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Abstract

Background: Studies have demonstrated that whereas some opioids have little
effect on immunity (e.g. buprenorphine), others can be immunosuppressive (e.g.
morphine) or immunostimulatory (e.g. tramadol). However, a variety of approaches
have been used and the findings are variable. We hypothesised that opioids have
differential effects on immunity via direct actions on neutrophils, monocytes, NK and
T cells and this is the first study to systematically evaluate the influence of eight
opioids on neutrophil and monocyte phagocytosis and oxidative burst responses,
natural killer (NK) cell cytotoxicity and T cell responsiveness in vitro.

Methods: Peripheral blood was obtained from healthy volunteers and the effects of
clinically relevant concentrations of morphine, tramadol, fentanyl, buprenorphine,
methadone, oxycodone, diamorphine and codeine on phagocytosis and oxidative
burst responses were determined using whole blood flow cytometry. The influence of
opioids on the capacity of resting and IL-2 stimulated isolated peripheral blood
mononuclear cells (PBMCs) to Kkill NK cell-sensitive K562 cells, and the
responsiveness of PBMC sub-populations to IL-2 and polyclonal stimulation were
also evaluated.

Results: Methadone, oxycodone and diamorphine inhibited the production of IL-6 by
IL-2 stimulated PBMCs. None of the opioids influenced the other measured immune
parameters, although there was a trend for morphine, tramadol, fentanyl and
buprenorphine to inhibit phagocytosis and oxidative burst responses to E.coli.
Conclusions: Preliminary studies using standardised in vitro methodologies have

demonstrated that some therapeutic opioids suppress IL-6 production. Although this
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might potentially suppress bacterial defence mechanisms, it would have little direct
effect on anti-cancer immunity. These findings should be confirmed in larger in vitro

and clinical studies.

Keywords: opioids; phagocytosis; oxidative burst; NK cell cytotoxicity; T cells;

immunoregulation
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1. Introduction

The commonly prescribed opioids in palliative care include morphine, tramadol,
fentanyl, buprenorphine, methadone, oxycodone, diamorphine and codeine [1, 2]
and these exhibit multisystem effects due to their interactions with receptors that are
targeted by the endogenous opioid system. The reported presence of opioid
receptors on activated T lymphocyte, monocyte, and granulocyte populations [3]
suggests that opioids might also influence immune function.

As the immune system plays a key role in anti-tumour immunity and protection
against infection, both of which are important in the non-terminal patient receiving
palliative care, its impairment might have an influence on the clinical progress of
patients that require pain relief. This concept appears to be clinically relevant, as
opioids have been associated with an increased risk and severity of infection [4, 5].
Although previous in vitro and in vivo studies have demonstrated that opioids can
have differential effects on the immune system, these have used different
methodologies and the conclusions are variable. Notwithstanding this, the general
consensus is that some opioids (eg, buprenorphine) seem to have no effects on
immune function, whereas others tend to be immunosuppressive (eg, morphine) or
immunostimulatory (eg, tramadol) [2, 6, 7]. This is likely due to a combination of
direct effects on immune cells and, in vivo, via indirect effects that involve centrally-
mediated mechanisms and the systemic production and release of
immunomodulatory mediators [8-10]. In vitro experiments indicate that the
immunoregulatory effects of morphine are mediated via interactions with p opioid

receptors (MORSs) on immune cells [3].
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Opioid-immune system interactions are complex and their differential
immunological consequences depend on the molecular structure of the opioids, their
receptor binding profiles and non-opioid mediated effects such as serotonin re-
uptake inhibition in the case of tramadol [11]. The discovery that morphine, fentanyl,
buprenorphine, methadone and oxycodone are Toll-like receptor 4 (TLR4) agonists
suggests that they might also directly influence innate immune responsiveness [12],
probably via a MOR mediated mechanism [13]. It has also recently been
demonstrated that chronic administration of morphine can abrogate the natural
tolerance to the proinflammatory effects of lipopolysaccharide due to effects on TLR4
[14].

Opioids also have indirect effects on immune cells in vivo via centrally-produced
mediators such as immunosuppressive glucocorticoids that are released by the
hypothalamic-pituitary-adrenal (HPA) axis, or the release of immunosuppressive
amines from the sympathetic nervous system (SNS) which innervates lymphoid
organs [10].

The choice of opioids that are prescribed in clinical practice could therefore be
critical in patients with cancer or infection, in whom impaired immunity could
significantly influence their clinical course. Although therapeutic opioids
predominantly exert their analgesic effects via the MOR pathway, their analgesic and
side-effects differences are mediated through variations in drug-receptor
interactions. We therefore hypothesised that opioids also have differential effects on
immunity via direct actions on neutrophils, monocytes, NK and T cells. This study

therefore used standardised and consistent methodologies to systematically assess
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the in vitro effects of eight therapeutic opioids on multiple aspects of immune

function.

2. Methods
2.1. Ethics
Ethical approval for this study was obtained from the University of Sheffield

Medical School Research Ethics Committee (Reference Number: SMBRER102).

