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Infection rate among intravenous drug users (IDU) is higher than the general public, and is the
major cause of morbidity and hospitalization in the IDU population. Epidemiologic studies
provide data on increased prevalence of opportunistic bacterial infections such as TB and
pneumonia, and viral infections such as HIV-1 and hepatitis in the IDU population. An important
component in the intravenous drug abuse population and in patients receiving medically indicated
chronic opioid treatment is opioid withdrawal. Data on bacterial virulence in the context of opioid
withdrawal suggest that mice undergoing withdrawal had shortened survival and increased
bacterial load in response to Salmonella infection. As the body of evidence in support of opioid
dependency and its immunosuppressive effects is growing, it is imperative to understand the
mechanisms by which opioids exert these effects and identify the populations at risk that would
benefit the most from the interventions to counteract opioid immunosuppressive effects. Thus, it is
important to refine the existing animal model to closely match human conditions and to crossvalidate these findings through carefully controlled human studies. Better understanding of the
mechanisms will facilitate the search for new therapeutic modalities to counteract adverse effects
including increased infection rates. This review will summarize the effects of morphine on innate
and adaptive immunity, identify the role of the mu opioid receptor in these functions and the
signal transduction activated in the process. The role of opioid withdrawal in immunosuppression
and the clinical relevance of these findings will also be discussed.
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INTRODUCTION
The status of the immune system generally dictates the outcome following microbial
infection in an organism. Invasion of a host by pathogenic infectious agents initiates a
sequence of immune responses through interactions between a diverse array of pathogenborne virulence factors and the immune surveillance mechanisms of the host. In human
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infections, the integrity of the host immune system and an appropriate host response is
crucial for pathogen clearance. Primary immune deficiencies predispose to different
infections, depending on the nature of the underlying immune defect. An inappropriate
immune response may not only result in lack of protection, but even contribute to disease
severity. Chronic opioid use and abuse has been documented to severely compromise the
immune system and thereby, increase the risk of opportunistic infection (Roy and Loh,
1996; Roy et al., 2006; Friedman and Eisenstein, 2004; Dinda et al., 2005). This is supported
by epidemiological studies showing increased prevalence of opportunistic infections such as
tuberculosis, HIV infection and pneumonia in opioid addicts (Georges et al., 1999; Nath et
al., 2002; Quaglio et al., 2002). Confounding variables such as sharing of unsterilized,
contaminated needles, nutritional status, environment influences, history of drug use and
genetic variability can contribute to the frequency of infections in these patients, however,
epidemiological studies suggest that the immune modulating effects of morphine abuse to be
a major factor in disease prevalence (Georges et al., 1999; Nath et al., 2002; Quaglio et al.,
2002). Furthermore, in animal studies where these variables can be controlled, morphine
treatment (used as a surrogate for heroin which is rapidly converted to morphine following
first pass metabolism) results in significant immune detriment with increased susceptibility
to opportunistic infections (Roy, et al,1996, 2006). Defense against microbes is mediated by
the early reactions of innate immunity and the later response of adaptive immunity. Chronic
morphine abuse has been shown to affect both arms of immune defense (Vallejo et al.,
2004). This review will summarize the effects of chronic and acute morphine on innate and
adaptive immunity, identify the role of the mu opioid receptor and the signal transduction
activated in the process. The role of opioid withdrawal in immunosupression and the clinical
relevance of these findings will also be discussed.

1. MORPHINE MODULATION OF INNATE IMMUNE FUNCTION
Studies supporting a direct role for opioids on immune system modulation emerged with the
discovery of opioid receptors on immune cells. The concept of direct and indirect morphine
action was first introduced through work with morphine dependent rodents. Extensive body
of literature now supports that morphine-induced immunosuppression is mediated primarily
by the mu opioid receptor (MOR), although some functions are amplified following
sympathetic activation or in the presence of corticosterone (CORT). The inhibition of IFNgamma synthesis and activation of macrophage-cytokine synthesis is CORT-independent
and only partially dependent on sympathetic activation (Peterson et al., 1987; Bryant et al.,
1991; Casellas et al., 1991; Perez-Castrillon et al., 1992). With the discovery of opioid
receptors on leukocytes, research focus has shifted to direct effects of opioids on immune
cells and will therefore be the topic of discussion of this review.
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In this section, we summarize seminal studies and current literature investigating how
morphine directly inhibits the innate immune system by modulating macrophage, neutrophil,
dendritic, mast and natural killer cell function.
1.1 Macrophage
Macrophages are one of the first lines of innate immune defense against invading pathogens.
They play an essential role in pathogen clearance through their phagocytic, chemotactic and
bactericidal actions. Therefore, any defects in macrophage function can be detrimental for
the host. Macrophages have been at the center of many studies examining morphine
mediated immune suppression and the significant role they play as the key factors in the
innate immune system. Opioid inhibition of the innate immune system has been observed at
several levels. Morphine treatment has been implicated in the inhibition of cytokine
secretion, leukocyte recruitment and bacterial clearance. By decreasing the proliferative
capacity of macrophage progenitor cells and lymphocytes, morphine treatment reduces the
J Neuroimmune Pharmacol. Author manuscript; available in PMC 2013 March 18.

Roy et al.

Page 3

NIH-PA Author Manuscript

number of macrophages that are available to respond to infection (Roy et al., 2006) thereby
compromising the host’s ability to fight off invading pathogens. Furthermore, morphine
treatment has been also shown to directly inhibit macrophages’ ability to ingest opsonized
pathogens (Casellas et al., 1991; Szabo et al., 1993; Tomei and Renaud, 1997).
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Initial opioid induced immunosuppression studies investigated the role of endogenous
opioids such as leucine (leu) or methionine (met) enkephalin. It was observed that in vitro
administration of endogenous opioid peptides such as leu- and met-enkephalin resulted in
inhibition of phagocytosis by murine macrophages of opsonized sheep red blood cells
(Casellas et al., 1991). When the field expanded to examine the role of exogenous opioids in
this process, findings showed that morphine treatment also led to inhibition of macrophage
function. Murine peritoneal macrophages undergoing morphine treatment exhibited
suppression of phagocytosis, respiratory burst activity (Menzebach et al., 2004) while in
human monocytes morphine has been implicated to inhibit and chemotaxis (Perez-Castrillon
et al., 1992). By preventing bacterial internalization morphine leads to inadequate bacterial
clearance. Furthermore, through inhibition of respiratory burst activity, morphine attenuates
bacterial killing which together with diminished phagocytosis leads to increased bacteremia
and bacterial escape from latency in mice (Bhaskaran et al., 2001; Wang et al., 2005; LugoChinchilla et al., 2006). Human studies and rodent models of drug abuse indicate that
morphine impairs the host’s ability to eradicate infection by inhibiting phagocytosis. More
specifically, in vitro studies have indicated that morphine inhibits Fcγ receptor (FcgR)mediated phagocytosis which is essential for internalization of extracellular pathogens
(Szabo et al., 1993; Tomassini et al., 2004). Literature reports that inhibition of phagocytosis
occurs through a classical opioid receptor pathway. In vivo studies of morphine abuse
indicate that morphine inhibits the phagocytic ability of non-elicited and elicited
macrophages in a naltrexone reversible manner (Rojavin et al., 1993). Furthermore, in vitro
studies have confirmed that morphine acts directly through the μ and δ opioid receptors
(Szabo et al., 1993; Tomassini et al., 2004) and that morphine mediated inhibition of
phagocytosis is abolished in macrophages from MORKO mice, adding further evidence for
the role of the MOR in these processes (Roy et al., 1998a).
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In addition to inhibiting macrophage phagocytosis, several studies report that morphine
attenuates bacterial killing in mice as evident by increased bacterial loads or sepsis
(Hilburger et al., 1997). Several microbicidal mechanisms are utilized by macrophages,
namely, release of nitric oxide and superoxide intermediates. In mice, chronic morphine has
been implicated in modulation of bacterial killing by inhibition of NO release (Menzebach et
al., 2004; Bhaskaran et al., 2007). Studies indicate that in rodent models, chronic morphine
through inhibition of NO release increases the susceptibility to bacterial infection, resulting
in bacteremia, bacterial dissemination and bacterial invasion of the CNS (Wang et al., 2005;
Asakura et al., 2006; Bhaskaran et al., 2007). A recent study (Singh and Singal, 2007) notes
that morphine administration has a dose-dependent biphasic modulation in Leishmania
donovani infected mice and peritoneal macrophages in vitro, via a NO-dependent
mechanism. These studies demonstrate that morphine administration in the nanomolar range
was protective against L.donovani infection, while morphine concentrations in the
micromolar range led to augmented parasite growth in macrophages. Furthermore,
micromolar concentrations of morphine has been implicated in the inhibition of superoxide
production, however, the mechanisms underlying the protective effects with nanomolar
doses are not clear. Additional studies investigating morphine’s effect on infection examined
superoxide release as a mechanism of bacterial killing, where it was observed that morphine
inhibits superoxide production in neutrophils and macrophages (Sharp et al., 1985; Simpkins
et al., 1986; Welters et al., 2000; Welters et al., 2000). These studies were reproduced in
human peripheral mononuclear cells, conducted by Peterson et al., which examined
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respiratory burst activity in response to phorbol myristate acetate (PMA) (Peterson et al.,
1987; Peterson et al., 1989).

