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Treatment with naldemedine produced a dose-dependent inhibition of both the decrease
in the cAMP level and the increase in β-arrestin recruitment induced by the MOR
agonists. Daily treatment with naldemedine at a dose that reversed the morphine-
induced inhibition of gastrointestinal transport, but not antinociception, significantly
decreased tumour volume and prolonged survival in tumour-transplanted mice.
Naldemedine administration significantly decreased the increased expression of immune
checkpoint-related genes and recovered the decreased level of toll-like receptor 4 in
splenic lymphocytes in tumour-bearing mice.
Conclusions
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Abstract  

Background  

It has been considered that activation of peripheral μ-opioid receptors (MORs) induces 

side effects of opioids. In the present study, we investigated the possible improvement of 

the immune system in tumour-bearing mice by systemic administration of the peripheral 

MOR antagonist naldemedine. 

Methods 

  The inhibitory effect of naldemedine on MOR-mediated signalling was tested by 

cAMP inhibition and β-arrestin recruitment assays using cultured cells. We assessed 

possible changes in tumour progression and the number of splenic lymphocytes in 

tumour-bearing mice under the repeated oral administration of naldemedine.  

Results 

Treatment with naldemedine produced a dose-dependent inhibition of both the 

decrease in the cAMP level and the increase in β-arrestin recruitment induced by the 

MOR agonists. Daily treatment with naldemedine at a dose that reversed the morphine-

induced inhibition of gastrointestinal transport, but not antinociception, significantly 

decreased tumour volume and prolonged survival in tumour-transplanted mice. 

Naldemedine administration significantly decreased the increased expression of immune 

checkpoint-related genes and recovered the decreased level of toll-like receptor 4 in 

splenic lymphocytes in tumour-bearing mice. 

Conclusions 
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The blockade of peripheral MOR may induce an anti-tumour effect through the 

recovery of T cell exhaustion and promotion of the tumour-killing system. 

 

Keywords 

Peripheral μ-opioid receptor, Naldemedine, Cancer, CD8+ T cell, Immune checkpoint, T 

cell exhaustion 

 

Abbreviations 

cAMP, 3’,5’-cyclic adenosine monophosphate; CI, confidence interval; CNS, central 

nervous system; Ctla4, cytotoxic T-lymphocyte protein 4; DOR, δ-opioid receptor; FACS, 

fluorescence-activated cell sorting; Gapdh, glyceraldehyde 3-phosphate dehydrogenase; 

GzmB, granzyme B; Havcr2, hepatitis A virus cellular receptor 2; IFN, interferon; Ifng, 

interferon γ; IL, interleukin; KOR, κ-opioid receptor; Lag3, lymphocyte activation gene 

3; LLC, Lewis lung carcinoma; LPS, lipopolysaccharide; MTT, 3-[4,5-dimethylthiazol-

2-yl]-2,5-diphenyltetrazolium bromide; MOR, μ-opioid receptor; NF-κB, nuclear factor 

kappa-light-chain-enhancer of activated B cells; NK, natural killer, OIC, opioid-induced 

constipation; Pdcd1, programmed cell death protein 1; Prf1, perforin; Pvrig, poliovirus 

receptor related immunoglobulin domain containing; Tigit, T cell immunoreceptor with 

Ig and ITIM domains; Tim3, T cell immunoglobulin and mucin domenin-3; TLR4, toll-

like receptor 4; TNF, tumour necrosis factor  
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Background 

 Although opioid analgesics, such as morphine, have very strong analgesic effects and 

are widely used to manage moderate to severe pain, they cause various side effects 1. 

These opioid analgesics have the highest affinity for μ opioid receptors (MORs). The 

MOR is expressed in not only the brain and spinal cord, but also a wide range of 

peripheral sites, including the lungs, gastrointestinal tract, and immune cells 2 3. The 

central MOR is highly associated with analgesia, whereas the peripheral MOR is 

responsible for side effects such as constipation and nausea. In particular, MOR is highly 

expressed throughout the gastrointestinal tract, and binding of opioids reduces intestinal 

peristalsis, resulting in opioid-induced constipation (OIC) 4. 

Recently, antagonism of peripheral MORs has been reported to reduce opioid-related 

side effects, analgesic tolerance and opioid-induced hyperalgesia 5. On the other hand, 

basic and clinical studies have proposed that MORs may play a role in cancer progression. 

The blockade of peripheral MORs has been shown to suppress tumour growth in mice 6. 