2.2. Blood samples

Peripheral blood from healthy volunteers aged 25-33 years old was collected into
lithium heparin Vacutainers® (BD Biosciences, Oxford, UK) following written informed
consent. All blood samples were taken in the morning or early afternoon. At least
three subjects were used to screen for the effects of each opioid on the immune
function parameters and the number of experimental replicates was increased if

effects were suggested.

2.3. Opioids

Morphine, tramadol, fentanyl, buprenorphine, methadone, oxycodone,
diamorphine and codeine were obtained from the Pharmacy at the Royal
Hallamshire Hospital, Sheffield, UK. Each opioid was diluted with RPMI 1640
medium containing 10% v/v fetal bovine serum (FBS; Invitrogen Ltd., Paisley, UK),
100 pg/ml streptomycin and 100 U/ml penicillin or phosphate buffered saline (PBS)

immediately prior to each experiment. Concentrations of the opioids used in the
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current study (Table 1) were reflective of in vivo levels that have been reported in
volunteer and clinical studies [15-22].

Although diamorphine and codeine are prodrugs of morphine, and some other
opioids have effects mediated by their metabolites, these opioids were included to
produce a baseline of the direct immune effects of the (pro)drugs, including potential
non-MOR effects. For example, tramadol was included because its analgesic effect
depends on the active metabolite, the molecule may also exert immune effects via
serotoninergic pathways [6, 23]. Furthermore, diamorphine has been shown to have

direct effects on exon 11 variants of MOR-1 receptor [24].

Opioid Final concentrations used in this study (ng/ml)
Morphine 20 100 500 2,500
Tramadol 80 400 2,000 10,000
Fentanyl 0.8 4 20 100
Buprenorphine 0.8 4 20 100
Methadone 20 100 500 2,500
Oxycodone 4 20 100 500
Diamorphine 10 50 250 1,250
Codeine 16 80 400 2,000

Table 1. Opioid concentrations used in this study.

The opioid concentrations used in this study relate to those that are found clinically, with the maximal
clinical concentration falling in the middle of the concentrations used, with 5x dilutions above and
below the clinical maximum plasma concentration. In the NK cell cytotoxicity assay, the central two
concentrations were used. In the phagocytosis and oxidative burst assay the lowest concentration

was used in addition to these. In the T cell and cytokine assays all concentrations were used (with the
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addition of a supra-maximal concentration, 10x that of the top concentration, for the T cell assays).

2.4. Influence of opioids on neutrophil and monocyte function

The influence of opioids on neutrophil and monocyte phagocytic and oxidative
burst responses was determined by whole blood flow cytometry using
PHAGOBURST® and BURSTTEST® kits (both ORPEGEN Pharma GmbH,
Heidleberg, Germany) according to the supplier's recommended protocols. For these
assays, heparinized whole blood (50ul) was incubated for 60 min at 37°C with 50l
of opioid or PBS. For the evaluation of phagocytosis, samples were then incubated
with 10ul FITC-labelled opsonised E.coli ( bacteria/ml) for 10 min at 37°C (4°C as a
control). Opioids were not washed out. Following quenching (to exclude fluorescent
signals from adhered rather than internalized bacteria), erythrocytes were lysed,
samples washed and the proportion of neutrophils and monocytes that had
phagocytosed FITC-E.coli and the total amount of E.coli that had been
phagocytosed (on the basis of the median fluorescent intensity, MFI) were analysed
using a BD Biosciences FACSCalibur™ flow cytometer and BD Biosciences
CELLQuest™ acquisition and analysis software. For the oxidative burst reaction,
opioid-treated samples and controls were incubated for 10 min at 37°C with 10ul
opsonised, unconjugated E.coli ( bacteria/ml), 8.1uM phorbol myristate acetate
(PMA), 5uM N-formyl-methionine-leucine-phenylalanine (fMLP) or washing solution
(negative control). Dihydrorhodamine 123 substrate solution (10ul) was then added,
and the samples were incubated at 37°C for a further 10 min. Opioids were not

washed out. Erythrocytes were lysed, samples washed and the proportion of cells
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undergoing the oxidative burst reaction and the intensity of this response were
analysed. For both assays, data on a minimum of 5,000 events (cells) in the
monocyte region and more than 10,000 cells in the neutrophil region were collected.
The reproducibility of these assays (coefficient of variation) is 0.1% for the proportion
of neutrophils undergoing the oxidative burst reaction to E. coli; 4.8% for the MFI of
this response; 1.1% for the proportion of monocytes undergoing the oxidative burst
reaction to E. coli; and 6.5% for the MFI of this response (ORPEGEN Pharma

GmbH).