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Along with inhibition of bacterial clearance (Grimm et al., 1998a), morphine treatment leads
to inhibition of macrophage recruitment and function following invasion of pathogens. A
study carried out by Grimm et al. (1998) showed a significant decrease in macrophage
chemotaxis when cells were preincubated with morphine, or met-enkephalin (Grimm et al.,
1998a). They concluded that inhibition of subsequent macrophage chemotaxis by morphine
occurs upon direct binding of morphine to MOR on macrophage membranes, and that this
activation of MOR leads to the phosphorylation and desensitization of chemokine receptors
CCR1, CCR2, CXCR1 and CXCR2. The desensitized chemokine receptors are then unable
to elicit a response when their ligands are present. In the presence of the endotoxin
lipopolysaccharide (LPS), suppression of cytokines IL-6 and TNF-α was seen following
morphine treatment (Roy et al., 1998c). The transcription factor NF-κB, responsible for upregulation of several cytokines including IL-6, TNF-α, NO and IL-10, was also suppressed
following morphine treatment. Additionally, murine alveolar macrophages undergoing in
vitro morphine treatment show significantly reduced release of macrophage inflammatory
protein-2 (MIP-2) and NF-κB-dependent gene transcription following Streptococcus
pneumoniae infection. Further studies demonstrated that morphine treatment impairs TLR9
mediated NF-κB signaling leading to diminished bacterial clearance in mice during early
stages of S. pneumoniae infection (Wang et al., 2008a). Modulation of TLR expression and
activation following morphine treatment will be discussed in section 3.4 as potential
mechanism for this effect.
1.2 Neutrophils
Neutrophils, like macrophages are key phagocytes of the innate immune system. Their
recruitment, as well as their phagocytic and bactericidal abilities is essential for adequate
elimination of invading pathogens.
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Early studies of opioid modulation of neutrophil function indicate that both exogenous and
endogenous opioids inhibit neutrophil bactericidal function. Endogenous opioids had similar
inhibitory effects on human polymorphonuclear leukocytes, where pretreatment with
endogenous opioid peptides leu- or met-enkephalins reduced neutrophil’s ability to generate
superoxide production in response to the Escherichia coli product, N-formyl methionyl
leucyl phenylalanine (FMLP) (Sharp et al., 1985; Simpkins et al., 1986). Inhibition of
superoxide production in neutrophils, as seen in macrophages, can lead to inadequate
bacterial clearance and thereby increased bacterial persistence in the host. Although it has
been observed for some time that chronically administered morphine modulates neutrophil
chemotaxis and function, controversy still exists in determining which mechanisms are at
play. A growing body of literature supports morphine’s suppressive effects on recruitment
and activation of neutrophils during an innate immune response. Exogenous opioid
treatment of human blood neutrophils leads to inhibition of IL-8 production (Glattard et al.,
2010), IL-8 receptor expression (Yossuck et al., 2008) as well as IL-8-induced chemotaxis
(Grimm et al., 1998b). Similar to human models, murine models of opioid abuse show dose
dependent inhibition of neutrophil migration into peri-incisional tissue as determined by
myeloperoxidase (MPO) assay and immunohistochemistry (Clark et al., 2007). We recently
demonstrated in a murine wound healing model that chronic morphine treatment resulted in
a significant delay and reduction in both neutrophil and macrophage recruitment to wound
sites (Martin et al., 2010b). The delay and reduction in neutrophil recruitment was attributed
to altered early expression of keratinocyte derived cytokine (KC) and was independent of
MIP-2 expression, whereas suppression of macrophage infiltration was attributed to
suppressed levels of the potent macrophage chemoattractant, monocyte chemotactic
protein-1 (MCP-1). In more recent murine studies we reported that morphine treatment
J Neuroimmune Pharmacol. Author manuscript; available in PMC 2013 March 18.
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causes a decrease in S. pneumoniae induced IL-23/IL-17 production by macrophages,
leading to delayed and reduced neutrophil migration, resulting in severe lung infection and
the initiation of systemic infection (Ma et al., 2010) with similar effects in dendritic cells
(discussed below).
Interestingly, unlike exogenous opioids, endogenous opioids enhance neutrophil migration
through an increase in human neutrophil chemotaxis following endogenous opioid (βendorphin) treatment (Simpkins et al., 1984). One explanation for the differences between
the effects of endogenous and exogenous opioids on neutrophil recruitment may in part be
explained by the differences in affinity of morphine and β-endorphins for the mu opioid
receptors on immune cells.
Taken together, there is strong evidence that morphine modulation of neutrophil bactericidal
ability via inhibition of superoxide formation, as well as inhibition of recruitment to the site
of infection compromises bacterial clearance resulting in greater bacterial dissemination.
Therefore further study on the underlying mechanisms involved in opioid induced inhibition
of neutrophil function is essential for our understanding of opioid mediated immune
suppression.
1.3 Dendritic Cells
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Dendritic cells (DCs) play a central role in the initiation and control of the adaptive immune
response. Dendritic cells link the innate to the adaptive immune response by detecting,
capturing and presenting foreign antigens to T cells (Banchereau and Steinman, 1998).
Although dendritic cells play an important role in the innate and adaptive immune system,
few studies have examined how morphine modulates their function. Recent findings have
shown that morphine inhibits IL-23 production by murine dendritic cells. Using a wellestablished murine in vitro S. pneumoniae infection model, we demonstrated that morphine
impaired S. pneumoniae induced IL-23 production through MyD88-IRAK1/4-dependent
TLR2 and Nod2 signaling in DCs (Wang et al., 2011). Implications of IL-23 inhibition are
significant in that disruption of the IL-23/IL-17 axis lead to suppression of antimicrobial
proteins and further potentiated morphine anti-inflammatory functions (Wang et al., 2011).
1.4 Natural Killer Cells
Natural killer (NK) cells are specialized cytotoxic lymphocytes and are a major component
of the innate immune system. Although their role in intracellular pathogen clearance is
invaluable, present knowledge in the field on how morphine modulates their function is
scarce.
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The current body of literature indicates that morphine’s suppression of NK cell activity does
not occur as a result of direct interactions with NK cells, but rather as a consequence of
opioid receptor activation in the central nervous system (Saurer et al., 2006a). Specifically,
in rodent models, mu opioid receptors in the periaqueductal gray matter (PAG) of the
mesencephalon have been shown to mediate morphine’s effect (Weber and Pert, 1989; Carr
et al., 1993; Lysle et al., 1996; Nelson et al., 2000). Morphine modulation of NK cell
activity seems to vary based on the administered dose. At high doses morphine has been
shown to inhibit NK cell activity (Yokota et al., 2004; Saurer et al., 2006a; Saurer et al.,
2006b). For example, a single administration of morphine in the periaqueductal gray matter
(Weber and Pert, 1989), or intrathecal administration (Yokota et al., 2004) diminishes the
activity of NK cells in the periphery (spleen or blood). Interestingly, lower doses of
morphine have been shown to enhance NK cell cytotoxicity. Similarly, in catheterized
Pietrain crossbred pigs, morphine treatment induced a dose- and time-dependent increase in
NK cell cytotoxicity in a naltrexone reversible manner. A 0.5 mg/kg (low dose) morphine
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treatment evoked a four-fold increase in porcine NK cell cytotoxicity compared to saline
control, without eliciting changes in the number of circulating large granular lymphocytes or
NK cells (Borman et al., 2009), indicating that enhancement of NK cell cytotoxicity occurs
independently of NK cell recirculation.
These types of discrepancies are not uncommon in the field of opioid mediated immune
suppression, and could be attributed to the potential biphasic effect of morphine on NK cell
activity, or simply due to the duration of opioid treatments (acute vs chronic).
1.5 Mast Cells
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Studies examining morphine’s effect on mast cell-deficient and reconstituted mice
(C57BL6/J and Swiss–Webster), show that resident mast cells mediate selective
immunosuppression in the peritoneal cavity following morphine treatment. These
experiments (Madera-Salcedo et al., 2011) demonstrate that that acute morphine prevents
TNF-α but not CCL2 release after LPS challenge in both strains and that its inhibitory
action is mediated by a direct effect on resident intraperitoneal mast cells. These findings
were confirmed when the suppressive effects of morphine were restored in animals
reconstituted with mast cells, in which the ability to release TNF-α was also repaired. This
result strongly suggests that mast cells are the target of the inhibitory actions of morphine
and that a negative crosstalk between opioid receptor and TLR-4 signaling pathways occurs
in resident peritoneal mast cells (Madera-Salcedo et al., 2011). Interestingly, morphine
modulation of mast cell functions seems also to vary in different models. While low doses of
morphine (5 mg/kg of body weight) attenuated pain in all the investigated strains of mice,
only the high dose of morphine (20mg/kg of body weight) additionally inhibited the early
stages of i.p. accumulation of murine exudatory leukocytes in most strains, namely in
C57C3H, SWISS, Balb/c, C57BL/6 strain, but not in the CBA strain (Plytycz and Natorska,
2002; Stankiewicz et al., 2004). The authors went on to explore these differences and
concluded that morphine enhances histamine release by peritoneal mast cells from CBA
mice, contrasting results from SWISS mice where it suppresses histamine release.
Inflammation in CBA mouse peritonitis model was exacerbated by morphine induced proinflammatory effects; however all other strains examined, supported the concept that
morphine let to an overall immunosuppression of mast cell function (Stankiewicz et al.,
2004).
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Additionally, mast cells have been implicated to play a role in morphine modulation of gut
permeability. Harari et al (2006), conducted studies on distal ileal mucosa, where mucosal
exposure of intact and isolated ilia to FMLP led to an increase in permeability to dextran,
which was completely ablated by morphine. Ilea of mast cell-deficient mice were
unresponsive to FMLP compared to their wild type littermates. Therefore the authors
concluded that mucosal mast cells play a central role in morphine mediated antagonism of
the provocative effect of FMLP on the mucosal barrier to dextran of the ilea of rats and mice
(Harari et al., 2006). By inhibiting mast cell functions such as TNF-α production, morphine
inhibited permeability of distal ileal mucosa following FMLP stimulation. These findings
describe morphine as a profound cause of mast cell dysfunction and their role in modulation
of gut permeability.
Summary—In this section we have summarized recent findings examining multiple ways
by which morphine modulates the cells of the innate immune system (Table 1). Taken
together, the complexity by which morphine acts as a suppressor of recruitment and
functional activity of innate immune responders proves detrimental to the hosts’ ability to
eradicate pathogens. Investigation of the modulation of innate immune function by
morphine has generated some controversy throughout the years. In spite of contradictory
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responses by a few mouse strains, or variance in opioid doses used, overwhelming evidence
supports the inhibitory role of chronic morphine on innate immune function.
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Considering the prevalence of opioid use today, consequences of morphine’s inhibition of
innate immune function are more relevant than ever. Although great strides have been made
in this field, mechanisms by which morphine modulates cells of the innate immune system
still require further investigation.