Furthermore, treatment with the peripheral MOR antagonist methylnaltrexone 

significantly prolongs survival compared with placebo in patients with advanced cancer 

7. These findings strongly support the idea that the blockade of peripheral MORs may be 

beneficial for cancer patients. However, little is known about the role of peripheral MORs 

in the function of immune cells under a cancer state.  

 Naldemedine has recently been approved for the treatment of OIC in Japan. 

Naldemedine is an amide derivative of the opioid receptor antagonist naltrexone, which 

acts only in the periphery by limiting passage through the blood-brain barrier by steric 
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hindrance caused by carbamoyl groups 8 9. The use of naldemedine is believed to have no 

influence on the analgesic effects of opioids in cancer patients using opioids and is 

expected to improve OIC. In this study, we sought to investigate the effect of antagonizing 

peripheral MORs by the administration of naldemedine on tumour growth and the 

possible immune mechanism of this event. 

 

Materials and methods  

Drugs 

The drugs used in the present study were morphine hydrochloride (Daiichi Sankyo Co., 

Ltd., Tokyo, Japan), fentanyl citrate (Daiichi-Sankyo Co., Ltd.), methylnaltrexone 

bromide (Merck KGaA), loperamide hydrochloride (FUJIFILM Wako Pure Chemical 

Corp., Osaka, Japan) and naldemedine tosylate. Naldemedine tosylate was synthesized 

by us (compound purity > 99%). All drugs were dissolved in saline, except that 

naldemedine was dissolved in dimethyl sulfoxide (DMSO) or methyl cellulose solution. 

All drugs were administered in a volume of 0.1 ml/10 g body weight.  

 

cAMP assay 

To measure the inhibition of the intracellular cAMP level by activation of MORs, 

GloSensorTM cAMP Assay (Promega Corp., Madison, WI, USA) was performed 

according to the manufacturer’s protocol. Briefly, HEK293 cells stably expressing Halo-

tagged human MOR and GloSensor-22F cAMP were used. Following pre-incubation with 

naldemedine for 10 min, each well was treated with morphine or fentanyl for 10 min. 
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Subsequently, 3 µM forskolin was added to each well, and then incubated for 50 min. The 

intracellular cAMP level, as reflected by chemiluminescence, was measured for each well 

by a microplate reader (GloMax®, Promega Corp.). 

 

β-Arrestin-2 recruitment assay 

β-Arrestin-2 recruitment after activation of MORs was analysed to determine the 

agonist/antagonist activity of ligands for MORs using a PathHunter® eXpress OPRM1 

CHO-K1 β-arrestin GPCR Assay (Eurofins DiscoverX products, Fremont, CA, USA) 

according to the manufacturer’s protocol. CHO-K1 cells stably expressing human MORs 

were used. Briefly, 30 min after treatment with naldemedine, morphine or fentanyl was 

treated and incubated for 90 min. β-galactosidase activity, as reflected by 

chemiluminescence, was measured by a microplate reader (GloMax®, Promega Corp.).  

 

Animals 

   Male ICR mice (20-25 g, Tokyo Laboratory Animals Science Co. Ltd, Tokyo, Japan) 

were used for the hot-plate test followed by the gastrointestinal transit test (n = 81 mice) 

and locomotor assay (n = 45 mice). C57BL/6J mice at age 7-8 weeks (Jackson Laboratory, 

Bar Harbor, ME, USA) were used for graft tumour growth assay (n = 96 mice). Mice 

were housed in a room maintained at 24 ± 1 ˚C with a 12 hr light-dark cycle (light on 

8:00 a.m. to 8:00 p.m.). Food and water were available ad libitum in their home cages. 

Power calculation for sample sizes was not performed. Mice were randomly selected for 

each group by cage prior to baseline testing. No formal blinding was used for in vivo 
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experiments, but various steps in key studies were performed by different investigators, 

who were each independent of the steps performed by the other investigator. The present 

study was conducted in accordance with the Guiding Principles for the Care and Use of 

Laboratory Animals at Hoshi University, as adopted by the Committee on Animal 

Research of Hoshi University. Every effort was made to minimize the numbers and any 

suffering of animals used in the following experiments. 

 

Hot-plate test  

The nociceptive response on a hot-plate (55 ± 0.5 ˚C; Muromachi Kikai Co., Ltd., 

Tokyo, Japan) was evaluated by recording the latency to paw-licking or -tapping as 

described previously 10. To avoid tissue damage, a cut-off time of 30 seconds was selected. 