2.5. Isolation of peripheral blood mononuclear cells (PBMCs)

Peripheral blood mononuclear cells (PBMCs) were used for the natural killer
(NK) cell and T cell assays. PBMCs were separated from whole blood by density
gradient centrifugation (300xg for 30 minutes at room temperature, no brake) using
Nycoprep 1.077 (Axis-Shield POCAS, Oslo, Norway). As platelet-derived secretory
products can inhibit NK cell cytotoxicity responses, platelets were removed by
layering 10 ml of Nycoprep 1.068 (comprising 4 parts Nycoprep 1.077 and 1 part
PBS) under 10 ml of the PBMC interface acquired during the first centrifugation and
samples were centrifuged at 400xg for 15 min at room temperature (no brake) [25].
The supernatant was removed and the cell pellet was washed and re-suspended in

supplemented RPMI 1640 medium, as detailed above ( viable cells/ml).

2.6. Influence of opioids on natural killer (NK) activation and function

The effect of opioids on the capacity of PBMCs to kill NK cell-sensitive K562
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human erythroleukemic target cells (Health Protection Agency Culture Collection,
Porton Down, UK) was determined using flow cytometry, as described previously
[25]. Briefly, PBMCs ( cells/well) were stimulated with 100 U/ml (50 ng/ml)
recombinant human IL-2 (Miltenyi Biotec) in the presence or absence of different
opioid concentrations for 3 days (37°C, 5% v/v , 100% humidity) in 96-well microtiter
plates. PBMCs were harvested, washed (to remove IL-2 and opioids) and incubated
with MitoTracker™ Green (MTG; Invitrogen Ltd., Paisley, UK) labelled K562 target
cells (effector:target (E:T) ratios of 100:1, 50:1, 25:1 and 12.5:1) in 12x75 mm
polycarbonate tubes for 3 h at 37°C. The viability stain propidium iodide (PI; Sigma-
Aldrich, Gillingham, UK) was added to the samples 10 min prior to analysis and the
proportions of viable (MTG*PI") and non-viable (MTG*PI*) K562 target cells were
determined using a BD™ LSRII flow cytometer (BD Biosciences) [25].

For each E:T cell ratio, NK cell cytotoxicity was represented by the proportion of
non-viable K562 cells (number of MTG*PI* K562 cells/total number of MTG™ labelled
K562 cellsx100) following corrections being made for background target cell death.
The area under the cytotoxic curve (AUCC), a composite calculation of cytotoxicity
which incorporates all four E:T ratios [26], was also determined as we have

previously shown that this increases the reproducibility of the assay [25].

2.7. Influence of opioids on the activation of peripheral blood mononuclear cells
The influence of opioids on the ability of PBMC sub-populations to be activated
by IL-2 (100 U/ml) and anti-CD3/anti-CD28 monoclonal antibody (mAb) coated

beads ( Suppression Inspector, 1:1 bead:cell ratio, Miltenyi Biotec Ltd, Bisley, UK)
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was determined by flow cytometry. For this, PBMCs were incubated with opioids or
PBS and anti-CD3/anti-CD28 mAb coated beads for 3 days at 37°C, 5% v/v and
100% humidity. Cells were harvested and the supernatants stored at -80°C for
subsequent analysis of IL-18, IL-6, IL-8, IL-10, IL-17A, IFN-y and TNF-a levels using
Cytometric Bead Arrays (CBAs) and a BD FACSArray™ (both BD Biosciences).

The expression of the activation markers CD25 and CD69 by CD4* and CD8* T
cell subpopulations and NK cells following stimulation in the presence and absence
of opioids were determined using a BD™ LSRII flow cytometer and BD Biosciences
FACSDiva™ software. For the flow cytometric analysis, PBMCs (1.) were incubated
with 0.5ul mouse serum for 15 min at room temperature, after which they were
incubated with Pacific Blue™-conjugated anti-CD4 (clone RPA-T4, BiolLegend),
Alexa Fluor™ 700-conjugated anti-CD8a (clone RPA-T8, BioLegend), FITC-
conjugated anti-CD16/CD56 (clones LNK16, MEM-188, AbD Serotec), PE-
conjugated anti-CD25 (clone MEM-181, AbD Serotec) and anti-CD69 (clone FN50,
BioLegend) mAbs for 30 min at 4°C. Cells were washed and kept on ice prior to flow
cytometry. The viability stain 7-Aminoactinomycin D (1pl/200ul cell suspension,
Cambridge Biosciences, Cambridge, UK) was added 5-10 min before analysis.

For the analysis, cells were initially identified on the basis of their size and
granularity. Doublets and dead cells were excluded and the proportion of CD4* T
cells, CD8" T cells and NK cells expressing CD25 and CD69, and the intensity of
expression were determined. Unstained and cells incubated with non-reactive

isotype-matched reagents served as controls.
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2.8. Statistical analysis

Data were analysed in Microsoft Excel 2010 and Predictive Analytics SoftWare
(PASW) version 18.0 using a paired 2-tailed Student t-test (*P value < 0.05) and are
presented as mean * standard error of the mean (SEM), or as individual

experiments, as indicated.