2. MORPHINE MODULATION OF ADAPTIVE IMMUNE FUNCTION
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An extensive body of literature, including ours, detailing the immunomodulatory effects of
morphine on the components of the adaptive immune system has been published. Early
rodent studies showed that morphine induced a decrease in splenic and thymic weight,
leading to impaired T cell function (Bryant et al., 1988; Bryant et al., 1991), Additionally,
altered cytokine expression, suppressed T cell apoptosis and modified T cell differentiation
have been described as a hallmark for morphine mediated immunomodulation (Roy et al.,
2001; Wang et al., 2001). Like innate immune cells, T and B cells are known to express the
MOR (Beagles et al., 2004; Borner et al., 2009), which has been shown to be inducible by
TNFα and IL-4 in T lymphocytes (Borner et al., 2009). Morphine, understandably, has been
shown to have direct effects on all major aspects of adaptive immune response, including
antigen presentation, T cell activation/differentiation and lymphocyte recirculation in both
acute and chronic treatment conditions. In most cases, the effects observed were different in
the two treatment conditions. Effects of acute morphine treatment are comparable to
morphine withdrawal, while chronic morphine treatment seems to have opposite results.
These differences will be discussed in detail in section 7 of this review (Flores et al., 1995;
Fecho and Lysle, 1999; Donahoe et al., 2001; Mellon et al., 2001; Wang et al., 2001; Qian et
al., 2005; Nugent et al., 2011).
2.1 Antigen Presentation
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The professional antigen presenting cells (APCs) serve as a link between the innate and
adaptive immune systems. The immunomodulatory effects of morphine on macrophages,
monocytes and DCs have been well documented (Wang et al., 2008a), mostly in the context
of innate immunity and have been covered in the previous section of this review. In terms of
the essential function of the APCs in T cell activation, recent information highlights the role
of B cells and acute morphine mediated impaired antigen presentation in these cells (Beagles
et al., 2004; Nugent et al., 2011). This becomes important, since a coordinated antigen
presentation by the B cells and DCs is an absolute necessity for optimal CD4+ T cell
activation (Kleindienst and Brocker, 2005). Antigen presentation by DCs is sufficient for
activation of the CD4+ T cells, B cell antigen presentation has been shown to be essential for
CD4+ T cell proliferation and clonal expansion (Kleindienst and Brocker, 2005). In this
context, the major histocompatibility complex, class II (MHC-II) has emerged as an
essential component of antigen presentation. In a recent study, rats treated with morphine
(20 mg/kg b.w.) resulted in approximately four-fold reduction in MHC-II levels in terms of
message and surface expression within 2 hours, specifically in the B cells (Beagles et al.,
2004). Additionally, mice lacking MHC-II presented with coordinated loss of the CD4+ T
lymphocytes in thymus and spleen (Madsen et al., 1999). B cell specific MHC-II knockout
mice showed impaired T cell proliferation and expansion, coupled with altered levels of TH1
and TH2 cytokines (Crawford et al., 2006). In all these cases, interestingly, the defects in T
cell activation, expansion and proliferation, were mainly attributed to impaired MHC-II
expression and could be mirrored with morphine treatment. It has been shown that as little
as 10 mg/kg b.w. morphine treatment reduced the MHC-II expression on the circulating B
cells by almost 33%, which cannot be rescued upon IL-4 administration (Nugent et al.,
2011). However, it remains an open argument whether morphine is directly modulating the
J Neuroimmune Pharmacol. Author manuscript; available in PMC 2013 March 18.
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APCs or indirectly by mediating effects on the central HPA axis. Some studies implicate a
central HPA axis mediated changes in antigen presentation, where direct corticosterone
treatment was able to reduce MHC-II expression on APCs, irreversible upon stimulation
with IL-4 (Schwab et al., 2005; Nugent et al., 2011). In summary, while the effects of
morphine on antigen presentation is clear (Wang et al., 2008b), more work is needed to
delineate the exact mechanism involved, and to identify the primary target of morphine in
these cells or in the central HPA and/or the sympathetic nervous system (if any).
2.2 B and T Cell Dynamics
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The findings on the effects of morphine on the two major adaptive immunity cell types,
namely B and T cells have been contrasting. While there is evidence of morphine causing
direct effects on the various aspects of T cell biology, its effects on B cells have been found
to be limited at best. One of the earliest B cell studies reported the reduction in the numbers
of antibody-producing cells in mice spleen upon acute morphine administration (Lefkowitz
and Chiang, 1975). Similar phenomena was observed in a chronic morphine mouse model
where, apart from severe splenic and thymic weight reduction, B cell proliferation in
B6C3F1 mice (Bhargava et al., 1994) and antibody response in C3H/HeJ and C57Bl6 mice
was found to be suppressed, but not in MOR deficient CxBk/ByJ (Bussiere et al., 1992).
Interestingly, however, it was soon discovered that these effects of morphine were reversible
upon exogenous administration of macrophage derived IL-1, IL-6 or IFN-γ (Bussiere et al.,
1993). Arguably, morphine was seen to effect the cytokine expression and phagocytic
profile in the macrophages, whereby the 1μM concentration was demonstrated to be
sufficient to bring 41% and 40% reduction in the phagocytic index (average C.albicans cells
per macrophage), both in vitro and in vivo respectively (Rojavin, et al, 1993), thereby
altering the activation and proliferation profile of the B cells (Weber et al., 1987; Rojavin et
al., 1993). In aggregate, literature supports the notion that morphine, through a neuroimmune circuit, depresses the function of macrophages and polymorphonuclear leukocytes,
which modulates B cell function, albeit, indirectly (Eisenstein and Hilburger, 1998).
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In contrast, morphine mediated immunosuppression of T cells has been relatively well
studied and found to be more direct. The potential mechanisms proposed, could be divided
into two broad categories: activation/proliferation and differentiation. In the former
category, several mouse models have described the morphine-mediated inhibition of IL-2
transcription in activated T lymphocytes (Thomas et al., 1995; Roy et al., 1997; Wang et al.,
2003; Wang et al., 2007). In terms of mechanism, it was demonstrated that morphine
mediated inhibition of c-fos mRNA (Roy et al., 1997) and modulation of cAMP response
element-binding transcription factors CREB/CREM/ICER (Wang et al., 2003; Wang et al.,
2007) was primarily responsible for the inhibition of IL-2 expression (Figure 1). In human
naïve T cells, similar suppression of IL-2 and its transactivators (AP1, NFAT and NF-κB)
was observed and attributed to the pertussis toxin sensitive biphasic hyper-elevation of
cAMP (Borner et al., 2009). This is particularly relevant since elevation of cAMP is known
to directly inhibit the TCR-activated signaling cascade of T cells via the PKA-Csk-Lck
pathway (Mustelin and Tasken, 2003) and indirectly leads to the second mechanistic
category, i.e. differentiation. Several studies have focused on the influence of morphine on
the T helper lineage bias towards TH2 phenotype (Wang et al., 2003; Roy et al., 2004;
Greeneltch et al., 2005; Qian et al., 2005; Roy et al., 2005; Borner et al., 2009). Morphine
induced cAMP production has been shown to inhibit TH1 cytokine expression (Borner et al.,
2009) and promote IL-4 production in vitro (Roy et al., 2001; Roy et al., 2004; Qian et al.,
2005) and in vivo (Greeneltch et al., 2005; Kelschenbach et al., 2005) via multiple
mechanisms including cAMP dependent suppression of IFN-γ (Roy et al., 2001; Wang et
al., 2003), modulation of the GATA-3/T-bet switch (Figure 2) (Roy et al., 2004) and Fas/Fas
ligand dependent activation-induced cell death of the TH1 cells (Greeneltch et al., 2005).
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Thus, the global effect of morphine on T cells results in a robust inhibition of early proinflammatory response to opportunistic infections. The signaling downstream of MOR
activation are further described in section 4.
Summary—Morphine has been shown to suppress the immune system at different stages,
starting from innate immune cells through antigen presentation and ending in modulation of
the T lymphocyte activation and differentiation. In the realm of adaptive immune response,
while there have been conflicting reports on morphine mediated immunomodulation of
lymphocyte apoptotic behavior (Suzuki et al., 2003; Ohara et al., 2005), strong evidence
exists regarding the modulation of the T cell lineage bias, with its clinical relevance and
implications. Although a few in vivo studies initially attributed the altered T cell
responsiveness to the global effect of morphine on the HPA axis in rats and rhesus monkeys
(Donahoe et al., 2001; Mellon et al., 2001), a consensus seems to be emerging on the TH1 to
TH2 switch being responsible for the muted immune response to pathogens across the
organisms studied (Figure 2) (Rivera-Amill et al., 2010). This, coupled with defective
antigen presentation, contributes to clinically immune-compromised individual’s
susceptibility to opportunistic infections.
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3. ROLE OF OPIOID RECEPTORS IN MORPHINE MODULATION OF IMMUNE
RESPONSE