Antinociceptive effects were measured at the peak time after the administration of 

morphine (1-20 mg/kg, s.c.). Naldemedine (1, 3 mg/kg, p.o.) was administered 15 min 

before treatment with morphine. Antinociception was calculated as a percentage of the 

maximum possible effect (% antinociception) according to the following formula:  

% antinociception = (test latency - predrug latency)/(cut off time - predrug latency) × 100  

The antinociceptive response represents the mean ± S.E.M. of the % antinociception. 

 

Gastrointestinal transit 

Gastrointestinal transit was determined based on a previous method 10. Briefly, at 15 

min after the administration of naldemedine (1, 3 mg/kg, p.o.), each animal was injected 

with morphine (1- 20 mg/kg, s.c.). At the peak time of morphine, ink (0.3 ml/mouse; Pilot 
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Co. Ltd., Tokyo, Japan) was administered orally. The movement of ink within the small 

intestine for 30 min was measured. The percentage inhibition of gastrointestinal transit 

was calculated as follows:  

Distance travelled by the ink/length from the pylorus to the cecum×100  

 

Locomotor assay 

 As described previously 11, the locomotor activity of mice was measured by an 

ambulometer (Three-point Meter, O’Hara & Co., Ltd., Tokyo, Japan) using ICR mice. 

After a 60-min habituation period, the total activity counts in each 5-min window were 

automatically recorded for 180 min after the administration of morphine (1-10 mg/kg, 

s.c.). Naldemedine (1 mg/kg, p.o.) was administered 15 min before treatment with 

morphine.  

 

Cell culture 

The murine Lewis lung carcinoma (LLC) cells and B16 melanoma cells were cultured 

in α-MEM (Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% foetal bovine 

serum (Thermo Fisher Scientific, Inc.) containing 1% penicillin-streptomycin (Thermo 

Fisher Scientific, Inc.). Cells were maintained in a water-humidified incubator at 37 °C 

with 5% CO2. 

 

Graft tumour growth assay 
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LLC cells were resuspended at a concentration of 2 × 106 cells/0.5 mL in a mixture of 

extracellular matrix gel (Merck KGaA) and Hank’s Balanced Salt Solution (HBSS; 

Thermo Fisher Scientific, Inc.) (3:1). To evaluate tumour growth, suspended LLC cells 

in a volume of 0.5 mL were subcutaneously transplanted into the right lower back of 

C57BL/6J mice under isoflurane anaesthesia (3%; FUJIFILM Wako Pure Chemical 

Corp.). Tumour volume was monitored for 21 days after transplantation using a calliper. 

Tumour volume was calculated as (L × W2)/2, (L: length and W: width). 

Naldemedine (p.o.) and loperamide (s.c.) were administered once and twice a day 

based on their half-lives. Methylnaltrexone was continuously administered by the 

subcutaneous implantation of an ALZET mini pump (0.25 µL/hr, DURECT Corp., 

Cupertino, CA, USA). 

 

Fluorescence-activated cell sorting (FACS)  

Twenty-one days after the transplantation of LLC cells, the spleen was isolated under 

isoflurane anaesthesia (3%, inhalation), and then homogenized with PBS by pipetting. To 

remove cell aggregate, the homogenized suspension was segregated using a 100-μm cell 

strainer and a nylon mesh. Subsequently, ammonium chloride was applied to a single-cell 

suspension for haemolysis, and the cell suspension was fractionated at 6 x 106 cells/tube. 

For blocking, cells were treated with an anti-CD16/32 antibody (BD Biosciences, Inc., 

Franklin Lakes, NJ, USA). Immune cells were labelled with antibodies (Suppl. Table 1), 

whereas dead cells were stained by propidium iodide (PI). Immune cells were sorted using 

a BD FACS AriaTM II Cell Sorter (BD Biosciences, Inc.) and then analysed. 
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Quantitative reverse transcription polymerase chain reaction (RT-qPCR)  

  Total RNAs were extracted using the mirVanaTM miRNA Isolation Kit (Thermo Fisher 

Scientific, Inc.) from immune cells sorted by FACS, and then cDNAs were synthesized 

using the SuperScript® VILOTM cDNA Synthesis Kit (Thermo Fisher Scientific, Inc.). 

RT-qPCR was performed using specific primer pairs and Fast SYBR® Green Master Mix 

(Thermo Fisher Scientific, Inc.). Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) 

was used as an internal control. Suppl. Table 2 lists all primers used in this study.  