3. RESULTS
3.1 Effect of opioids on neutrophil and monocyte phagocytosis and oxidative burst
responses

None of the opioids inhibited phagocytosis, although there was a non-significant
trend for morphine, tramadol, fentanyl and buprenorphine to inhibit the intensity of
the phagocytic response (Figure 1).

None of the opioids had any effect on the proportion of neutrophils that
underwent the oxidative burst responses by fMLP, PMA and E. coli, although there
was a nhon-significant trend for responses to E. coli to be inhibited and PMA to be
enhanced, by morphine, tramadol, fentanyl and buprenorphine (Figure 2). These
data suggest that the capacity of opioids to influence the recruitment of cells into
oxidative burst and its intensity is dependent on the inducing stimuli. The effects of
opioids were cell type-dependent, as the ‘effects profile’ for monocytes differed from
that which was observed for neutrophils (Figure 3). It is therefore possible that these

opioids have differential effects on various aspects of immunity.

3.2. Effect of opioids on CD16*CD56* natural killer (NK) cells
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The incubation of PBMCs for 3 days with IL-2 (100 U/ml) enhanced the ability of
NK cells to kill K562 target cells and this was unaffected by any of the opioids tested
(Figure 4). IL-2 increased CD69, but not CD25 expression on NK cells and neither of
these markers were influenced by any of the opioids (data not shown). Incubation of
PBMCs with anti-CD3/anti-CD28 mAb coated beads for 3 days also increased the
proportion of NK cells that expressed CD69 and, to a greater extent, the intensity of
CD69, but not CD25 expression (data not shown). The expression of CD69 and

CD25 was not affected by any of the opioids (data not shown).

3.3. Effect of opioids on T cell activation and cytokine secretion

Opioids had no consistent effect on the activation status (CD25, CD69
expression) of CD4* and CD8* T cells following a 3-day incubation of PBMCs with
anti-CD3/anti-CD28 mAb coated beads. This remained the case if opioids were
added at the same time, 1 day after or 1 day before the anti-CD3/anti-CD28 mAb
coated beads, or if platelets were present in the PBMC preparations (data not
shown, representative graph - Figure 5). Anti-CD3/anti-CD28 mAb coated beads had
little effect on cytokine secretion and none of the opioids tested had an influence on
this (data not shown).

The stimulation of PBMCs with IL-2 increased the production of IL-1p, IL-6, IL-8,
IL-17A, IL-10, IFN-y and TNF-a.. The only consistent statistically significant effect
was that methadone, oxycodone and diamorphine decreased IL-6 production from

IL-2 stimulated PBMCs (Figure 6).
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4. Discussion and Conclusions

Opioids exert actions on most biological systems and have differing
physicochemical properties which can elicit a range of pharmacodynamic effects.
This is the first systematic analysis of the in vitro effects of eight commonly used
therapeutic opioids at clinically relevant concentrations across a standardised profile

of tests that reflect innate and adaptive immune potential.

4.1. Neutrophil and monocyte phagocytosis

Previous studies using various methodologies have evaluated some therapeutic
opioids in vitro and in vivo and have yielded a range of effects on phagocytosis.
Morphine has generally inhibited phagocytosis [27-32], whereas tramadol [31],
fentanyl [33] and methadone [32, 34] generally had no effect on phagocytosis.
Although none of the opioids in the current study had any statistically significant
effects, there was a trend for morphine, tramadol, fentanyl and buprenorphine to

inhibit neutrophil and monocyte phagocytosis.

4.2. Neutrophil and monocyte oxidative burst reaction

Previous in vitro and in vivo studies have generally shown morphine [30, 32] and
methadone [30, 34] to inhibit oxidative burst, whereas fentanyl has been reported to
have no effect on neutrophil oxidative burst responses in healthy volunteers [16].
Although no opioid tested had a consistent effect on oxidative burst responses in the
current study, there was a trend for morphine, tramadol, fentanyl, buprenorphine and

methadone to inhibit oxidative burst responses.

1l4|Page



4.3. Natural killer cell cytotoxicity

The previous literature using differing methodologies is often conflicting, however
in general morphine [35], fentanyl [7, 36], methadone [37] and diamorphine [38]
decrease NK cell cytotoxicity, whereas buprenorphine has no effect [36] and
tramadol enhances it [6, 39]. In the current study, none of the opioids had any effect
on the activation status or cytotoxicity of unstimulated and stimulated human NK
cells in PBMC preparations. This suggests that the reported in vivo manifestations of

opioids on NK cells are mediated indirectly through central pathways.

4.4. Effect of opioids on IL-2 and anti-CD3/anti-CD28 mAb-induced T cell activation
and cytokine secretion

This is the first in vitro study to have assessed the effect of opioids on the
activation status of human T cells on the basis of CD25 and CD69 expression. Anti-
CD3/anti-CD28 mAb stimulation activated CD4* and CD8* T cells, which was not
affected by any of the opioids. Previous in vitro studies, using proliferation or cytolytic
assays, are generally consistent with the current study, in that clinically relevant
concentrations of morphine, methadone and diamorphine had no effect [40-42].