NIH-PA Author Manuscript

Modulation of immune function by morphine has been shown to be either direct, via opioid
receptors on immune cells, or indirect, when drug exposure takes place in vivo. Indirect
effects are mediated by the binding of opioids to classical opioid receptors in the central
nervous system (CNS), causing the release of catecholamines and/or steroids, which then
affect the functioning of immune cells. When morphine is administered in vivo to mice or
humans, numerous complex metabolic pathways lead to the generation of active and inactive
metabolites. The two main compounds: morphine-6-glucuronide and morphine-3glucuronide, have been well described. In most in vitro settings, morphine sulfate is used as
a key agonist and any potential cellular metabolism may be cell specific. Studies in human
embryonic kidney stem cells investigating the efficacy and potency of morphine and its nine
major metabolites show that morphine, morphine-6-glucuronide, normorphine, morphine-6sulfate, 6-acetylmorphine and 3-acetylmorphine are efficacious receptor activatiors at
nanomolar concentrations (Frolich et al., 2011). Weaker metabolites such as: morphine-Noxide, morphine-3-sulfate, morphine-3-glucuronide and pseudomorphine can activate MOR
pathways at micromolar concentrations (Frolich et al., 2011). Other metabolites, such as
normorphine, 6-acetylmorphine and morphine-6-glucuronide, exhibit lower potency for Gprotein activation but higher potencies and efficacies for β-arrestin recruitment when
compared to morphine (Frolich et al., 2011). The existence of such complexities, may
account for cell specific signaling and responses. Here we attempt to summarize opioid
receptor expression in different immune cells (Table 2) and the associated signal
transduction pathways activated following opioid receptor ligation on cells of the immune
system. The immunosuppressive effects are unique to morphine, as other MOR ligands such
as fentanyl did not inhibit neutrophil and monocyte functional activities.
3.1 Mu-Opioid Receptor on Immune Cells
Three major types of opioid receptors, mu, delta, and kappa, which mediate the
pharmacological effects of opioids, have been cloned, and shown to belong to the G proteincoupled receptor superfamily (Mansour et al., 1995). Although primarily expressed in the
CNS, expression of functional opioid receptors has been documented in several immune cell
types, including human peripheral blood monocytes and neutrophils (Van Epps and Saland,
1984; Ruff et al., 1985; Grimm et al., 1998b) and murine splenocytes (Taub et al., 1991),
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lymphocytes and macrophages (Bidlack, 2000; Miyagi et al., 2000; McCarthy et al., 2001;
Roy et al., 2001; Zhang and Oppenheim, 2005). MOR is considered to be the major
molecular target of morphine (Matthes et al., 1996). The existence of mRNA for the MOR
was found in rat peritoneal macrophages by reverse transcription with polymerase chain
reaction (RT-PCR) (Sedqi et al., 1995; Tomassini et al., 2003; Chang et al., 2007),
suggesting regulation of MOR at the transcriptional level. In human TPA-HL-60 cells,
which are capable of differentiating into macrophage-like cells by treatment with 12-Otetradecanoyl-phorbol-13-acetate(TPA), gp120 potentiated LPS-induced up-regulation of
MOR expression (Chang et al., 2007).The presence of MOR mRNA in human T- and Bcells, CD4+ T cells, monocytes, macrophages, and granulocytes have also been reported
(Chuang et al., 1995).
Activation of MOR by exogenous or endogenous agonists has a pleiotropic action on
physiological and immune processes, such as analgesia, respiratory depression, cough
suppression, vomiting, constipation, euphoria, addiction and microbial infections (Kieffer
and Gaveriaux-Ruff, 2002; Tegeder and Geisslinger, 2004). Additionally, increased MOR
expression has been attributed to inflammatory bowel diseases (IBD) through increased
migration of circulatory cells to the site of inflammation and/or from enhancement of MOR
expression by activated resident mucosal monocytes and T cells (Philippe et al., 2006).
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A number of recent studies showed that the MOR can be modulated in both immune cells
and neuronal cells by immune-cell derived cytokines. The induction of MOR in primary
human T cells and Jurkat cells in response to IL-4 has been reported earlier (Kraus et al.,
2001), and has been shown to be mediated through STAT6 and chromatin remodeling
(Kraus et al., 2010). Furthermore, treatment of SK-N-SH cells with morphine and
interleukin-1beta (IL-1β) produced dual regulation of the mRNA for the human MOR
(Mohan et al., 2010).
3.2 Role of Kappa and Delta-Opioid Receptors in Immune Modulation

Kappa-opioid receptor (KOR) has been identified in human and monkey peripheral blood
lymphocytes (Chuang et al., 1995), and in immature thymic CD4−, CD8−T-cells. Activation
of KOR results in down-regulation of HIV replication in human PBMCs and this effect was,
in part, a result of down-regulation of the major HIV-1 coreceptor, CXCR4 (Finley et al.,
2011). Activation of KOR suppressed the expression of several proinflammatory cytokines,
including IL-1, IL-6, and TNF-α, in primary macrophages and macrophage/monocyte cell
lines. Delta-opioid receptor (DOR) transcripts has been detected in monkey peripheral blood
mononuclear cells (Chuang et al., 1994). DOR transcripts were found in human T-, B-, and
monocyte cell lines and in murine splenocytes (Gaveriaux et al., 1995).
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3.3 MOR Mediated Signal Transduction in Immune Cells
Investigations of intracellular signaling molecules upon morphine treatment has been
studied in the neuronal cells and more recently begun in immune cells. Our lab has had a
long standing interest in T cell function and development. We and others have found that
cAMP, a key signaling molecule, increases intracellularly upon chronic morphine treatment
in primary mouse T cells and Jurkat T cell lines (Wang et al., 2003; Borner et al., 2007).
While chronic morphine treatment differs from accute, chronic morphine treatment of
mouse T cells decreases IFN-γ promoter activity and phosphorylation of ERK1/2 and p38
MAPK (Wang et al., 2003). Interleukin-2 (IL-2) is inhibited at both the level of transcription
and translation with chronic morphine treatment. IL-2 production is tightly regulated by
several transcription factors that bind to the IL-2 promoter. Chronic morphine treatment
increased cAMP levels and concurrently up-regulated the inducible cAMP early repressor
(ICER)/cAMP response element modulator (CREM), while down-regulating p-cAMP-
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response element-binding protein (CREB) in activated T cells. ICER competes for p-CREB
binding to the cAMP-responsive elements (CREs), thereby, uncoupling CBP/p300 to reduce
IL-2 transcription (Figure 1). These effects were further confirmed as over-expression of
either antisense CREM or CREB plasmid rescued morphine-induced inhibition of IL-2
promoter activity and protein production (Wang et al., 2007).
Other investigations using primary human T lymphocytes and Jurkat T cells showed that
both morphine and its endogenous counterpart, β-endorphin independently inhibit the
transactivation of IL-2 transcription through modulation of AP-1, NFAT, and NF-κB in
activated human T lymphocytes. The activation of T-Cell Receptor (TCR) induces calcium
flux and MAPK activation but is inhibited with opioids. These investigators also reported
that T cells treated with opioids results in a marked increase in cAMP which in turn
activates protein kinase A (PKA), augments C-terminal Src kinase and enhances leukocytespecific protein tyrosine kinase (Lck) to block initiation of TCR signaling (Borner et al.,
2009).
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Similarly, our earlier investigations addressing intracellular mechanisms by which morphine
controls CD4+ T cell differentiation demonstrated that in vitro morphine treatment increased
IL-4 and GATA-3 mRNA levels, and cAMP concentration through a pertussis toxinsensitive receptor in CD4+ T cells in a dose-dependent manner. In these studies we also
demonstrated that chronic morphine treatment increases anti-CD3/CD28 Ab-induced IL-4
promoter activity and IL-4 protein expression through a p38 MAPK-dependent, but PKAand Erk1/2-independent signaling pathway (Figure 2) (Roy et al., 2005). In the human B cell
line CEMX174, morphine treatment reduces apoptosis and cell infection after short term
exposure to simian immunodeficiency virus. In contrast to the observations made in T cells,
morphine down regulated CEMX174 B cell cAMP and PKA activity as well as histone H3
phosphorylation to reduce early SIVmac239-induced apoptosis (Hao et al., 2003).
3.4 Morphine Modulation of TLR Signaling
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Neutrophils and monocytes express the Toll-Like receptors (TLRs) whose range of ligands
includes lipopolysaccharide (LPS), a component of bacterial cell walls. LPS signals the
activation of the well studied DNA binding nuclear transcription factor, NF-κB in
neutrophils and monocytes through TLRs (Welters et al., 2000). Morphine signals through
opioid receptors (naloxone reversible) to induce nitric oxide release and suppress NF-κB
mediated transcriptional activation in neutrophils and monocytes derived from human blood
(Welters et al., 2000). While no evidence exists for physical interaction between opioid
receptors and TLRs, it has been suggested that this effect may be due to downstream
intracellular cross talk. Similarly, in vitro studies using human neutrophils show that low
concentrations of morphine, acting through the MOR is naloxone reversible and inhibits
LPS induced IL-8 release (Glattard et al., 2010). Peptidoglycan (PGN) from Staphylococcus
aureus is a specific TLR2 ligand. Morphine, through the MOR, significantly inhibited PGN
stimulation of cytokines (TNFα, IL-6) from freshly isolated human monocytes. In contrast
to monocytes, morphine significantly inhibited TNF, but not the IL-6 production, in a MOR
independent manner in PGN-stimulated peripheral blood mononuclear cells (PBMC)
(Bonnet et al., 2008). Thus, it is not clear how morphine modulates TLR signaling based on
the differential effect.