 

Statistical analysis 

Data are expressed as the mean ± standard error of the mean (S.E.M.) Key experiments 

were performed at least twice. Normal data distribution was confirmed by Shapiro-Wilk 

test. Data were evaluated by the unpaired t-test, one-way ANOVA followed by Tukey’s 

post hoc test or two-way repeated measures ANOVA followed by Bonferroni’s post hoc 

test. To compare the survival distributions of two groups, a log-rank test was used. Prism 

software (ver 8.0; GraphPad Software Inc., San Diego, CA, USA) was used for statistical 

analysis, and differences were considered significant at p < 0.05.  
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Results 

Inhibitory effect of naldemedine on MOR-mediated signalling  

 To confirm the potential of naldemedine as a MOR antagonist, we examined whether 

naldemedine could inhibit the MOR-mediated signalling induced by MOR agonists. In 

the cAMP assay, naldemedine suppressed morphine- or fentanyl-induced cAMP 

inhibition, and the concentration-response curves were dramatically (11.7- and 8.2-fold) 

shifted to the right, respectively (Fig. 1A, B, EC50 value; vehicle-morphine: 8.00 nM 

[95% CI: 4.71-13.61 nM], naldemedine-morphine: 93.8 nM [95% CI: 38.6-227.9 nM], 

vehicle-fentanyl: 1.02 nM [95% CI: 0.59-1.76 nM], naldemedine-fentanyl: 8.39 nM [95% 

CI: 5.17-13.61 nM]). In the β-arrestin recruitment assay, treatment with naldemedine 

dramatically suppressed β-arrestin recruitment for MOR induced by morphine (Fig. 1C) 

or fentanyl (Fig. 1D). Notably, maximal responses of β-arrestin recruitment for MOR 

induced by the treatment of either morphine or fentanyl were significantly suppressed in 

the presence of naldemedine (Fig. 1C, D, Emax of naldemedine-morphine: 13.9 %, Emax of 

naldemedine-fentanyl: 17.8 %). 

 

Inhibitory effects of naldemedine on the suppression of gastrointestinal transit, but 

not antinociception and hyperlocomotion, induced by morphine 

Morphine dose-dependently induced antinociceptive effects in a hot-plate test. Oral 

administration of naldemedine at 1 and 3 mg/kg did not affect the dose-response curve of 

morphine for antinociceptive effects in mice (Fig. 2A). In the absence of naldemedine, 

the ED50 value for the antinociceptive effect of morphine was 8.42 mg/kg, whereas the 
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ED50 values for morphine-induced antinociception were 9.71 mg/kg and 10.3 mg/kg in 

the presence of naldemedine at 1 mg/kg and 3 mg/kg, respectively. The shifting ratio by 

naldemedine at 1 or 3 mg/kg for the antinociceptive effects of morphine was 1.15 or 1.22, 

respectively.  

 We next investigated the effects of naldemedine on the suppression of gastrointestinal 

transit induced by morphine in mice using a gastrointestinal transit test. Oral 

administration of naldemedine potently shifted the dose-response curve for the 

suppression of gastrointestinal transit induced by morphine to the right (Fig. 2B). The 

ED50 value of morphine for suppressing gastrointestinal transit without naldemedine was 

7.73 mg/kg, whereas this value with naldemedine was 15.1 mg/kg at 1 mg/kg or 16.1 

mg/kg at 3 mg/kg. The shifting ratio to reflect the antagonistic effect of naldemedine at 1 

mg/kg and 3 mg/kg on the inhibition of gastrointestinal transit by morphine was 1.95 and 

2.08, respectively.  

To confirm that naldemedine at these doses does not have antagonistic activity on 

MORs in the central nervous system (CNS), we investigated the effect of naldemedine 

on the morphine-induced hyperlocomotion of mice. As a result, oral administration of 

naldemedine at 1 mg/kg and 3 mg/kg failed to suppress the hyperlocomotion produced 

by morphine (Fig. 2C).  

 

Inhibitory effects of naldemedine on tumour growth 

We investigated whether repeated oral administration of naldemedine could produce 

an anti-tumour effect in tumour-bearing mice, in which LLC cells had been 
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subcutaneously transplanted into the right lower back, by the daily oral administration of 

naldemedine for 3 weeks (Fig. 3A). Tumour volume gradually increased in a time-

dependent manner after the transplantation of LLC cells. Under the present condition, 

daily oral treatment with naldemedine (1 mg/kg) significantly decreased tumour volume 

compared to that in the vehicle-treated group (Fig. 3B). Furthermore, repeated oral 

administration of naldemedine significantly prolonged survival in LLC cell-transplanted 

mice compared to that in vehicle-treated mice (Fig. 3C). To evaluate whether this 

inhibitory effect of naldemedine on tumour progression could be observed in another 

tumour-bearing model, we tested the effect using a model generated by the transplantation 

of B16 melanoma cells. Consistent with the results in the LLC model, tumour volume 

was significantly decreased by the repeated oral administration of naldemedine in the B16 

melanoma-bearing model (Fig. 3D). To further confirm the effects of naldemedine on 

tumour progression, the effects of an antagonist or an agonist of peripheral MORs were 

also examined. The repeated administration of methylnaltrexone, which is a peripheral 

