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Biased opioid ligands: revolution or evolution ?
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Opioid are the most powerful analgesics ever but their use is still limited by deleterious side effects such as tolerance, dependence and respiratory depression that could eventually lead to a fatal overdose. The opioid crisis, mainly occurring in north America, stimulates research on finding new opioid ligands with reduced side effects. Among them, biased ligands are likely the most promising compounds. We will review some of the latest discovered biased opioid ligands and see if they were able to fulfil these expectations.

Introduction

Opium consumption and its medicinal application dates back to the Neolithic, Bronze, and Iron Age. Ancient Egyptian papyrus records reported the use of opium for pain relief, demonstrating that opioids are used from thousands of years for the treatment of pain. Opium is a substance extracted from Papaver somniferum, and opium poppies produce alkaloids such as morphine [START_REF] Trescot | Opioid pharmacology[END_REF]. In 1973, the notion of "morphine receptors" emerged [START_REF] Pert | Opiate receptor: demonstration in nervous tissue[END_REF], and since that time numerous studies have been performed on these receptors. In the 1990s, opioid receptors were cloned. They are 4 of them, MOR, DOR, KOR and NOR, and are largely found within the central nervous system as well as throughout the peripheral tissues. They are naturally stimulated by endogenous peptides (endorphins, enkephalins, dynorphins and nociceptin/orphanin FQ). All pharmacological studies confirmed that opioid system plays a key role in the modulation of pain perception, but is also involved in many physiological responses, such as respiration, gastrointestinal motility, endocrine and immune functions, which may lead in clinical practice to adverse effects when pain must be managed with opioids.

The study of responses of opioid receptors-deficient mice to opioid agonists clarifies the biological activity of each receptor. The genetic approach unambiguously demonstrated that MOR are essential for all the biological activities elicited by morphine, including for instance analgesia, reward, respiratory depression, constipation, immunosuppression [START_REF] Kieffer | Exploring the opioid system by gene knockout[END_REF]. Thus, a challenge over the past decades has been to try to find MOR opioid ligands able to induce a potent analgesic response, with fewer adverse effects.

MOR belong to the G protein-coupled receptors (GPCR), and it is now well established that once the receptor is activated, several intracellular signaling pathways may be activated. Among these pathways, the focus has been made on two of them, G protein (and its subsequent effectors such as adenylate cyclase and ion channels) and beta-arrestin, and it has been suggested that analgesic effects of MOR ligands are mediated by the downstream Gprotein-dependent pathway, while beta-arrestin-dependent pathway mediates most of the side effects. Thus, it was speculated that development of biased MOR ligands for G-proteindependent pathway may have high analgesic potency, but with fewer undesirable effects. The main goal of this review is to briefly describe this strategy and to discuss its advantages and limits.

Side effects of opioids and interest in biased agonism

With great therapeutic potential, usually comes great side effects. The opiates do not seem to deviate from this rule. Opioid receptors and especially MOR are highly expressed in the brain structures involved in control of breathing including the pre-Bötzinger complex or the Kolliker-Fuse neurons [START_REF] Montandon | PreBötzinger Complex Neurokinin-1 Receptor-Expressing Neurons Mediate Opioid-Induced Respiratory Depression[END_REF]. Activation of MOR in the pre-Bötzinger complex with fentanyl promotes a respiratory depression [START_REF] Montandon | Role of the pre-Bötzinger Complex in opioidinduced respiratory depression in adult rats in-vivo[END_REF] and the knockout of MOR in this complex reduced the effect of morphine on breathing [START_REF] Bachmutsky | Opioids depress breathing through two small brainstem sites[END_REF]. MOR are also expressed in the enteric nervous system and their activation will cause reduction of gastrointestinal motility and thus constipation [START_REF] Wood | Function of opioids in the enteric nervous system[END_REF].