Cytokine secretion from PBMCs was used as another measure of lymphocyte
activation. There are several heterogeneous studies relating to the effects of opioids
on cytokine secretion in the literature. In general, morphine has been reported to
decrease IL-1pB, IL-2, IL-4, IL-6, IL-12 and IFN-y production [9, 27, 43], but to have

mixed effects on IL-10 and TNF levels [9, 43]. Fentanyl has been demonstrated to
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decrease IL-2 and IFN-y production, whereas buprenorphine has been reported to
have no effect [36]. Codeine has been shown to increase IL-8 and TNF-a production
[8]. In post-operative studies, morphine has been reported to inhibit IL-2 production,
which was unaffected by fentanyl and either unaffected or increased by tramadol [44,
45].

The only significant effect which was been observed in the current study was
that methadone, oxycodone and diamorphine significantly decreased IL-6 secretion
from IL-2 stimulated PBMCs. IL-6 has a range of pro- and anti-inflammatory effects
and its levels correlate with the acute phase reactant C-Reactive Protein [46]. IL-6
also influences lipid and bone metabolism [47]. Any inhibition of IL-6 production
could therefore have multiple downstream effects on several organ systems.

The findings of this systematic evaluation indicate that further studies are
needed with larger numbers of subjects to evaluate the effects of morphine,
tramadol, fentanyl, buprenorphine and methadone on neutrophil and monocyte
phagocytosis and oxidative burst. As NK and T cells are likely to be modified by
indirect effects of opioids, these also need further evaluation in in vivo models.
However, all of these aspects of immune defence need to be investigated in human
clinical models with disease outcomes as endpoints in order to better inform clinical

practice.

4.6. Limitations of present study

The use of in vitro models meant that only the direct effects of the opioids were

measured on immune cells. However, clinically used opioids also have indirect
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effects via the SNS and HPA axis, which may modulate or negate these direct
effects in whole animals. The sample size was small, as the primary aim of this study
was to screen for immune effects of many opioids and a larger sample may have
shown greater differences between opioids. Thus caution is needed as to not over-
interpret the results. However, retrospective power and sample size calculations
have been performed for those assays for which opioids potentially showed an effect
and some of these calculations have a power greater than 80% with a sample size
compatible with that performed. Only healthy volunteers were included and although
the immune cells were activated in vitro this might not truly reflect effects that could
be present on cells from different patient groups, especially those with immune
activation or suppression from other biological or therapeutic causes. Further
confirmatory studies should therefore employ larger samples, using the same opioids
in all subjects and using a test-retest method to look for variations within individuals

as well as between subjects.

4.7. Conclusion

Opioids are currently prescribed for pain on the basis of their reported efficacy,
their clinically recognisable toxicities and economic factors. The findings of this
small, but systematic healthy volunteer preliminary investigation indicate that opioids
might differentially influence IL-6 production by a direct effect on the cells, with
methadone, oxycodone and diamorphine being suppressive. There might also be
direct effects of morphine, tramadol, fentanyl, buprenorphine and methadone on

neutrophil and monocyte phagocytosis and oxidative burst, which warrant further
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investigation with more subjects. However, further investigation in human clinical
models with disease outcomes as endpoints is paramount.

Despite the potential negative impact of certain opioids on aspects of immune
function in vitro, optimal pain control remains the key clinical goal, as pain itself might
be immunosuppressive [6, 48]. In keeping with the move towards personalised
medicine, including for pain management [49], with more comprehensive clinical
data, we could more rationally select the opioid to administer to an individual patient
with cancer, in order to optimise pain control without potentially negatively impacting
on their immune function. However, with currently available data, opioid choice
should principally be on efficacy and more clinically overt toxicities in the individual

patient.

18|Page



Author Contributions

JB, SHA, AGP conception and design, JB and GF acquisition of data and
analysis, JB and AGP interpretation of data; JB drafted the article, with revisions
from all authors. All authors discussed the results, commented on the manuscript
and approved the final version to be published.

JB is the guarantor.

None of the authors declare a conflict of Interest

Acknowledgements

This study received financial support from the North Trent Cancer Research
Network’s Supportive & Primary Care Oncology Research Group (SPORG), the
Breast Cancer Campaign (Project Grant 2008MayPR27) and the Wellcome Trust

(Equipment Grant 084399).

19|Page



References

=

©

. Klepstad P, Fladvad T, Skorpen F, et al. Influence from genetic variability on opioid use
for cancer pain: a European genetic association study of 2294 cancer pain patients.
Pain 2011;152(5):1139-45.

. Pergolizzi J, Boger RH, Budd K, et al. Opioids and the management of chronic severe
pain in the elderly: consensus statement of an International Expert Panel with focus
on the six clinically most often used World Health Organization step Il opioids
(buprenorphine, fentanyl, hydromorphone, methadone, morphine, oxycodone). Pain
Pract 2008;8(4):287-313.