MOR antagonist, significantly suppressed tumour growth compared to that in the vehicle-

treated group (Fig. 3E). On the other hand, repeated administration of loperamide, which 

is a peripheral MOR agonist, significantly increased tumour volume compared to that in 

the vehicle-treated group (Fig. 3F). To verify whether the stimulation of MORs could 

directly regulate the growth of cancer cells, we evaluated the viability of LLC cells under 

treatment with agonist or antagonists of MORs was evaluated. As a result, treatment with 

naldemedine, methylnaltrexone or morphine had no effect on the viability of LLC cells 

(Fig. S1).  



 15 

 

Effects of naldemedine on the innate immune system 

To clarify the mechanisms of the anti-tumour effects of naldemedine, we focused on 

the changes in the systemic immune system under the administration of naldemedine. 

First, changes in the number of lymphocytes from the spleen of mice treated with repeated 

oral-naldemedine were evaluated using FACS (Fig. 4A, B). Repeated administration of 

naldemedine failed to change the number of CD4+ T cells, CD8+ T cells, NK cells or 

macrophages in the spleen of mice without tumour implantation compared to those in 

vehicle-treated mice at 21 days after transplantation (Fig. 4C-F). 

 To further assess the effect of naldemedine on the function of cytotoxic lymphocytes, 

which can eradicate cancer cells by recognizing tumour-associated antigens, we next 

investigated the possible changes in the expression of immune checkpoint-related genes 

in CD8+ T cells in the mouse spleen by the administration of naldemedine. Under the 

condition of LLC cell transplantation into mice, mRNA levels of Pdcd1, Havcr2/Tim3, 

Lag3, Pvrig (CD112R) and Tigit, but not Ctla4 or Cd96, were significantly increased in 

CD8+ T cells in the spleen compared to those in mice without tumour transplantation (Fig. 

5A-G). Among them, the increased mRNA levels of Havcr2/Tim3 and Lag3 in the spleen 

of mice with LLC cell transplantation were recovered by repeated oral administration of 

naldemedine (Fig. 5C, D). These results suggest that administration of naldemedine may 

relieve the exhaustion of splenic CD8+ T cells under tumour transplantation. 

We next examined the possible changes in the expression of cytotoxic factors in CD8+ 

T cells in the spleen of mice after repeated oral administration of naldemedine. As a result, 
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mRNA levels of GzmB and Ifng were significantly increased by repeated oral 

administration of naldemedine in CD8+ T cells of LLC cell-transplanted mice compared 

to those in the vehicle-treated group (Fig. 5H-J).  

We also investigated possible changes in the expression level of opioid receptor 

subtypes (MOR, DOR, KOR) in CD4+ T cells, CD8+ T cells and NK cells in the mouse 

spleen under the repeated oral administration of naldemedine. As a result, there were no 

changes in mRNA expression of MOR, DOR or KOR in CD4+ T cells, CD8+ T cells or 

NK cells under a condition of tumour transplantation with repeated oral administration of 

naldemedine (Fig. 6A-C).  

It has been documented that MOR agonists bind to toll-like receptor 4 (TLR4) as well 

as MOR 12. As shown in Fig. 6D and 6E, the decrease in the mRNA level of TLR4 in 

both CD8+ T cells and NK cells in the spleen of mice with LLC cell transplantation was 

significantly recovered by repeated oral administration of naldemedine. Furthermore, the 

recovery of the mRNA level of TLR4 in CD8+ T cells was significantly correlated with 

changes in tumour volume by repeated oral administration of naldemedine under the 

condition of LLC transplantation (Fig. 6F). Interestingly, the mRNA level of TLR4 was 

negatively correlated with the mRNA expression level of either Lag3 or Tim3 in CD8+ T 

cells in the spleen of LLC cell-transplanted mice with repeated oral administration of 

naldemedine (Fig. 6G, H).  