Following a protracted exposure, but also after an acute exposure at high dose, a tolerance to opioid-induced pharmacological effects appears. It noteworthy that the level of tolerance depends on the pharmacological effect studied. For instance, there is evidence to suggest that the tolerance to respiratory depression is weak as compared to the antinociceptive tolerance [START_REF] Mohammed | Comparison of tolerance to morphine-induced respiratory and analgesic effects in mice[END_REF] which might explained the fatal overdose that could occur in opioid users [START_REF] White | Mechanisms of fatal opioid overdose[END_REF]. Finally, a repeated use of opioids, even in the frame of a pain treatment, could lead to development of addictive behaviours. This is well illustrated by the opioid crisis in US where postoperative opioid prescription is a significant contributor to opioid epidemic, and more than 350,000 people died from opioid overdose between 1999 and 2016 (https://www.cdc.gov/drugoverdose/epidemic/index.html). All these side effects are a real impairment in the opioid use, particularly in chronic pain. Among the different strategies to find potent analgesics with limited side effects, the one based on the particular properties of the opioid receptors and their ligands, the biased signalling, has received great attention since few years even though the concept (as known as functional selectivity) is older [START_REF] Kenakin | Biased Receptor Signaling in Drug Discovery[END_REF]. Indeed, the notion of functional selectivity was probably first suggested in a review on serotoninergic receptors where the ability of a single GPCR to active one or more distinct signalling cascades was described [START_REF] Roth | Multiple mechanisms of serotonergic signal transduction[END_REF]. And the term of biased agonist was first introduced by Jarpe and co-workers when they observed that a peptide promoted a biased activity on chemokine receptors [START_REF] Jarpe | d-Arg1,d-Phe5,d-Trp7,9,Leu11]Substance P Acts as a Biased Agonist toward Neuropeptide and Chemokine Receptors[END_REF]. For opioid receptors, the studies of Bohn and co-workers along with this notion opened the way to find new opioid ligands. As rapidly mentioned earlier, following ligand binding, MOR activation could result in the activation of multiple downstream pathways through either G protein dependent processes (e.g. adenylate cyclase inhibition or regulation of ion channels) or G protein independent processes (e.g. beta-arrestin signaling). Beta-arrestins are proteins, existing in two isoforms (beta-arrestin-1 and -2), that bind the activated and phosphorylated receptor and are responsible for its desensitization and internalization [START_REF] Allouche | Opioid receptor desensitization: mechanisms and its link to tolerance[END_REF]. In beta-arrestin-2 knockout mice, Bohn and collaborators found that morphine analgesia was enhanced, with abolition of antinociceptive tolerance [START_REF] Bohn | Enhanced morphine analgesia in mice lacking beta-arrestin 2[END_REF][START_REF] Bohn | Mu-opioid receptor desensitization by beta-arrestin-2 determines morphine tolerance but not dependence[END_REF] and reduction of respiratory depression and acute constipation [START_REF] Raehal | Morphine side effects in beta-arrestin 2 knockout mice[END_REF]. These data suggested that whereas G protein-dependent pathway mediated analgesia, beta-arrestin-dependent signalling pathway promoted side effects. Using different strategies (high-throughput screening, structure-based virtual screening or synthesis-driven approach [START_REF] Bermudez | Strategies for the discovery of biased GPCR ligands[END_REF]), new biased MOR ligands were discovered. They are mostly biased towards G proteins.