. Borner C, Kraus J, Bedini A, Schraven B, Hollt V. T-cell receptor/CD28-mediated
activation of human T lymphocytes induces expression of functional mu-opioid
receptors. Mol Pharmacol 2008;74(2):496-504.

. Dublin S, Walker RL, Jackson ML, et al. Use of opioids or benzodiazepines and risk of
pneumonia in older adults: a population-based case-control study. J Am Geriatr Soc
2011;59(10):1899-907.

. Wang J, Barke RA, Charboneau R, Roy S. Morphine impairs host innate immune
response and increases susceptibility to Streptococcus pneumoniae lung infection. J
Immunol 2005;174(1):426-34.

. Gaspani L, Bianchi M, Limiroli E, Panerai AE, Sacerdote P. The analgesic drug tramadol
prevents the effect of surgery on natural killer cell activity and metastatic colonization
in rats. J Neuroimmunol 2002;129(1-2):18-24.

. Shavit Y, Ben-Eliyahu S, Zeidel A, Beilin B. Effects of fentanyl on natural killer cell activity
and on resistance to tumor metastasis in rats. Dose and timing study.
Neuroimmunomodulation 2004;11(4):255-60.

. Sheen CH, Schleimer RP, Kulka M. Codeine induces human mast cell chemokine and
cytokine production: involvement of G-protein activation. Allergy 2007;62(5):532-8.
Wang J, Charboneau R, Balasubramanian S, Barke RA, Loh HH, Roy S. The
immunosuppressive effects of chronic morphine treatment are partially dependent on
corticosterone and mediated by the mu-opioid receptor. J Leukoc Biol

2002;71(5):782-90.

10. Irwin M, Hauger RL, Brown M, Britton KT. CRF activates autonomic nervous system and

reduces natural killer cytotoxicity. Am J Physiol 1988;255(5 Pt 2):R744-7.

11. Grond S, Sablotzki A. Clinical pharmacology of tramadol. Clin Pharmacokinet

2004:43(13):879-923.

12. Hutchinson MR, Zhang Y, Shridhar M, et al. Evidence that opioids may have toll-like

receptor 4 and MD-2 effects. Brain Behav Immun 2010;24(1):83-95.

13. Franchi S, Moretti S, Castelli M, et al. Mu opioid receptor activation modulates Toll like

receptor 4 in murine macrophages. Brain Behav Immun 2012;26(3):480-8.

14. Banerjee S, Meng J, Das S, et al. Morphine induced exacerbation of sepsis is mediated

by tempering endotoxin tolerance through modulation of miR-146a. Scientific reports
2013;3:1977.

15. Stamer UM, Musshoff F, Kobilay M, Madea B, Hoeft A, Stuber F. Concentrations of

tramadol and O-desmethyltramadol enantiomers in different CYP2D6 genotypes. Clin
Pharmacol Ther 2007;82(1):41-47.

16. Jacobs R, Karst M, Scheinichen D, et al. Effects of fentanyl on cellular immune functions

in man. Int J Immunopharmacol 1999;21(7):445-54.

20|Page



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Mercadante S, Villari P, Ferrera P, Casuccio A, Gambaro V. Opioid plasma
concentrations during a switch from transdermal fentanyl to methadone. J Palliat Med
2007;10(2):338-44.

Pesonen A, Suojaranta-Ylinen R, Hammaren E, Tarkkila P, Seppala T, Rosenberg PH.
Comparison of effects and plasma concentrations of opioids between elderly and
middle-aged patients after cardiac surgery. Acta Anaesthesiol Scand 2009;53(1):101-
8.

Escher M, Daali Y, Chabert J, Hopfgartner G, Dayer P, Desmeules J. Pharmacokinetic
and pharmacodynamic properties of buprenorphine after a single intravenous
administration in healthy volunteers: a randomized, double-blind, placebo-controlled,
crossover study. Clin Ther 2007;29(8):1620-31.

Mucci-LoRusso P, Berman BS, Silberstein PT, et al. Controlled-release oxycodone
compared with controlled-release morphine in the treatment of cancer pain: a
randomized, double-blind, parallel-group study. Eur J Pain 1998;2(3):239-49.

Kidd S, Brennan S, Stephen R, Minns R, Beattie T. Comparison of morphine
concentration-time profiles following intravenous and intranasal diamorphine in
children. Arch Dis Child 2009;94(12):974-8.

Kim I, Barnes AJ, Oyler JM, et al. Plasma and oral fluid pharmacokinetics and
pharmacodynamics after oral codeine administration. Clin Chem 2002;48(9):1486-96.

Sacerdote P, Bianchi M, Gaspani L, Panerai AE. Effects of tramadol and its enantiomers
on Concanavalin-A induced-proliferation and NK activity of mouse splenocytes:
involvement of serotonin. Int J Immunopharmacol 1999;21(11):727-34.