 

Discussion 
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The peripheral MOR antagonist naldemedine has been widely used to treat OIC. To 

confirm the pharmacological properties of naldemedine, we first evaluated its MOR 

antagonistic properties. Activation of MORs is known to induce a Gi protein-mediated 

reduction in intracellular cAMP levels and the translocation of β-arrestin to the plasma 

membrane 13. In the present study, we confirmed that treatment with naldemedine 

reversed morphine- and fentanyl-induced reductions in cAMP levels and produced the 

marked inhibition of β-arrestin translocation to the plasma membrane. Interestingly, 

treatment with naldemedine significantly and dramatically inhibited the translocation of 

β-arrestin even at high concentrations of morphine and fentanyl, suggesting that 

naldemedine may strongly inhibit the translocation of β-arrestin to the plasma membrane 

induced by MOR activation. 

Next, we investigated the effect of naldemedine on the analgesic effect of morphine 

and the inhibition of gastrointestinal transport induced by morphine. The results showed 

that morphine-induced inhibition of gastrointestinal transport was reversed by 

concomitant administration of naldemedine (1-3 mg/kg) at doses that did not affect the 

analgesic effect of morphine. In addition, administration of naldemedine at the same 

doses failed to inhibit morphine-induced hyperlocomotion. These results confirm that 

naldemedine at adequate doses has very low central penetration and can improve OIC 

without affecting the analgesic effect of MOR agonists. 

 To date, basic and clinical studies have suggested that antagonizing peripheral MOR by 

treatment with methylnaltrexone inhibits tumour progression 6 7. By contrast, no basic 

research has been conducted on the effect of naldemedine under a condition of cancer. In 
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the present study, we demonstrated using LLC-bearing mice that repeated administration 

of naldemedine significantly inhibited tumour enlargement and prolonged survival. We 

confirmed under the same condition that the repeated administration of methylnaltrexone 

produced an anti-tumour effect, whereas daily treatment with the peripheral MOR agonist 

loperamide significantly promoted tumour growth. These findings provide further 

evidence that inhibition of peripheral MORs may be a useful approach for suppressing 

tumour progression. 

 The distribution of MOR expression has been documented to occur in cells of the 

gastrointestinal tract and immune system as well as in the CNS 2 3. The type of tumour 

cells expressing high levels of MOR has also been identified, and interestingly, MOR 

expression has been shown to correlate with patient prognosis 14 15. However, since we 

found no change in tumour cell proliferation or survival after in vitro treatment with 

naldemedine, we propose that the development of the anti-tumour effect of naldemedine 

may not result from a direct effect on tumour cells.  

Moreover, we investigated the effect of repeated administration of naldemedine on the 

immune system. Cancer cells have shown to induce the expression of immune 

checkpoints against immune cells to escape attack from the immune system, causing 

immune cell exhaustion and suppression of function 16 17. The present analysis of changes 

in the expression of immunocheckpoint receptors in splenic CD8+ T cells showed that 

repeated administration of naldemedine induced a significant reduction in the increased 

expression of Tim3 and Lag3 in the tumour transplant state. Under these conditions, 

repeated administration of naldemedine resulted in the increased expression of granzyme 
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B and IFNγ in splenic CD8+ T cells. Granzyme B and IFNγ  have been considered to have 

important cytotoxic effects against tumour cells 18. These findings suggest that the anti-

tumour effect of naldemedine may partly result from the functional recovery of CD8+ T 

cells from the state of exhaustion and the improvement in cytotoxicity. However, it 

remains unclear whether these changes associated with the administration of naldemedine 

are due to direct or indirect effects on immune cells.  

 Opioid receptors expressed in various immune cells, including T cells, B cells, and 

macrophages, have been shown to play a role in the modulation of both innate and 

adaptive immunity 3. Recent pharmacological and pharmacogenic research has provided 

evidence that activation of peripheral MORs mediates immunosuppressive effects in the 

peripheral immune system 19. In this study, we investigated the expression of three opioid 

receptors, MOR, DOR, and KOR, in CD8+ T cells, CD4+ T cells, and NK cells isolated 

from the spleen. Unexpectedly, relatively lower levels of the expression of opioid 

receptors were observed in these immune cells. No changes in the expression of these 

three opioid receptors were observed in the cancer state under the repeated administration 

of naldemedine.  

