1-
induced IL-2 production in two murine lymphoma cell lines, and that this effect was blocked
by pretreatment with naloxone. However, pretreatment of rat splenocytes with B-endorphin
followed by 24 hour stimulation with Con-A increased both IL-2 production and IL-2 receptor
a-chain expression [41], and the latter effect was not reversed by naloxone, suggesting the
participation of a non-classical opioid receptor. In contrast to these results with the relatively
non-selective agonist B-endorphin, a dose-dependent inhibition of IL-2 and IL-4 was observed
when murine splenocytes were incubated for 24 hours with relatively high concentrations of
morphine and then stimulated with ConA [42]. Lysle et al. [43] observed that morphine injected
subcutaneously into rats induced naltrexone-reversible, dose-dependent suppression of 1L-2
and IFN-y production by splenic lymphocytes. These results are consistent with more recent
studies which show that lymph node T cells from mice treated with low doses of morphine
failed to produce control levels of either IL-2 or IFN-y in response to ConA [44], and these
effects were absent in MOR-knockout mice.

The immunomodulatory properties of the opioids and nociceptin are not fully understood at
the present time. However, it is possible that the altered expression of some of the cytokines
is due to the opioid-induced production of regulatory mediators which, in turn, lead to altered
levels of cytokines such as IL-2 and IFN-y. A good candidate for this type of two-step regulation
would involve Transforming Growth Factor (TGF)- . Chao et al. [45] has shown that morphine
induces a naloxone-reversible increase in TGF-B production following treatment of
lipopolysaccharide (LPS) - or PHA-stimulated PBMCs. The inhibition of IL-2 and IFN-y
production following morphine administration might be explained by the well documented
immunomodulatory activity of TGF-B. A role for TGF-B in the opioid-induced regulation of
chemokine expression is described below.

An additional factor in the consideration of effects of opioids on the immune response is related
to the nature of the opioid administration. For example, there is evidence that chronic morphine
treatment results in reduced IL-2 and IFN-y production, with an increase in IL-4 and 1L-5
[46;47], and here again, these effects are lost in MOR-knockout mice. These effects have been
attributed to a polarization of the T cells to the Th2 phenotype [47;48]. This is in contrast to
studies which show that peritoneal macrophages from mice given relatively high doses of
morphine in vivo, followed by stimulation ex vivo, exhibit elevated expression of I1L-12 and
TNFa [49]. The latter two sets of results [47;49] are difficult to rectify since an increase in the
production of 1L-12 would not be consistent with an overall Th2 shift in the T cell phenotype.
However, the results do serve to demonstrate the disparate effects achieved when comparing
acute and chronic morphine administration.
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The expression of the pro-inflammatory monocyte/macrophage-derived cytokines, such as
IL-1, IL-6, and TNFa is also regulated following morphine administration. Several laboratories
have reported evidence which shows that endogenous opioid administration leads to the
modulation of cytokine expression. Apte et al. [50;51] have shown that endogenous endorphins
and enkephalins increase IL-1 production. Studies reported by Roy et al. [52] suggest that
morphine can synergize with LPS to augment the production of both IL-6 and TNFa. In a recent
study reported by Wang et al. [53] using a murine model of Streptococcal pneumoniae
infection, chronic morphine administration impairs resistance to infection. Furthermore, in the
morphine-treated animals, there was a significant decrease in the levels of TNFa, IL-1 and
IL-6 in the bronchoalveolar lavage fluid. It appeared that the impaired cytokine levels, together
with reduced levels of the chemokines CXCL2 and CXCL1, and impaired galectin-3 in the
alveolar space, resulted in a reduction in the migration of protective neutrophils to the site of
infection [53]. These results are particularly interesting when viewed in the context of earlier
results showing that the reduced capacity of splenocytes from morphine-treated mice to
produce antibody ex vivo could be reversed by the addition of exogenous IL-1, IL-6 or IFN-y
[54]. The latter results suggest impairment in the levels of IL-1 and/or I1L-6, and would be
entirely consistent with the results of Wang et al. [53] which suggest that morphine inhibits
the production of some of the pro-inflammatory monocyte/macrophage-derived cytokines.
However, studies carried out with human peripheral blood cells (described below) to determine
the effects of morphine on pro-inflammatory chemokines appear to suggest that opioid
administration does not induce a universal impairment in pro-inflammatory cytokine
expression.