Biased ligands are promising compounds

The most notable compound,TRV-130 (Oliceridine) was discovered after a high-throughput screening by Trevena Inc. [START_REF] Chen | Structure-Activity Relationships and Discovery of a G Protein Biased μ Opioid Receptor Ligand[END_REF]. It has a moderate biased toward cAMP pathway (about 3 fold) and was unable to promote MOR endocytosis according to its very weak ability to recruit beta-arrestin-2. Preclinical studies showed that TRV130 had a higher potency than morphine to induce antinociceptive responses with a reduced respiratory depression and gastrointestinal effects, suggesting a better therapeutic index as compared to morphine [START_REF] Dewire | A G protein-biased ligand at the μ-opioid receptor is potently analgesic with reduced gastrointestinal and respiratory dysfunction compared with morphine[END_REF]. Moreover, in the tail immersion test, no tolerance was measured after a three days treatment [START_REF] Altarifi | Effects of acute and repeated treatment with the biased mu opioid receptor agonist TRV130 (oliceridine) on measures of antinociception, gastrointestinal function, and abuse liability in rodents[END_REF]. Clinical studies validated these results. Indeed, in a phase 2 study comparing TRV130 with morphine in patients after abdominoplasty, the biased agonist provided not only a quicker analgesia, but was also associated with fewer side effects including hypoventilation, nausea and vomiting [START_REF] Singla | A randomized, Phase IIb study investigating oliceridine (TRV130), a novel &micro;receptor G-protein pathway selective (&micro;-GPS) modulator, for the management of moderate to severe acute pain following abdominoplasty[END_REF]. In a phase 3 study, TRV130 was shown to be efficient in reducing pain intensity in two surgical procedures: bunionectomy (APOLLO-1 trial) [START_REF] Viscusi | APOLLO-1: a randomized placebo and active-controlled phase III study investigating oliceridine (TRV130), a G protein-biased ligand at the &micro;-opioid receptor, for management of moderate-to-severe acute pain following bunionectomy<[END_REF] and abdominoplasty (APOLLO-2 trial) [START_REF] Singla | APOLLO-2: A Randomized, Placebo and Active-Controlled Phase III Study Investigating Oliceridine (TRV130), a G Protein-Biased Ligand at the μ-Opioid Receptor, for Management of Moderate to Severe Acute Pain Following Abdominoplasty[END_REF]. Analysis of side effects in the pooled cohorts of APOLLO trials showed that whereas TRV130 induced a dose dependent respiratory depression, this effect is lower than the one induced by morphine [START_REF] Ayad | Evaluating the Incidence of Opioid-Induced Respiratory Depression Associated with Oliceridine and Morphine as Measured by the Frequency and Average Cumulative Duration of Dosing Interruption in Patients Treated for Acute Postoperative Pain[END_REF], and that TRV130 had a higher probability of producing analgesia rather than respiratory depression [START_REF] Dahan | Benefit and Risk Evaluation of Biased μ-Receptor Agonist Oliceridine versus Morphine[END_REF]. These analyses also demonstrated a lower risk of experiencing nausea and vomiting in patients treated with TRV130 compared to morphine-treated patients [START_REF] Beard | Oliceridine is Associated with Reduced Risk of Vomiting and Need for Rescue Antiemetics Compared to Morphine: Exploratory Analysis from Two Phase 3 Randomized Placebo and Active Controlled Trials[END_REF]. At present, TRV130 is approved by the Food and Drug Administration (FDA) since august 2020 to treat moderate to severe acute pain. Finally, TRV130 turned to be a good analgesic medication but its advantages, especially regarding side effects, toward classical opioids such as morphine is still matter of debate.

Thanks to the progress in GPCR crystal structure, Manglik and co-workers used the MOR crystal structure to virtually dock millions of compounds and they discovered PZM21 [START_REF] Manglik | Structure-based discovery of opioid analgesics with reduced side effects[END_REF]. PZM21 was found to be biased towards G protein pathway and active in both spinal and supra-spinal analgesia in rodents [START_REF] Manglik | Structure-based discovery of opioid analgesics with reduced side effects[END_REF][START_REF] Kudla | Functional characterization of a novel opioid, PZM21, and its effects on the behavioural responses to morphine[END_REF].

Interestingly, this compound seemed to induce less respiratory depression and constipation than morphine [START_REF] Manglik | Structure-based discovery of opioid analgesics with reduced side effects[END_REF].

Finally, the latest notable MOR biased compounds are a series of a piperidine core structurecontaining molecules (SR series) generated from a synthesis-driven approach. Some of these compounds were found to be biased, at different levels, toward G protein. They induced analgesia (measured in the hot plate and tail flick tests), showed minor respiratory depression and are brain penetrant [START_REF] Schmid | Bias Factor and Therapeutic Window Correlate to Predict Safer Opioid Analgesics[END_REF]. Interestingly, SR-17018 was demonstrated to be more potent and efficacious than morphine or oxycodone in a chemotherapeutic-induced neuropathy pain model and displayed a weak tolerance after a repeated administration [START_REF] Pantouli | Comparison of morphine, oxycodone and the biased MOR agonist SR-17018 for tolerance and efficacy in mouse models of pain[END_REF]. Finally, it reversed morphine-induced withdrawal [START_REF] Grim | A G protein signaling-biased agonist at the μ-opioid receptor reverses morphine tolerance while preventing morphine withdrawal[END_REF].