It has been well documented that opioid receptors and TLR4, which is a 

lipopolysaccharide (LPS) receptor and plays a key role in the innate immune response, 

are co-expressed in immune cells 12,20. MOR agonists have been shown to bind to TLR4, 

as well as MORs, in a manner parallel to LPS, resulting in the activation of TLR4 

signalling. This reaction may in turn lead to the expression of nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) expression and the production of tumour 
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necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 12. These findings suggest that a 

TLR4 signalling pathway may be tightly linked to MOR agonist-induced 

immunosuppression. Interestingly, it has been reported that treatment of MOR/TLR4-

expressing cells with the standard MOR antagonist naltrexone increases TLR4 levels, 

indicating that the endogenous MOR system plays a crucial role in TLR4-mediated 

responses 21. In the present study, we found that repeated administration of naldemedine 

resulted in the recovery of the dramatic decrease in the expression level of TLR4 in both 

splenic CD8+ T cells and NK cells under the tumour transplant state. Furthermore, the 

recovery level of TLR4 expression in CD8+ T cells was correlated with the suppression 

of tumour growth along with decreased levels of immune checkpoint receptors in splenic 

CD8+ T cells obtained from tumour-transplanted mice. It has been reported that immune 

checkpoint receptor Tim-3 may be a negative regulator of TLR-mediated immune 

responses in sepsis 22. Furthermore, endogenous TLR4 ligand has been shown to induce 

type I IFN production in conventional dendritic cells and precipitates disease flares in 

systemic lupus erythematosus 23. Although further investigations are needed, we propose 

that an increase in cytotoxic molecules to enhance the immune system against tumour 

progression due to the recovery of a decrease in the expression of TLR4 via 

downregulation of the expression of immune checkpoint receptors, especially Tim-3 and 

Lag-3, in splenic immune cells under a cancer state may partly contribute to the anti-

tumour effect of naldemedine. 

In conclusion, we demonstrated for the first time that repeated oral administration of 

the peripheral MOR antagonist naldemedine, which has been widely used in a clinical 
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setting to treat OIC, had an anti-tumour effect through the activation of peripheral 

immune mechanisms due to the recovery of T cell exhaustion and promotion of the 

tumour-killing system. These findings suggest that modulation of the endogenous 

immune system under a cancer state may be one of the mechanisms underlying the unique 

profile of naldemedine, and such modulation may be responsible for the anti-tumour 

effect of naldemedine. 
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Figure legends 

Figure 1  Evaluation of the antagonistic activity of naldemedine for µ-opioid 

receptors 

(A-D) Cell-based assays assessing cAMP inhibition and β-arrestin-2 recruitment for µ-

opioid receptors. (A, B) Effects of naldemedine (10 nM) on the inhibition of cAMP 

accumulation induced by treatment with morphine (A, 100 pM-10 µM) or fentanyl (B, 

100 pM-10 µM). Each point represents the mean ± S.E.M. n = 6 experiments. (C, D) 

Effects of morphine (C, 1 nM-100 µM) or fentanyl (D, 1 nM-100 µM) on β-arrestin-2 

recruitment in the presence of naldemedine (10 nM). Each point represents the mean ± 

S.E.M. n = 3 experiments. 

 

Figure 2  Evaluation of the pharmacological profiles of the peripheral µ-opioid 

receptor antagonist naldemedine 

(A, B) Effects of naldemedine (1-3 mg/kg, p.o.) on antinociceptive effects (A) and the 

delay of gastrointestinal transit (B) induced by morphine (1-20 mg/kg, s.c.). Vehicle: 

morphine 1 mg/kg, n = 7; 3 mg/kg, n = 7; 5 mg/kg, n = 7; 10 mg/kg, n = 10; 20 mg/kg, n 

= 10. Naldemedine 1 mg/kg: morphine 3 mg/kg, n = 5; 5 mg/kg, n = 5; 10 mg/kg, n = 5; 

20 mg/kg, n = 5. Naldemedine 3 mg/kg: morphine 3 mg/kg, n = 5; 5 mg/kg, n = 5; 10 

mg/kg, n = 5; 20 mg/kg, n = 5. (C) Effect of naldemedine on morphine-induced 

hyperlocomotion in mice. Total activity was counted after treatment with morphine (1-

10 mg/kg, s.c.) for 180 min in the presence of naldemedine (1-3 mg/kg, p.o.). The data 

represent the mean ± S.E.M. of 5-10 animals. 
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Figure 3  Changes in tumour growth by treatment with peripheral µ-opioid 

receptor agonists and antagonists  

(A) Experimental timeline. (B-D) Changes in tumour progression by the repeated oral 

administration of naldemedine. (B) Quantitative analysis of tumour volume between 

vehicle- and naldemedine (1 mg/kg) -treated mice that are LLC-bearing (Vehicle, n = 23. 