In vivo, using a murine incisional model, acute morphine administration (0.1–10 mg/kg b.w)
reduced incision related hind paw allodynia, stimulated levels of IL-1 beta, IL-6, TNFα,
granulocyte colony stimulating factor (G-CSF) and keratinocyte-derived cytokine (KC).
Interestingly, these studies also showed that morphine dose-dependently suppressed the
infiltration of neutrophils into incisional sites (Clark et al., 2007). Further studies are need to
establish the modulation of TLR signaling being responsible for the defects observed. In our
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own studies, intranasal inoculation of mice with Streptococcus pneumoniae increased TNFα, IL-1, IL-6, MIP-2, and KC in broncho-alveolar lavage (BAL) fluids and lung tissue prior
to neutrophil infiltration. Chronic morphine treatment significantly decreased cytokine
induction, NF-κB activation in lung resident cells, as well disrupted accumulation of
galectin-3 in the alveolar space of Streptococcus infected lungs (Wang et al., 2005). These
effects were mediated through modulation of TLR signaling pathways since blocking TLR
receptors attenuated morphine’s effect (Wang et al., 2005). Similar modulation of TLR2
signaling by morphine is also observed in a study by (Li et al., 2009). This study showed
that overexpression of TLR2 caused an increase in apoptosis following morphine treatment.
Furthermore, inhibition of MyD88 or overexpression of β-arrestin 2 in TLR2/HEK293 cells
attenuated morphine-induced apoptosis. The authors concluded that TLR2 signaling
mediates the morphine-induced apoptosis and β-arrestin 2 acts as a negative regulator in
morphine-induced, TLR2-mediated apoptosis.
3.5 Morphine Modulation of Chemokine Receptor Function
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As described above morphine primarily signals through the MOR, and its interaction with
chemokine receptors has been a topic of great interest. Morphine, through the MOR, has
been shown to induce the phosphorylation of chemokine receptors CXCR1 and CXCR2,
independent of chemokine receptor ligand binding or internalization in neutrophils and
monocytes (Grimm et al., 1998a). Similar to MOR, many of the chemokine receptors are Gprotein-coupled receptors (GPCRs). Opioid receptor mediated heterologous desensitization
of chemokine receptors have been implicated as the key mechanism for inhibition of
chemokine-induced chemotaxis in neutrophils and monocytes (Grimm et al., 1998b). Early
studies using human neutrophils showed that both morphine and met-enkephalin, can inhibit
IL-8-induced chemotaxis of human neutrophils (Grimm et al., 1998b). These studies also
reported that morphine and met-enkephalin inhibited macrophage inflammatory protein
(MIP)-1α, regulated upon activation, normal T expressed and secreted (RANTES), and
MCP 1, but not MIP-1β induced chemotaxis of human monocytes (Grimm et al., 1998b).
Studies in human CEM ×174 and monkey lymphocytes showed that CCR5 co-precipitated
with all three subtypes (mu, delta, and kappa) of opioid receptors and was localized in close
proximity on the cell membrane (Suzuki et al., 2002). Other investigators have proposed the
MOR induces cross-desensitization of CCR5, through the activation of PKCζ and
phosphoinositol-dependent kinase-1 (PDK1) (Song et al., 2011).
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Summary—Morphine through the MOR, DOR and KOR modulates many aspects of
immune cell function. These include immuno-suppressive effects of immune cell cytokine
release, chemokine receptor activation and cell migration. Depending on the morphine
treatment (acute or chronic) or concentration, the primary intracellular effectors, identified
to date, following opioid receptor binding include modulation of adenylate cyclase,
activation or inhibition of stress activated protein kinases, decrease in calcium flux and
recruitment of β-arrestin mediated signaling thus resulting in activation or inhibition of
various cellular and nuclear events. Studies investigating morphine-MOR interaction with
TLRs and chemokine receptors strengthened the postulated role of opiates as immunomodulators. The paucity of data surrounding immune cell signaling after opioid receptor
activation warrants future research. More research is necessary to form a clearer
understanding of the cellular and molecular targets of opioid action, particularly within the
immune system.