Studies on the KOR have led to the conclusion that activation of this opioid receptor has, in
general, an immunosuppressive effect [55]. Studies carried out by Belkowski et al. (1995b)
showed that the KOR agonist trans-3,4-dichloro-N-methyl-N[2-(1-pyrolidinyl)cyclohexyl]
benzeneacetamide methanesulfonate (U50,488H) decreased the LPS-induced augmentation of
IL-1 and TNFa produced by the macrophage-like cell line P388D4. More recently, Alicea et
al. [12] demonstrated, using non-elicited peritoneal macrophages activated with LPS, that
treatment with U50,488H at concentrations as low as 1nM resulted in decreased production of
IL-1, TNFa and IL-6. Additional studies showed that the inhibition in cytokine expression was
apparent at the transcriptional level. The molecular basis for these effects remains uncertain.

Guan et al. [56] have determined that murine thymocytes stimulated with Staphylococcal
enterotoxin B (SEB) in the presence of activated macrophages exhibit significantly reduced
IL-2 production following administration of U50,488H. Indeed, expression of KOR by
developing T cells in the thymus appears to be relatively high [57;58], suggesting that the KOR
may play arole in regulating T cell differentiation. The expression of KOR by double-negative
(DN; CD4/CD8-negative) thymocytes as well as the immature T-cell lines R1.1 and DPK has
been established by both radioactive ligand binding assays and RT-PCR [10;13;57;59]. The
R1.1 cell line represents a very immature double negative developing T cell with low surface
expression of CD3 and CD25, and the DPK line is representative of the somewhat more mature
CD3+CD4+CD8+ stage of thymocyte differentiation. Guan and coworkers [59] observed that
following stimulation with superantigen in culture for 4 days, DPK cells progressed from the
double-positive stage to a CD4+ CD8intermediate stage, with further differentiation of
approximately 25% of these stimulated cells to the CD4+CD8- phenotype. These investigators
found that U50,488H inhibited the superantigen-induced differentiation of DPK cells.
Approximately 60% of the DPK cells exposed to U50,488H remained CD4+CD8+ following
SEA stimulation. Cells that did undergo differentiation failed to progress beyond the CD4
+CD8intermediate stage.

In an effort to further examine the role of the KOR in the function of developing T cells in the
thymus, we have tested the impact of U50,488H administration on the expression of cytokines
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and cytokine receptors in superantigen-stimulated thymocytes by RNase-protection analysis
(RPA) [60]. We have measured detectable levels of the cytokines IL-2, IL-4, IL-5, IL-13 and
IFNy, and the chemokines lymphotactin and RANTES in stimulated thymocyte cultures;
however, addition of U50,488H did not alter the expression of these cytokines. Examination
of cytokine receptor expression by these thymocytes revealed a significant inhibition in the
expression of the transcript for the IL-7 receptor a-chain (IL-7Ra), and these results were
confirmed at the protein level by flow cytometric analysis of the IL-7 receptor. These results
are particularly interesting given the critical role of IL-7 in the maturation of both T and B
cells. The IL-7 receptor is essential for the normal maturation of T cells in the thymus based
on the reduced numbers of mature T cell subsets in mice with deletions of the IL-7 or IL-7
receptor genes [61;62], and overexpression of IL-7 results in a restoration of T cell populations
in nude mice [63]. It is also apparent that IL-7 acts to support the survival of immature T cells
in part by providing an anti-apoptotic signal to these cells [64]. Very little is known about the
regulation of IL-7 receptor expression. Surprisingly, the expression of several other cytokine
receptor chains, including the common y-chain, IL-2Rp, IL-2Ra, IL-4Ra, and IL-15Ra chains
were not altered by U50,488H treatment.