Pan YX, Xu J, Xu M, Rossi GC, Matulonis JE, Pasternak GW. Involvement of exon 11-
associated variants of the mu opioid receptor MOR-1 in heroin, but not morphine,
actions. Proc Natl Acad Sci U S A 2009;106(12):4917-22.

Hopkinson K, Williams EA, Fairburn B, et al. A MitoTracker Green-based flow cytometric
assay for natural Killer cell activity: variability, the influence of platelets and a
comparison of analytical approaches. Exp Hematol 2007;35(3):350-7.

Sheeran TP, Jackson FR, Dawes PT, Collins M, Shadforth MF. Measurement of natural
killer cell cytotoxicity by area under a cytotoxic curve. A method suitable for
rheumatoid arthritis. J Immunol Methods 1988;115(1):95-8.

Roy S, Barke RA, Loh HH. MU-opioid receptor-knockout mice: role of mu-opioid receptor
in morphine mediated immune functions. Brain Res Mol Brain Res 1998;61(1-2):190-
94.

Szabo I, Rojavin M, Bussiere JL, Eisenstein TK, Adler MW, Rogers TJ. Suppression of
peritoneal macrophage phagocytosis of Candida albicans by opioids. J Pharmacol
Exp Ther 1993;267(2):703-6.

Rojavin M, Szabo |, Bussiere JL, Rogers TJ, Adler MW, Eisenstein TK. Morphine
treatment in vitro or in vivo decreases phagocytic functions of murine macrophages.
Life Sci 1993;53(12):997-1006.

Tubaro E, Santiangeli C, Belogi L, et al. Methadone vs morphine: comparison of their
effect on phagocytic functions. Int J Immunopharmacol 1987;9(1):79-88.

Beilin B, Grinevich G, Yardeni 1Z, Bessler H. Tramadol does not impair the phagocytic
capacity of human peripheral blood cells. Can J Anaesth 2005;52(10):1035-39.

Tubaro E, Avico U, Santiangeli C, et al. Morphine and methadone impact on human
phagocytic physiology. Int J Immunopharmacol 1985;7(6):865-74.

Yeager MP, Procopio MA, DeLeo JA, Arruda JL, Hildebrandt L, Howell AL. Intravenous
fentanyl increases natural killer cell cytotoxicity and circulating CD16(+) lymphocytes
in humans. Anesth Analg 2002;94(1):94-9.

21|Page



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.
49.

Molitor TW, Murtaugh MP, Click RE, Gekker G, Chao C, Peterson PK. Functional
alterations of swine peripheral blood mononuclear cells by methadone. J Leukoc Biol
1992;51(2):124-8.

Weber RJ, Gomez-Flores R, Sora I, Uhl GR. Loss of Morphine-induced Suppression of
NK Cell activity and T-cell Functions in mu Opioid Receptor Knockout Mice. Am J
Immunol 2006;2(2):35-39.

Martucci C, Panerai AE, Sacerdote P. Chronic fentanyl or buprenorphine infusion in the
mouse: similar analgesic profile but different effects on immune responses. Pain
2004;110(1-2):385-92.

Van Der Laan JW, Timmerman H, Van Loveren H. Comparison of the in vivo effects of
morphine and methadone on natural killer cell activity in spleen, peritoneal cavity,
and lungs in rats. Int J Immunopharmacol 1996;18(6-7):401-07.

Novick DM, Ochshorn M, Ghali V, et al. Natural killer cell activity and lymphocyte subsets
in parenteral heroin abusers and long-term methadone maintenance patients. J
Pharmacol Exp Ther 1989;250(2):606-10.

Sacerdote P, Bianchi M, Gaspani L, et al. The effects of tramadol and morphine on
immune responses and pain after surgery in cancer patients. Anesth Analg
2000;90(6):1411-14.

Thomas PT, Bhargava HN, House RV. Immunomodulatory effects of in vitro exposure to
morphine and its metabolites. Pharmacology 1995;50(1):51-62.

Thomas PT, House RV, Bhargava HN. Direct cellular immunomodulation produced by
diacetylmorphine (heroin) or methadone. Gen Pharmacol 1995;26(1):123-30.

House RV, Thomas PT, Bhargava HN. In vitro evaluation of fentanyl and meperidine for
immunomodulatory activity. Immunol Lett 1995;46(1-2):117-24.

Martucci C, Franchi S, Lattuada D, Panerai AE, Sacerdote P. Differential involvement of
RelB in morphine-induced modulation of chemotaxis, NO, and cytokine production in
murine macrophages and lymphocytes. J Leukoc Biol 2007;81(1):344-54.

Liu Z, Gao F, Tian Y. Effects of morphine, fentanyl and tramadol on human immune
response. J Huazhong Univ Sci Technolog Med Sci 2006;26(4):478-81.

Wang G, Weng Y, Ishiguro Y, Sakamoto H, Morita S. The effect of tramadol on serum
cytokine response in patients undergoing pulmonary lobectomy. J Clin Anesth
2005;17(6):444-50.