4. MORPHINE AND SUSCEPTIBILITY TO INFECTION
As described above, there is a wealth of evidence supporting the conclusion that chronic
opioid drug abuse and use affects both innate and adaptive immunity contributing to
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increased host susceptibility to microbial pathogens. Global estimates of injection drug users
(IDUs) range from 11 to 21 million with over 10 million (70 %) living in underdeveloped
nations (Aceijas et al., 2004). Opportunistic infections have historically been recognized as
one of the most serious complications of drug abuse (Hussey and Katz, 1950; Scheidegger
and Zimmerli, 1989). Epidemiological studies clearly demonstrate that IDU’s are
susceptible to pulmonary, endovascular, skin and soft tissue, bone and joint, and sexually
transmitted infections caused by a wide range of bacterial, viral, fungal and protozoan
pathogens (Levine & Brown, 2005). In addition, the increased prevalance for parenterally
acquired infections such as human immunodeficiency virus (HIV), hepatitis B virus (HBV),
hepatitis C virus (HCV), tetanus and malaria are also significantly greater in this population.
It was reported as early as 1987, that higher risk of HIV infection was associated with opioid
addiction (Alme et al., 1987; Robinson et al., 1987). Cumulative studies from the past 30
years further establish the correlation between intravenous drug abuse and HIV
infection(Kelschenbach et al., 2008; Topp et al., 2008; Wiesli et al., 2006). In addition, the
following studies have shown that opioid based drugs may intrinsically promote the
pathogenesis of HIV by directly modulating immune function or by directly modifying the
CNS response to HIV: Co-treatment of human peripheral blood mononuclear cells (PBMC)
with HIV-1 gp120/morphine synergistically induces apoptosis in PBMC (Moorman et al.,
2009). HIV-1 patients, who abuse opioid-based drugs, including heroin and morphine, are at
a higher risk of developing HIV induced dementia (Turchan-Cholewo et al., 2008).
Molecular changes caused by HIV infection and several drugs of abuse may affect different
aspects of adult hippocampal neurogenesis (Venkatesan et al., 2007). Morphine can
exacerbates HIV-1 viral protein gp120 induced modulation of chemokine gene expression in
human brain-derived astrocytoma cells, causing neurotoxicity (Mahajan et al., 2005b).
4.1 Morphine and Viral Infections
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Clinical and epidemiologic studies report high incidence of HIV infection in heroin users.
These subjects not only demonstrate a greater risk of HIV associated neurological
complications but also have accelerated progression of Acquired Immune Deficiency
Syndrome (AIDS). However, the molecular mechanism(s) which delineate the complex
interactions between opioids and HIV neurotoxicity remain unknown. Opioids can modulate
HIV associated neuropathogenesis by regulating pathogen entry in the immune cells,
influencing the trafficking of the infected immune cells and viral transmission in CNS. In
recent years, emerging studies have investigated the mechanisms through which opioid
abuse increases patient susceptibility to HIV infection. The major HIV-1 co-receptors,
CCR5 and CXCR4 cooperate sequentially with CD4 to facilitate virus entry into target cells.
The tropism of HIV is predominantly determined by the sequential interaction of the surface
envelope protein gp120 with these receptors and CD4 (Berger et al., 1999). A potential
mechanism for increased susceptibility is provided by studies that show DAMGO, a
selective MOR agonist, increases CXCR4 and CCR5 expression in both CD3 (+)
lymphoblasts and CD14 (+) monocytes by three to five fold (Guo et al., 2002; Wang et al.,
2005). Furthermore, DAMGO-induced elevation of HIV-1 co-receptor expression leads to
enhanced replication of both X4 and R5 viral strains of HIV-1. By enhancing CXCR4 and
CCR5 expression, opioids increase both X4 and R5 HIV-1 infection (Steele et al., 2003). In
addition, several independent studies have shown that morphine and other MOR agonists
exacerbates the expression of these receptors (CXCR4 and CCR5) in glia cells (Miyagi et
al., 2000; Suzuki et al., 2002; Steele et al., 2003; Mahajan et al., 2005a; Mahajan et al.,
2005b; Burbassi et al., 2008; Happel et al., 2008; Bokhari et al., 2009). Presently, it is
unclear by which mechanism morphine induces these chemokine receptors, however
modulation of cytokines (IL-12 and TNF alpha) which are known to stimulate chemokine
receptor expression or, alternatively, inhibition of synthesis of certain chemokines (e.g.,
RANTES, macrophage inflammatory protein MIP–1a (CCL3), or MIP- 1b (CCL4) that
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2000).
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Various reports document that chronic morphine not only upregulates HIV entry into
immune cells but also enhances activation and viral replication in human, and simian
PBMCs (Peterson et al., 1990; Suzuki et al., 2002; Kumar et al., 2004). HIV-1 replication in
microglial cells has been reported in brain autopsy studies, where HIV-infected opioid users
showed severe HIV encephalitis (Anthony et al., 2005). The molecular mechanisms
involved in opioid induced HIV replication could be modulated by the inhibition of antiHIV microRNA (miRNA-28, 125b, 150, and 382) expression (Wang et al., 2011). In
addition, the role of Toll-like receptors (TLRs) in viral replication in HIV infection has been
widely investigated (Equils et al., 2001; Bafica et al., 2004a; Bafica et al., 2004b; Brichacek
et al., 2010). Enhanced TLR2 expression on the surface of monocytes from HIV-infected
patients has been reported (Heggelund et al., 2004). Any upregulation of TLR expression in
HIV patients by opioids can further induce viral infection, since morphine triggers microglia
activation through TLR2 (Zhang et al., 2011). In neurons, on the other hand, TLR1, -3, -6,
-7, and -8 were found to be expressed at relatively low levels, TLR2 and -4 at intermediate
levels, and TLR5 and -9 at higher levels (Ma et al., 2006; Tang et al., 2007).
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Besides HIV infection, mounting evidence also implicates the high prevalence of other virus
infections like viral hepatitis A, B, and C, in opiate abusers (Roy et al., 2006). Opioids such
as morphine have been shown to enhance HCV replication in HCV replicon-containing cells
(Li et al., 2003). Meanwhile, suppressed production of IFN-γ in mice by morphine may also
contribute to higher risks of hepatitis virus infection (Moore and Dusheiko, 2005). The
effect of morphine on prevalence of HCV infections is the focus of another chapter in this
issue and will not be expanded in this review.
4.2 Morphine and Bacterial Infections
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In addition to viral infections, opioid abuse is correlated with high risk of bacterial infections
as well. Numerous clinical studies demonstrate that opiate abuse-induced
immunosuppression contributes to increased risk of various bacterial infections such as skin
soft-tissue, respiratory tract, endovascular and musculoskeletal infections (Wang et al.,
2008b). Injection drug users often suffer from severe soft tissue infections caused by S.
aureus and group A Streptococcus (Guarner et al., 2006). Drug users are also more
susceptible to respiratory tract infection caused by S. pneumoniae, S. aureus, K.
pneumoniae, Mycobacterium, Haemophilus and many other pathogens (Hind, 1990;
Perlman et al., 1995). Injection drug users are easily infected by Staphylococcus aureus,
Streptococcus, and Pseudomonas, which may lead to severe conditions such as infective
endocarditis, septic thrombophlebitis, mycotic aneurysms, and sepsis (McIlroy et al., 1989;
Tomei and Renaud, 1997).
Meanwhile, a large amount of animal studies have been conducted to understand the effects
of opiate abuse on susceptibility to infection. Consistent with the clinical observation, opiate
treatment leads to increased susceptibility and mortality of mice to S. pneumoniae (Wang et
al., 2005; Wang et al., 2008a) and K. pneumoniae infection (Tubaro E, 1987). There are
studies showing that morphine treatment can diminish bacterial clearance following S.
pneumoniae infection in resident macrophages through impairing TLR9-NF-κB signaling
(Wang et al., 2008a). Moreover, morphine treatment has been shown to cause a dysfunction
in IL-23-producing dendritic cells and macrophages and IL-17-producing γδT lymphocytes
in response to S. pneumoniae lung infection, which leads to subdued release of antimicrobial
S100A8/A9 proteins, compromised neutrophil recruitment, and more severe infection. In
addition, other studies demonstrated that mice implanted with morphine pellets are
sensitized to oral Salmonella enterica, serovar Typhimurium acute infection, where
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potentiating effect is dependent on the MOR (Feng et al., 2006a; Breslow et al.).
Interestingly, some studies also indicated that morphine treatment alone results in a
significant increase in the concentration of serum endotoxin and may be able to induce
sepsis in mice, which suggests that morphine can modulate the gut-associated immune
system (Yukioka et al., 1987). In other animal experimental models, morphine has been
shown not only to induce the degradation of the host defense barrier but also synergize with
LPS and augment the secretion of both IL-6 and TNF-α (Roy et al., 1998c; Ohara et al.,
2005; Ocasio et al., 2004).
4.3 Morphine, Fungal and Parasitic Infections
Opiate abuse also modulates the immune responses to fungal and parasite infections. It was
found that exposure of mice to morphine increases lethality to the fungus, Candida albicans
(Haverkos and Lange, 1990; Tubaro E, 1987) and depresses phagocytosis and killing of
Candida by isolated macrophages and polymorphonuclear leukocytes. Similar, sensitization
is also demonstrated with the parasite, Toxoplasma gondi (Chao et al., 1990).
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Summary—Based on the studies illustrated above, it is clear that opiate abuse is closely
related to increased susceptibility to a variety of infections by interfering with pathogen
replication and hosts’ immune responses to infections (Table 3). Therefore, better
understanding of the correlation between opiate abuse and susceptibility to infection may
provide us with the potential targets for development of new therapeutic strategies in the
context of infectious disease.