Analyses of DOR function in the regulation of cytokine expression have primarily centered on
IL-2 expression. A study reported by Shahabi and Sharp [65] showed that murine splenic
CD4* T-cells treated with the DOR agonist deltorphin and then stimulated with plate-bound
anti-CD3 exhibited an increase in IL-2 production when deltorphin was given at very low doses
(107IM). In contrast, a decrease in IL-2 production was observed following deltorphin
administration at a higher dose (10~/M) revealing an unexpected biphasic modulation of
lymphokine production. House et al. [66] demonstrated that the DOR agonists [D-Pen?, D-
Pen®]enkephalin (DPDPE) and deltorphin administration elevated anti-CD3-induced IL-2,
IL-4 and IL-6 production. Studies carried out with Jurkat T cells transfected to express the
DOR have confirmed that DOR agonist administration elevates the production of IL-2 [67].
Studies with these transfected cells suggest that the enhanced IL-2 production occurs through
an opioid-induced increase in the activity of the Nuclear Factor of Activated T cells (NF-AT)/
Activator Protein-1 (AP-1) element of the IL-2 gene promoter.

Very little is known about the influence of ORL1 on the expression of cytokines by cells of
the immune system. Zhao and colleagues [68] used a rat model to induce inflammation and
analyze the effects of nociceptin on proinflammatory cytokine production. Following the
induction of trauma in these animals, they found typical, robust increases in both TNFo and
IL-1p transcripts in peritoneal macrophages. However, when nociceptin was administered by
intracerebroventricular injection, both TNFa and IL-1p expression was attenuated in these
cells. While these results might suggest an anti-inflammatory influence by nociceptin, the
results from Goldfarb et al., [69] would argue that a simple pro- versus anti-inflammatory
designation for nociceptin might not be entirely accurate. In this study, the effect of nociceptin
administration on staphylococcal enterotoxin A (SEA)-induced expression of the
proinflammatory cytokines TNFa, IL-1p, IL-2, and INFy was examined. They determined that
nociceptin injection into mice prior to SEA challenge produced an enhancement of TNFo and
INFy mRNA in the spleen, as well as increased plasma levels of TNFa. It is apparent that more
research will be needed to further define how nociceptin is involved in regulating inflammation.

3. Effects of Opioids and Nociceptin on Chemokine Expression

Chemokines are a group of small proteins that were discovered because of their association
with the inflammatory response and for their ability to regulate cell trafficking of leukocytes.
Chemokines are now known to be involved in mediating chemotaxis, as well as integrin
activation and leukocyte-endothelial cell interactions, leukocyte degranulation, and release of
inflammatory mediators and angiogenesis [70;71]. Chemokines are classified by the location
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of conserved cysteine residues and divided into 4 main families: CC, CXC, C and CX3C.
Increased expression of chemokines has been associated with a wide range of inflammatory
diseases and pathologies and chemokine antagonists are being hailed as the new generation of
inflammatory therapeutics with the hope of more specific inhibition and fewer adverse
reactions.

The p-selective agonist, [p-Ala2,N-Me-Phe4,Gly-ol5]enkephalin (DAMGO) has theability to
increase the expression of several pro-inflammatory chemokines, including CCL2, CCL5 and
CXCL10, in non-activated and PHA-stimulated human PBMCs [72]. This increase in
chemokine expression was seen at both the RNA and protein levels and pretreatment with D-
Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH, (CTAP), a selective MOR antagonist, abolished
the DAMGO-induced increase of CCL2 and CCL5 [72]. Recent studies have also shown that
activation of the MOR by either morphine or DAMGO induces a significant increase in CCL2
expression in primary human neurons [73].