Naldemedine, n = 24, Two-way ANOVA test with Bonferroni’s post-hoc test: ***p < 

0.001 vs. vehicle group). (C) Survival curve of mice after transplantation of LLC cells 

under treatment with naldemedine for 21 days (Vehicle, n = 9. Naldemedine, n = 10, Log-

rank test: p = 0.042 vs. vehicle group). (D) Quantitative analysis of tumour volume 

between vehicle- and naldemedine (1 mg/kg) -treated mice that are B16-bearing (n = 6, 

Two-way ANOVA test with Bonferroni’s post-hoc test: *p < 0.05 vs. vehicle group).  (E, 

F) Changes in tumour volume by the repeated administration of methylnaltrexone (E, 10 

mg/kg/day by infusion, Vehicle, n = 4. Methylnaltrexone, n = 5, Two-way ANOVA test 

with Bonferroni’s post-hoc test: *p < 0.05, ***p < 0.001 vs. vehicle group), and 

loperamide (F, 5 mg/kg, twice a day, Vehicle, n = 4. Loperamide, n = 5, Two-way 

ANOVA test with Bonferroni’s post-hoc test: *p < 0.05 vs. vehicle group) in mice that 

are LLC-bearing.  

 

Figure 4  Changes in the number of spleen-derived immune cells by the 

administration of naldemedine in LLC cell-transplanted mice 

(A) Experimental timeline. (B) Schematic workflow of the isolation of splenic leucocytes 

using FACS. (C-F) Representative flow cytometric plots of CD4+ T and CD8+ T cells (C-
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i), NK cells (D-i), total macrophages (E-i), M1-, and M2-type macrophages (F-i) derived 

from the spleen of naldemedine-treated mice bearing LLC. Quantitative evaluation of the 

number of CD4+ T cells (C-ii), CD8+ T cells (C-iii), NK cells (D-ii), total macrophages 

(E-ii), M1-type macrophages (F-ii) and M2-type macrophages (F-iii) derived from the 

spleen of naïve or tumour-bearing mice treated with naldemedine. Each value represents 

the mean ± S.E.M. n = 6-17.  

 

Figure 5  Changes in mRNA expression of immune checkpoint receptors and 

cytotoxicity-related genes in CD8+ T cells by the administration of naldemedine in 

LLC cell-transplanted mice 

(A-J) Changes in mRNA expression of Pdcd1 (A), Ctla4 (B), Havcr2/Tim3 (C), Lag3 (D), 

Cd96 (E), Pvrig (F), Tigit (G), GzmB (H), Prf1 (I) and Ifng (J) in CD8+ T cells sorted 

from spleen of LLC-bearing mice by repeated oral administration of naldemedine. Each 

data point represents the mean ± S.E.M. n = 6 in Naïve mice, n = 10 in LLC-bearing mice. 

One-way ANOVA test with Tukey’s post-hoc test: *p < 0.05, **p < 0.01, ***p < 0.001 

vs. vehicle-treated Naïve group, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. vehicle-treated 

LLC-bearing group. 

 

Figure 6  Changes in mRNA expression of opioid receptors and pattern recognition 

receptors in lymphocytes by the administration of naldemedine in LLC cell-

transplanted mice 
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(A-C) Changes in mRNA expression of MOR, DOR and KOR in CD4+ T cells (A), CD8+ 

T cells (B) and NK cells (C) sorted from spleen of LLC-bearing mice by repeated oral 

administration of naldemedine. (D, E) Changes in mRNA expression of TLR4 in CD8+ 

T cells (D) and NK cells (E) sorted from spleen of LLC-bearing mice by repeated oral 

administration of naldemedine. Each data point represents the mean ± S.E.M. n = 6 in 

Naïve mice, n = 15 (D) and n = 10 (E) in LLC-bearing mice. One-way ANOVA test with 

Tukey’s post-hoc test: ***p < 0.001 vs. vehicle-treated Naïve group, ##p < 0.01 vs. 

vehicle-treated LLC-bearing group. (F) Relationship between tumour volume and the 

expression level of TLR4 mRNA in CD8+ T cells (r2 = 0.153, p = 0.032, n = 30) derived 

from the spleen of naldemedine-treated LLC-bearing mice. (G, H) There was a significant 

correlation between the expression level of TLR4 mRNA and the expression levels of 

Lag3 (G, r2 = 0.237, p = 0.030, n = 20) and Tim3 (H, r2 = 0.233, p = 0.031, n = 20) in 

CD8+ T cells in the spleen of LLC cell-transplanted mice with repeated oral 

administration of naldemedine. The data were subjected to a comparative analysis by 

testing the null hypothesis for the Pearson product moment correlation.  
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