5. OPIOID WITHDRAWAL AND IMMUNE MODULATION
It is well established that morphine addiction leads to immunosuppression and therefore,
causes different infectious diseases. Morphine abuse also leads to development of tolerance
and physical dependence, which is well characterized by withdrawal syndromes when
morphine is terminated. Morphine withdrawal could be either abrupt (abrupt termination of
morphine abuse) (Rahim et al., 2002) or precipitated (termination of drug effect by the use
of morphine antagonists like Naloxone) (Bhargava et al., 1994). Morphine withdrawal is
characterized by behavioral manifestations like teeth chattering, tremors, ptosis, wet dog
shakes and diarrhea in rats (Blasig et al., 1973). Morphine withdrawal (both abrupt and
precipitated) has been shown to have very strong immunosuppressive effects, where the
mechanisms mediating immunosuppression are largely unknown.
5.1 Morphine Withdrawal-Induced Immunosuppression
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Immune modulation by morphine withdrawal has recently been widely investigation, yet
there are very few reports on the effects of morphine withdrawal on the immune response.
Dr. Eisenstein’s group has extensively studied the effect of morphine withdrawal on immune
functions. As seen by splenic plaque forming cell (PFC) formation, mice undergoing abrupt
and precipitated withdrawal showed different early response, but 24h post pellet removal,
both showed almost 80% suppression (Rahim et al., 2002), as well as suppressed splenic
macrophage functions (Rahim et al., 2003). This deficit in macrophage function was not due
to a change in population of different immune cells but rather due to decreased cytokine
production by splenic macrophage populations. Other studies from the same group
demonstrated that morphine withdrawn mice, when administered a sub-lethal dose of LPS
exhibited a decrease in IL-12 production and 100% mortality (Feng et al., 2005). Abrupt
morphine withdrawal decreased LPS induced IL-12p40 production in addition to other
cytokines including splenic TNFα (Rahim et al., 2003). Decreased splenic cytotoxic T cell
activity (Kelschenbach et al., 2008), B cell proliferation and IL-2 production (Bhargava et
al., 1994), suppressed splenic T cell proliferation, decreased IFNγ production, as well as the
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increased serum TNFα levels were also observed after abrupt morphine withdrawal (West et
al., 1999).. Abrupt morphine withdrawal-induced immunosuppression was mediated by
activation of population of suppressor macrophages and suppressor B cells (Rahim et al.,
2005), decreased IL-12p40 message levels, as well as decreased IFN-γ suppressed
macrophage function (Rahim et al., 2003; Rahim et al., 2004; Feng et al., 2005; Rahim et al.,
2005).
Macrophages and other APCs produce potent stimulatory cytokines including IL-1β and
IL-12 which activate T- and B-cells. Morphine withdrawal has been shown to suppress these
cytokines. Morphine withdrawal suppressed LPS-induced IL-12p40 expression thereby
skewing T cells towards TH-2 polarization (Kelschenbach et al., 2005). In mice, the message
and protein levels of TNF-α were suppressed in morphine withdrawn animals. Decreased
levels of IFN-γ were also seen in these mice (Rahim et al., 2003). These decreased cytokine
levels were probably responsible for the deficit in macrophage activity in mice undergoing
morphine withdrawal. Recent reports from our lab have consistently shown that morphine
withdrawal suppresses LPS-induced IL-12p40 expression. This reduced expression was
controlled at the transcriptional level where transcription factors like NF-κB, AP-1 and C/
EBP binding to consensus binding sequence in IL-12p40 promoter was greatly reduced. This
effect was abrogated in MOR knock-out (MORKO) mice clearly indicating involvement of
the classical opioid receptor pathway (Subhas et al., 2011).
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5.2 Effects of Withdrawal Stress on Immune Response
Stress has been found to play a major role in several aspects of morphine use and abuse.
Morphine withdrawal by itself is considered a stress response where it modulates behavioral,
neural and endocrine activity (Houshyar et al., 2001). Stress response in any given system is
measured as elevations in corticosterone levels. Elevated circulating glucocorticoids have
also been shown to cause dysfunction of the immune system (Yang and Glaser, 2002).
Although chronic morphine driven elevations of glucocorticoids are mediated by MOR, as
evidenced by loss of glucocorticoid increase in MORKO mice (Roy et al., 2001), the role of
morphine withdrawal has not been well investigated. Findings from our lab has shown that
morphine withdrawal did not increase glucocorticoid receptor translocation to the nucleus of
splenic macrophages in WT mice, but significantly decreased the promoter activity of LPSinduced IL-12p40 in the presence of corticosterone treatment, in alveolar and peritoneal
macrophage cell lines. These results suggest that morphine withdrawal stress and
glucocorticoids follow two independent pathways to modulate LPS-induced IL-12p40
expression (Das et al., 2011). Comparatively, the glucocorticoid receptor antagonist,
mifepristone did not block the immunosuppressive effects of morphine (Liang-Suo et al.,
2002), supporting independent role of hypothalamic-pituitary-adrenal (HPA) axis.
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5.3 Molecular Pathways for Morphine Withdrawal-Induced Immunosuppression
The molecular mechanisms underlying morphine withdrawal induced immunosuppression
has not been explored. What we know so far is the role of different cytokines and other
stimulatory molecules under morphine withdrawal conditions, but we do not know the
precise mechanisms involved in morphine withdrawal induced inhibition of immune
response. One report from our lab showed that morphine withdrawal inhibited IL-12p40
expression due to diminished interaction of transcription factors like NF-κB (Kelschenbach
et al., 2008). Morphine withdrawal inhibited IκBα degradation therebby reducing the
translocation of p65 to the nucleus. At the same time, morphine withdrawal also increased
cytosolic levels of cAMP, which inhibited NF-κB pathway but activated PKA pathway. Our
data further shows that morphine withdrawal inhibits the interaction of transcription factors
like NF-κB, AP-1 and C/EBP, in vivo and in vitro, to their consensus binding motifs, thus,
clearly indicate the role of morphine withdrawal at transcriptional level as a repressor
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(Subhas et al., 2011). Results also show the involvement of NF-κB pathway where
morphine withdrawal inhibits IKK thereby inhibiting PP2A, a phosphatase, which interacts
with IKK. Inhibition of PP2A leads to hyper-activation of ERK1/2 phosphorylation,
showing ERK1/2 negatively modulates IL-12p40 expression under the morphine withdrawn
conditions. Inhibited IKK did not release IκBα for degradation, thereby inhibiting p65/p50
translocation to the nucleus. The question still remains how ERK1/2 negatively regulates
IL-12p40 under morphine withdrawn conditions.
Therefore, understanding the mechanism of immunomodulation by morphine withdrawal
leading to enhanced susceptibility to infection is of utmost necessity. Comprehending the
underlying mechanisms could be a driving force to understand the cellular immune
functions and host responses in the context of HIV infection, drug abuse and in relapse
patients undergoing withdrawal phases.
Summary—Morphine withdrawal-induced immunosuppression can lead to many diseased
state biased towards decreased pro-inflammatory cytokine expression by APCs. This
immunosuppressive deficit has been shown to be multi-faceted where suppressive effects are
mainly active at transcriptional level as well as post-transcriptional level. However, the
complete information on interaction between these two levels is lacking and needs to be
further investigated in order to develop viable therapies for HIV and drug abuse patients.
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6. MORPHINE MODULATION OF IMMUNE FUNCTION - CLINICAL
CONSEQUENCES
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Opioids are the most potent analgesics and used widely in a variety of clinical settings. In
fact, the use of opioids in the United States has dramatically increased over the past several
years, making them one of the most common class of prescription medications (Chapman et
al., 2010; Ripamonti and Bruera, 1996). Chronic opioid use is common among cancer
patients where the incidence of pain depends on the stage of the disease, averaging 51%
overall and increases to 71% in advanced stages (Ripamonti and Bruera, 1996). Around the
world the incidence of chronic non-cancer pain ranges from 5% to 33% depending on the
population (Gureje et al., 1998). Although the use of opioids in non-cancer patients remains
controversial, a subgroup of this population with chronic pancreatitis, suffers from
unremitting pain in 80–90% of cases, and almost universally ends up on chronic opioid
management (Staahl et al., 2007). In addition to medical use, according to a Drug and
Alcohol Services Information System (DASIS) report published in 2007, 379,000
Americans ages 12 or older used heroin in 2005, of which, 63% used the injectable form of
the drug. The body of evidence in support of chronic opioid use in relation to modulation of
the immune system is growing. However, it is also clear from the preclinical studies that not
all opioids affect immune function in the same way. Some reviewers divide opioids into two
categories: immunosuppressive (codeine, methadone, morphine, fentanyl and remifentanil)
and less immunosuppressive (buprenorphine, hydropmorphone, oxycodone and tramadol)
(Sacerdote, 2006). Therefore, it is crucial to understand the impact of chronic use of
individual opioids and withdrawal mechanisms in the clinical setting, and identify the
populations at risk where the deleterious effects may be most pronounced.
A large body of evidence on the immunosuppressive effects of opioids comes from infection
susceptibility studies of patients with chronic opioid use and abuse history. As mentioned
earlier, infection rate among intravenous drug users (IDU) is higher than the general public,
and is a number one cause of morbidity and hospitalization in the IDU population
(Scheidegger and Zimmerli, 1989). In vitro studies implicated intravenous opioid abuse with
promotion of HIV infection via decreased secretion of α and β chemokines and stimulation
of chemokine receptors CCR5 and CCR3 (coreceptors for HIV) (Nath et al., 2002; Vallejo
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et al., 2004). At the same time, studies on hepatocytes indicated increased hepatitis C virus
replication and decreased susceptibility to IFN-α therapy in the setting of chronic morphine
treatment (Li et al., 2003; Zhang et al., 2006). Epidemiologic studies provide data on
increased prevalence of opportunistic bacterial infections such as TB and pneumonia in
IDUs, with a 10-fold increase in the incidence of pneumonia among this population (Hind,
1990; Perlman et al., 1995). A study of 598 IDUs from Vancouver, Canada showed that
73.6% of the patients were seen in emergency departments at least once over three year
period, where the two most common reasons for admission were pneumonia (132 admission
among 79 patients) and soft-tissue infections (90 admissions among 59 patients) (Palepu et
al., 2001). Pathogens that are implicated in pulmonary infections among IDUs are S.
pneumoniae, S. aureus, H. influenzae, Klebsiella pneumoniae, Chlamydia pneumoniae,
Mycoplasma pneumoniae, Legionella pneumophilia, and HIV associated opportunistic
infections such as M. tuberculosis, M. avium, P. aeruginosa, nocardia species and
Rhodococcus equi (Gordon and Lowy, 2005). The epidemiological studies on pulmonary
infections among IDUs are supported by animal and in vitro data, where chronic morphine
treatment increased susceptibility and mortality in murine model of Streptococcus
pneumoniae through inhibition of neutrophil migration to the site of the infection and
through impairment of alveolar macrophages and decreased bacterial clearance (Wang et al.,
2005; Wang et al., 2008a; Wang et al., 2008b). Other investigators reported similar
deleterious effects of chronic opioid use in animal models in response to K. pneumonia,
Toxoplasma gondii, Salmonella typhimurium, Candida albicans, S. aureus, and Listeria
monocytogenes (Tubaro et al., 1983; Koyuncuoglu et al., 1988; Chao et al., 1990; Chao et
al., 1991; Szabo et al., 1993; Asakura et al., 2006; Feng et al., 2006a). There is some
discordance in clinical and in vitro data in regards to chronic opioid use and M. tuberculosis
infection. From the clinical side, opioid use is considered a risk factor for M. tuberculosis
infection; however, in vitro and animal studies show stimulatory effect of morphine on
innate immune system (Peterson et al., 1995; Singh et al., 2008).
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The majority of nonpulmonary infections among IDUs are associated with S. aureus and
other Streptococcus species (Gordon and Lowy, 2005; Kaushik et al., 2011). The infection’s
presentation ranges from minor skin abscesses and superficial cellulitis to necrotizing
fasciitis, distal seeding with CNS abscesses, osteomyelitis, bacteremia, mycotic aneurysms
and right sided endocarditis with involvement of the tricuspid valve (Gordon and Lowy,
2005). Although, the above mentioned infectious complications can be partially attributed to
unsanitary practices and sharing of drug paraphernalia, given the mounting evidence that
implicate chronic opioid use in modulation of innate and adaptive immune response, one
cannot neglect the significance of these data and apply the knowledge to deliver the best
care to these patient populations. Further, the issue of increased susceptibility to pathogens
such as S. aureus among IDU, expands beyond this patient population. Multiple reports link
the outbreaks of community associated methicillin resistant S. aureus (MRSA) with IDU,
which is rapidly emerging as a public health problem (Fleisch et al., 2001; Gilbert et al.,
2006). Lastly, surgical or traumatic wound healing may also be delayed in patients with
history of opioid abuse as suggested by recent murine studies where chronic morphine
treatment compromised the wound healing by inhibiting immune cell recruitment and
angiogenesis at the site of infection (Martin et al., 2010a; Martin et al., 2010b).
Sepsis following the enteric bacterial translocation is another area where chronic opioid use
may have a significant impact. According to the American College of Chest Physicians and
Society of Critical Care Medicine 1992 consensus statement, sepsis syndrome has been
defined as the presence of infection, a systemic inflammatory response, and acute organ
dysfunction (Bone et al., 1992). Even with aggressive resuscitation and antibiotic therapy,
diagnosis of severe sepsis contributes to 10% of admissions in intensive care units (ICU)
and carries an estimated 40% mortality rate (Linde-Zwirble and Angus, 2004). Although,
J Neuroimmune Pharmacol. Author manuscript; available in PMC 2013 March 18.

Roy et al.