Studies investigating the mechanism of opioid receptor regulation of chemokine expression
could be particularly significant in understanding the inflammatory response. Preliminary
results from our laboratory have implicated a role for TGF-B in MOR regulation of CCLS5.
Although generally considered anti-inflammatory, TGF-3 has been shown have a pivotal
function in the immune system [74]. TGF-B is a pleiotropic cytokine affecting a number of
cellular processes, including cell growth and differentiation [75]. The cellular response to TGF-
B is diverse depending on the cell context and the physiological environment resulting in
differential regulation of TGF-B. There is some evidence that TGF-p acts as a chemoattractant
for human peripheral blood monocytes and in this way may play an additional role in the
regulation of monocyte recruitment to the site of injury or inflammation [76]. Moreover, TGF-
B can induce transcription of pro-inflammatory regulators such as IL-1 and IL-6 in human
monocytes [77;78].

Regulation of TGF-p by opioids has not been fully investigated. Chao et al. [45] reported that
PBMCs exposed to morphine for 24 hours resulted in an increased amount of TGF-p.
Preliminary results from our laboratory show that DAMGO also increases TGF-f expression
in PBMCs, an effect which is blocked by addition of CTAP. Although the biochemical basis
for this effect remains uncertain, however, there are published results which suggest a possible
molecular mechanism. An examination of the MOR signal transduction pathway shows that
MOR activation results in an increase in the activity and DNA-binding activity of the
transcription factors Nuclear Factor-kB (NF-xB) and AP-1 in primary neurons [79]. Bilecki et
al. [80] reported that stimulation of MOR resulted in the increased phosphorylation and activity
of cCAMP Response Element-Binding (CREB) transcription factor, as well as the increased
activity and DNA-binding activity of AP-1 in the Neuro2aMOR neuronal cell line. The
promoters for CCL2 and CCL5 have been shown to possess consensus sequences for these
transcription factors [81;82], and activation of the TGF-f receptor may serve to induce the
expression of these chemokines by this mechanism. In addition, TGF-f is known to induce its
own mMRNA expression, and results show that this is mediated by the binding of AP-1 (Jun-
Fos) to a binding site within the TGF-B promoter [83]. Taken together these results suggest a
novel role for TGF-f in the immune system as an inducer of pro-inflammatory chemokine
expression.

In contrast to the increase in chemokine expression seen following stimulation of MOR in
leukocytes, activation of MOR in neuronal cells results in a decrease in chemokine expression.
Mahajan et al. [84;85] reported that normal human astrocytes show diminished expression of
the chemokines, CCL4, CCL2 and CXCLS8. These findings are consistent with results showing
that morphine inhibits the production of, and migration towards, CCL5 by human microglia
[86]. The disparity between the results obtained with PBMCs, reviewed above, and neuronal
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cells, is unclear. However, it is possible that other factors, such as TGF-B, may signal in the
neuronal and immune cells in distinct ways.

Despite the high degree of homology among the opioid receptors, MOR and KOR seem to
have opposing effects on cells of the immune system. The exogenous KOR-selective alkaloid
agonist U50,488H has been reported to down-regulate CCL2 production in primary human
astrocytes stimulated by the HIV-1 nuclear protein, Tat [87]. Activation of KOR following
stimulation with U50,488 H has also been shown to decrease IL-1p-induced CXCL8 secretion
[88]. Additionally, treatment with the U50,488H has been shown to suppress the production
of pro-inflammatory cytokines IL-1, IL-6, and TNF-o in primary macrophages and
macrophage/monocyte cell lines [12]. These results are interesting given that MOR activation
in the same cell populations (reviewed above) has the opposing effect on chemokine
expression. The biochemical basis for the disparate effects of MOR and KOR on chemokine
expression is the subject of ongoing research in our laboratory.