Heikkila K, Ebrahim S, Rumley A, Lowe G, Lawlor DA. Associations of circulating C-
reactive protein and interleukin-6 with survival in women with and without cancer:
findings from the British Women's Heart and Health Study. Cancer Epidemiol
Biomarkers Prev 2007;16(6):1155-9.

Eriksen CG, Olsen H, Husted LB, et al. The expression of IL-6 by osteoblasts is
increased in healthy elderly individuals: stimulated proliferation and differentiation are
unaffected by age. Calcif Tissue Int 2010;87(5):414-23.

Page GG. The immune-suppressive effects of pain. Adv Exp Med Biol 2003;521:117-25.

Ahmedzai SH. Personalized medicine--one size fits one: tailoring pain therapy to
individuals' needs. J Pain Palliat Care Pharmacother 2013;27(1):83-5.

22|Page



Figure legends:

Figure 1 Effect of morphine, tramadol, fentanyl, buprenorphine and oxycodone
on neutrophil and monocyte phagocytosis. The proportion of neutrophils and
monocytes phagocytosing FITC-E.coli (left panel) and the intensity of the phagocytic
response (median channel of fluorescent intensity, MFI; right panel). Data are
means + SEM from 5 subjects (n=4 for monocytes at 20 and 100 ng/ml of morphine)
and are presented as absolute differences from the no opioid control. No opioid
(baseline) values (mean + SEM) are included at the top of the graphs. No statistically
significant differences between the responsiveness of opioid-treated and untreated

cells were detected (paired Student t-test)

Figure 2 Effect of morphine, tramadol, fentanyl, buprenorphine and oxycodone
on neutrophil oxidative burst responses. The proportion of neutrophils
undergoing the oxidative burst reaction (left panel) and the intensity of this response
in these positive cells, median channel of fluorescent intensity (MFI, right panel), to
fMLP, PMA and E.coli. Data are means + SEM from 5 subjects and are presented as
absolute differences from the no opioid control. No opioid control (baseline) values
(mean + SEM) are included at the top of the graphs. Statistically significant
differences between the responsiveness of opioid-treated and untreated cells is

indicated (* = P<0.05, paired Student t-test)
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Figure 3 Effect of morphine, tramadol, fentanyl, buprenorphine and oxycodone
on monocyte oxidative burst responses. The proportion of monocytes undergoing
the oxidative burst reaction (left panel) and the intensity of this response in these
positive cells, median channel of fluorescent intensity (MFI, right panel), to fMLP,
PMA and E.coli. Data are means =+ SEM from 5 subjects and are presented as
absolute differences from the no opioid control. No opioid control (baseline) values
(mean * SEM) are included at the top of the graphs. Statistically significant
differences between the responsiveness of opioid-treated and untreated cells is

indicated (* = P<0.05, paired Student t-test)

Figure 4 Representative figure illustrating the effect of morphine on IL-2
induced NK cell cytotoxicity of K562 target cells. Isolated PBMCs, without
platelets, were incubated for 3 days with IL-2 and opioid. Controls comprised
unstimulated and IL-2 stimulated cells cultured in the absence of opioid. The
adjusted area under the cytotoxic curve (AUCC) was calculated using the formula
presented in the methods. Values for the adjusted AUCC for each of the
experimental conditions are indicated in the legend. No statistical difference in the
NK cell cytotoxicity of untreated and morphine-treated PBMCs was observed (paired

Student t-test). Data are means + SEM of 3 subjects
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Figure 5 Representative figure illustrating the effect of morphine on CD69
expression by CD4* and CD8* T cells. The proportion (%) of CD4* and CD8" cells
expressing CD69 (upper panel) and the intensity of CD69 expression on positive
cells (median channel of fluorescent intensity, MFI; lower panel). PBMCs were
incubated with the indicated concentrations of morphine for 3 days prior to assessing
CD69 expression. All cells, other than the unstimulated control, were activated with
anti-CD3/anti-CD28 mAb coated beads for 3 days, added at the same time as the
opioid. No statistical difference between the responsiveness of opioid-treated and
untreated anti-CD3/anti-CD28 mAb stimulated cells was observed (paired Student t-

test). Data are means = SEM from 5 subjects

Figure 6 Effect of morphine, methadone, oxycodone and diamorphine on IL-6
secretion by IL-2 stimulated cells. Effect of methadone, oxycodone and
diamorphine on IL-6 production by IL-2 (left Y-axis, blue) and Miltenyi anti-CD3/anti-
CD28 mAb coated bead (right Y-axis, red) stimulated PBMCs. IL-6 concentrations
are presented on the Y-axes, in pg/ml. Unstimulated (unstim) and stimulated (stim)
controls without opioid are included. IL-6 levels in IL-2 stimulated PBMCs were
decreased by methadone at all concentrations, 4, 20 and 500 ng/ml of
oxycodone, and 10, 50 and 1250 ng/ml of diamorphine decreased levels
(P<0.05; paired Student t-test). Data are means + SEM from a minimum of 3

subjects
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