Page 19

NIH-PA Author Manuscript

most clinical studies primarily concentrate on acute opioid use, the chronic use of morphine
in the ICU and it’s contribution to ICU infections and sepsis has not been systematically
investigated. As described earlier, multiple animal studies suggest that chronic morphine use
promotes bacterial translocation from the intestinal lumen into the blood stream with
dissemination to the liver, spleen and peritoneal cavity (Hilburger et al., 1997). In addition
to potentiating the bacterial translocation, in vitro and in vivo studies show that chronic
morphine works synergistically with LPS, accelerating the progression to septic shock (Roy
et al., 1998b). Thus, it is important to refine the existing animal model to closely match
human conditions and to cross-validate these findings through carefully controlled human
studies.

7. CONCLUSION
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Any pathogenic infection spontaneously activates the host’s innate responses, triggering
PAMP mediated cytokine release from macrophages and dendritic cells, concurrent with
phagocytosis and antigen presentation. On the other hand, the cytokines mediate the release
of defense molecules and neutrophil chemoattractants from the mucosal epithelium, apart
from creating a pro-inflammatory environment with the participation of both the resident
immune and mucosal cells. The professional APCs carry the pathogenic information to the
lymphocytes, thus activating the adaptive immune responses for long-term protection of the
host and creating a pathogen-specific molecular imprint (memory) for any subsequent
infection. Taken together, the cells of the innate and adaptive immunity, in the face of a
hostile pathogen, mount a highly coordinated and disciplined response to identify, process
and eliminate the pathogen from the host. Uncontrolled and prolonged infection and
classical disease symptoms are a result of a breakdown in this coordination, typically
resulting from compromised functioning of one or more cell types participating in the host
response.
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Opioids represent a cornerstone of modern pain management on one hand, and the popular
drug of abuse by the modern society on the other. All opioids, especially morphine, are
known to alter or suppress the functionality of the various cell types of both innate and
adaptive immunity (Roy and Loh, 1996; Roy et al., 2006; Friedman and Eisenstein, 2004;
Dinda et al., 2005). While some of its effects are mediated through the HPA axis (e.g. NK
cells and B cells), in majority of the cases, as exemplified throughout the review, the effects
of morphine on individual cell types are direct in modulating their functionality. In terms of
innate immune cells, morphine has been shown to suppress pro-inflammatory signal in DCs
(Wang et al., 2011), suppress activation and phagocytic property of macrophages (Section 1,
Table 1 and Figure 3) (Roy et al., 2006; Casellas et al., 1991; Szabo et al., 1993; Tomei and
Renaud, 1997) and superoxide production in both macrophages and neutrophils (Sharp et al.,
1985; Simpkins et al., 1986). In all cases, there is a major morphine mediated modulation of
TLR signaling and suppression of pro-inflammatory cytokine secretion following exposure
to pathogens or pathogen signatures, leading to impaired neutrophils recruitment (Section 3,
Table 2) (Welters et al., 2000; Glattard et al., 2010). In adaptive immune cells, major effects
of morphine on B cells seem to be indirect and carried over from the impaired functioning of
APCs and modulation of the HPA axis, resulting in suppressed B cell activation and downregulation of MHC class II on their surfaces (Table 1 and Figure 3). T cells, on the other
hand exhibit direct effects of morphine on activation and differentiation, namely morphine
mediated suppression of IL-2 transcription (Table 1 and Figure 1) (Thomas et al., 1995; Roy
et al., 1997; Wang et al., 2003; Wang et al., 2007) and lineage bias towards TH2 phenotype
(Table 1 and Figure 2) (Wang et al., 2003; Roy et al., 2004; Greeneltch et al., 2005; Qian et
al., 2005; Roy et al., 2005; Borner et al., 2009).
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Morphine mediated modulation of the key effectors of the immune system leads to a
systemic breakdown in their coordination and ultimately, their ability to mount a disciplined
response to pathogenic attack. Naturally, this and morphine-withdrawal mediated
transcriptional modulation of key cytokines (Section 5), results in robust disease progression
and high pathogenic load in the host (Section 4, Table 3 and Figure 3). As the body of
evidence in support of opioid immunosuppressive qualities is growing, it is imperative to
understand the mechanisms by which opioids exert these effects, and identify the
populations at risk that would benefit the most from the interventions to counteract opioid
immunosuppressive qualities. Better understanding the mechanisms that are involved in
opioid modulation of immunity will facilitate the search for new therapeutic modalities to
counteract adverse effects including increased opportunistic infection rates in the chronic
opioid using population.
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Figure 1. Morphine modulates IL-2 promoter activity

Binding of Morphine to the mu-opioid receptor results in superactivation of adenylyl cyclase
which is mediated by the βγ subunit of heterotrimeric G protein complex. Activation of
adenylyl cyclase by the βγ subunit increases intracellular cAMP leading to activation of
ICER competing out CREB from the IL-2 promoter, thereby preventing recruitment of
NFAT to the CD-28 responsive element.

NIH-PA Author Manuscript
J Neuroimmune Pharmacol. Author manuscript; available in PMC 2013 March 18.

Roy et al.

Page 32

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 2. Morphine skews the lineage bias of CD4+ T cells towards TH2 phenotype

Morphine leads to superactivation of adenylyl cyclase and increase in intracellular cAMP
levels. cAMP activates p38 MAPK, in turn leading to CREB phosphorylation and nuclear
translocation. CREB promotes activation of GATA3 and it’s binding to the consensus
motifs. GATA3 activation on one hand inhibits activation of T-Bet, inhibiting IFNγ
production. On the other hand it enters the positive feedback loop involving IL4 and STAT6
thereby committing itself to the TH2 phenotype.
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Figure 3. Schematic outline illustrating modulation of both innate and adaptive immunity
following morphine treatment

Morphine modulates both branches of the immune system leading to inhibition of host’s
defenses and impaired pathogen clearance by binding to the mu-opioid receptor. Morphine
treatment inhibits innate immunity by inhibiting macrophage and neutrophil phagocytic,
bactericidal, chemotactic and migratory functions. In addition morphine treatment inhibits
antigen presentation by dendritic cells and reduces NK cytotoxicity. By reducing mast cell
activation morphine affects gut permeability further increasing host’s risk of infection.
Morphine mediated modulation of adaptive immune functions is not as well as explored.
Chronic morphine treatment leads to a decrease in TH1 cytokine production and T cell
activation, and increases TH1 cell death and TH2 differentiation. In B cells, morphine
treatment has been implicated to reduce antibody production, MHC II expression and
proliferation. In summary, by inhibiting key effectors of both branches of the immune
system morphine treatment inhibits pathogen clearance and enhances bacterial
dissemination.
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Table 1

Morphine modulation of innate and adaptive immune system
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Opioid Receptor Expression on Immune Cells
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Opioid Receptors Cell
Types

μ

κ

Δ

Reference

Macropahge/Monocyte

Human monocyte;
Murine peritoneal
macrophages

Murine peritoneal macrophages

Rat and murine
peritoneal
macrophages

(Bonnet, et al, 2008)
(Stanojevic, et al, 2008)
(Sacerdote, 2003)
(Tomassini, et al, 2003)

Neutrophil

Rat peritoneal
lavage neutrophil

Bone marrow neutrophils

Human granulocytes

(Azuma, et al, 2000)
(Kulkarni-Narla, et al,
2001) (Rogers, et al,
2000) (Makman, et al,
1995)

Dendritic cell (DCs)

Mouse primary
DCs; Murine Dcs

Murine DCs

Human and Murine
DCs

(Wang, et al, 2011) (Li, et
al, 2009) (Kirst, et al,
2002) (Makarenkova, et
al, 2001) (Tseng, et al,
2005)

Natural killer (NK) cells

Splenic NK cells

Human rheumatoid arthritis NK
cell

Splenic NK cell

(Nelson, et al, 2000)
(Gunji, et al, 2000)
(Boyadjieva, et al, 2004)

T cell

Human Jurkat T
Cells; CEM ×174
cells

Murine thymocytes

Murine thymocyte

(Kraus, et al, 2010) (Liu,
et al, 2010) (Ignatowski,
et al, 1998) (Linner, et al,
1995)

B cell

CEM ×174 cells

Human B cell; CEM ×174 cells

CEM ×174 cells

(Liu, et al, 2010) (Gunji,
et al, 2000) (Suzuki, et al,
2002)
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Table 3

Morphine enhances susceptibility to infection
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Pathogen

Species

Effects of opioids

References
Steele, Henderson et al. 2003

HIV

Human

Enhance virus replication;
Promote virus infection;

Virus

Impair anti-virus mechanism
Hepatitis virus

Wang, Ye et al. ; Guo, Li et al. 2002
Wang, Barke et al. 2003; Wang, Douglas et al. 2006
Moore and Dusheiko 2005

Human
Li, Zhang et al. 2003

Haemophilus

Human

K. pneumoniae

Human/Mice

Guarner, Bartlett et al. 2006;

Mycobacterium

Human

Impair clearance mechanism

McIlroy, Reddy et al. 1989; Ting and Cheng 1997

Pseudomonas

Human

Impair defense barrier

Wang, Barke et al. 2005; Wang, Barke et al. 2008

Regulate cytokine production

Hind 1990; Perlman, Salomon et al. 1995

Bacteria
S. aureus

Human

S. pneumoniae

Human/Mice

Tubaro, Borelli et al. 1983
Breslow, Feng et al. ; Feng, Rahim et al. 2006
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Streptococcus

Human

Salmonella enterica

Mice

Roy, Cain et al. 1998

Fungus

Candida

In vitro

Impair clearance mechanism

Tubaro E 1987

Parasite

Toxoplasma gondi

Mice

Increases lethality to infection

Chao, Sharp et al. 1990

Ocasio, Jiang et al. 2004
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