Finally, studies on the role of ORL1 in the regulation of chemokine expression have led to very
interesting results. Preliminary results from our laboratory suggest that administration of
nociceptin to human monocytes results in suppression of both CCL2 and CCLS5 protein levels
(unpublished results). However, nociceptin does not appear to regulate the expression of these
chemokines at the level of transcription. Inhibition of pro-inflammatory cytokines and
chemokines would suggest nociceptin may serve as an anti-inflammatory signal by limiting
proliferation and differentiation of immune cells as well as reducing the migration of peripheral
responder cells.

4. Effects of Opioids on Chemokine Receptor Expression

Both the chemokine and opioid receptors are members of the G protein-coupled receptor
(GPCR) family. These receptors form seven transmembrane a-helixes that span the lipid
bilayer to create three extracellular and three intracellular loops. The extracellular amino-
terminal domain is generally post-translationally modified by glycosylation. On the
intracellular or carboxyl-terminal domain end, several signaling events are initiated. Coupling
of the G protein and threonine and serine phosphorylation sites are found on the C-terminal
domain and mediate downstream signaling cascades. Distinctions between the signaling
capacities of these receptors are likely to be determined by structural elements at the C-terminal
domain.

Angiotensin receptors are likely the closest neighbor to the chemokine receptors as are the
opioid, somatostatin, and melanin concentrating hormone receptors [89]. Chemokine receptors
have been found to be involved in disease processes such as inflammation and cancer. This
creates an avenue for the exploration of novel therapeutic targets and strategies for the treatment
of disease. For example, the chemokine receptors CCR5 and CXCR4 are the two major co-
receptors for HIV-1 infection. CXCR4 participates in T cell-tropic HIV-1 infection [90], while
CCRS participates in monocyte/macrophage-tropic HIV-1 infection [91]. Further
understanding of the function and expression of these co-receptors is of interest because of
their role in inflammatory diseases, as well as their participation in infection by HIV-1.
Moreover, other chemokine receptors are known to participate in the progression of disease
following HIV-1 infection. Most notably, CCR2 is a critical chemokine receptor involved in
the traffic of HIV-infected monocytes across the blood-brain barrier during the development
of HIV encephalitis (reviewed in [92]. Finally, it is clear that a number of neuronal factors can
influence the development of this inflammatory disease process, including substance P,
dopamine, and neuropeptide Y, as well as the endogenous opioid peptides [92].

The influence of opioids on the expression of chemokine receptors has been studied in both
leukocytes and neuronal cell populations. Recent results show that administration of morphine
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to the human astrocytoma cell line U87 resulted in the elevation of CXCR2 transcript levels
[84]. These studies also showed that CCR5 and CCR3 transcript levels are increased with
morphine administration, as determined by RT-PCR, in normal human astrocytes. A more
recent study using a human brain derived astrocytoma/glioblastoma cell line termed U373
showed marked increases in CCR3 and CCR5 expression following morphine treatment [93].
Recent results also show that CCRS5 protein levels were elevated when non-human primate
PBMCs were treated with morphine for 24 hours [94]. The ability of MOR activation to induce
CCRS5 expression suggests MOR agonists, such as morphine, may promote susceptibility to
HIV-1 infection and disease progression associated with this infection.

Studies carried out with human PBMCs showed that both morphine and DAMGO induce the
expression of both CCR5 and CXCR4 [95]. These studies showed that the induction of
chemokine receptor expression was apparent at the mRNA level as well. In addition, analysis
of protein expression using flow cytometry showed that both CCR5 and CXCR4 was induced
following MOR activation in both CD14-positive monocytes as well as in CD3-positive blast
cells.

Studies with the KOR have been somewhat contradictory. We have reported results from
studies in mice which showed that treatment with U50,488H results in an increase in CCR2
expression by developing T cells in the thymus [60]. This is in contrast to our preliminary
experiments which show that activation of the KOR in human PBMCs suppresses the
expression of both CCR5 and CXCRA4. Here again, the effect is apparent for both monocytes
and T cell blasts. The biochemical basis for the opposing effects of MOR and KOR on
chemokine receptor expression remains unclear at this time. However, our studies suggest that
TGF-B is involved in the increased CXCR4 levels following MOR activation by DAMGO,
based on the ability of MOR agonists to induce TGF-f expression, and the ability of this
cytokine to induce CXCR4 levels in PBMCs. The mechanism of CCR5 transcript elevation by
DAMGO treatment remains in question, but the presence of AP-1 and NF-«xB transcription
factor binding sites in addition to several other possible regulatory elements may be responsible
for these effects. The biochemical basis for the effect of KOR activation on chemokine receptor
expression is an important issue, and an area of ongoing research in our laboratory. However,
our results show that the inhibition of CCR5 and CXCR4 expression is apparent at the mRNA
level. The distinct functions of these opioid receptors are very interesting, and suggest a
complex signaling mechanism in which different opioids are able to elicit very different
physiological responses.

In a study using differential display RT-PCR, morphine treatment of human lymphocytic cells
for a period of 6 hours showed that several genetic sequences are regulated by activation of
the opioid receptors. Using a comparison between cDNA sequences and those sequences found
to be differentially regulated, one sequence which is substantially up-regulated is the Kruppel-
like factor 7 (KLF7), an essential zinc finger transcriptional factor normally expressed during
development of the nervous system [96]. A close relative to KLF7 is the Specificity Protein-1
(SP-1) family of transcriptional regulators. Both SP-1 and KLF7 bind GT-boxes or CACCC
elements found in the promoters of several gene families [97]. Interestingly, the promoter of
CXCR4 contains several SP-1 binding sites, but at this time it is not clear if KLF7 has any
involvement in the regulation of CXCR4 or any chemokine receptor.

5. Conclusions

It is clear that MOR activation by opioids results in altered transcriptional and protein
regulation of several cytokines, chemokines, and chemokine receptors. Evidence reviewed
above clearly links opioid use to altered immune function. Furthermore, the observation that
CCRS5 and CXCR4 are elevated by MOR activation would be predicted to have a profound
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influence on susceptibility to infection by HIV-1. Not surprisingly, activation of MOR by
morphine or DAMGO leads to an increase in susceptibility to infection by both R5- and X4-
strains of HIV-1, and this is associated with the induction of CCR5 and CXCR4 in these cells
[95].

In contrast with MOR, with few exceptions, KOR activation exhibits a broad inhibitory
influence on cytokine, chemokine, and chemokine receptor expression. A brief summary of
the contrasting effects of MOR and KOR activation on the expression of chemokine receptors
is shown in Table 1. We have previously suggested that KOR activation induces a generalized
anti-inflammatory influence on cells of the immune system [55]. This is particularly apparent
for the expression of the chemokine receptor CCR5, and suggests important regulatory
signaling pathways are distinct for these two opioid receptors. Clarification of the molecular
basis for these signaling pathways may reveal very useful information about the participation
of these receptors in inflammatory disease states. This information may also yield useful targets
for the development of therapeutic strategies for the treatment of inflammatory and infectious
diseases.
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Effects of opioids on chemokine receptor transcriptional regulation
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Mu Opioid Receptor (MOR)

Opioid Effect Chemokine Receptor
Morphine 1 CCR3[93]
1 CCR5 [93;95]
1 CXCR2[84]
1 CXCR4[95]
DAMGO 1 CCR5[95]
1 CXCR4[95]
Kappa Opioid Receptor (KOR)
Opioid Effect Chemokine Receptor
U50,488H 1 CCR2[60]
¢ CCR5
v CXCR4
N/OFQ Receptor-Like (ORL)
Opioid Effect Chemokine Receptor
Nociceptin nc CCRZ*
nc CCR5
nc CXCR4

*
Unpublished data. nc indicates no change in expression.
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