But they remain MOR ligands (with their side effects)

Because they bind and activate MOR, all these biased ligands could still promote main effects attributed to MOR stimulation including reward system activation. Indeed, in rats, TRV130 displayed same effects as morphine in intracranial self-stimulation [START_REF] Altarifi | Effects of acute and repeated treatment with the biased mu opioid receptor agonist TRV130 (oliceridine) on measures of antinociception, gastrointestinal function, and abuse liability in rodents[END_REF]. In a drug-discrimination experiment conducted in rats, two biased ligands TRV130 and SR-14968 generalized to fentanyl [START_REF] Schwienteck | Effectiveness comparisons of G-protein biased and unbiased mu opioid receptor ligands in warm water tail-withdrawal and drug discrimination in male and female rats[END_REF], suggesting that these ligands may produce prototypic MOR agonist abuse-related effects. Using a model closer to the human behaviour, intravenous self-administration procedure in rats , Austin Zamarripa and colleagues demonstrated that TRV130 was equi-potent to oxycodone (Austin [START_REF] Zamarripa | The G-protein biased mu-opioid agonist, TRV130, produces reinforcing and antinociceptive effects that are comparable to oxycodone in rats[END_REF].

More recently, whereas PZM21 demonstrated a lack of effect in the conditioned place preference paradigm in two independent studies in mice [START_REF] Manglik | Structure-based discovery of opioid analgesics with reduced side effects[END_REF][START_REF] Kudla | Functional characterization of a novel opioid, PZM21, and its effects on the behavioural responses to morphine[END_REF], reinforcing effects, here again comparable to those induced by oxycodone, were demonstrated using a self-administration procedure in monkeys [START_REF] Ding | Antinociceptive, reinforcing, and pruritic effects of the G-protein signalling-biased mu opioid receptor agonist PZM21 in non-human primates[END_REF], but not in rats [START_REF] Kudla | Functional characterization of a novel opioid, PZM21, and its effects on the behavioural responses to morphine[END_REF]. All these data from animal studies could suggest that the MOR biased compounds could have reinforcing effects in humans. Indeed, in a clinical study assessing the analgesic effects of TRV130 in healthy volunteers, Soergel and collaborators evaluated the abuse-related subjective effects with a drug effects questionnaire. They found that the dose of 3 mg, equianalgesic to 10 mg morphine, induced the same subjective opioid effects such as "high" or "liking" [START_REF] Soergel | Biased agonism of the μ-opioid receptor by TRV130 increases analgesia and reduces on-target adverse effects versus morphine: A randomized, double-blind, placebo-controlled, crossover study in healthy volunteers[END_REF]. These data highlight the importance of the model at two level: the species and the experimental model used. Furthermore, in the same species, the choice of the strain of animals used can also have a very important impact on the results. Thus, the first results obtained by Bohn and co-workers on beta-arrestin 2 knockout animals were obtained on a mixed genetic background (beta-arrestin 2 knockout 129/SvJ backcrossed with C57BL6).

Previous studies reported that the 129/SvJ mice have a higher sensitivity to morphine-induced antinociception [START_REF] Mogil | Nociceptive and morphine antinociceptive sensitivity of 129 and C57BL/6 inbred mouse strains: Implications for transgenic knock-out studies[END_REF], did not develop tolerance to morphine-induced analgesia [START_REF] Crain | Enhanced analgesic potency and reduced tolerance of morphine in 129/SvEv mice: evidence for a deficiency in GM1 ganglioside-regulated excitatory opioid receptor functions[END_REF] and were less sensitive to respiratory depression [START_REF] Bubier | Genetic variation regulates opioid-induced respiratory depression in mice[END_REF]. When reassessing the pharmacological responses induced by opioids in betaarrestin 2 knockout using an homogenous C57BL6 background, Koblich and colleagues did not find any difference in tolerance to analgesic effects of few opioids including morphine [START_REF] Koblish | TRV0109101, a G Protein-Biased Agonist of the µ-Opioid Receptor, Does Not Promote Opioid-Induced Mechanical Allodynia following Chronic Administration[END_REF]. More recently, Kliewer and co-workers reported that the knockout of betaarrestin 2 in C57BL6 mice did not alter the effect of morphine on both respiratory depression and constipation compared to wild-type animals [START_REF] Kliewer | Morphineinduced respiratory depression is independent of β-arrestin2 signalling[END_REF]. Taken together, these data suggested that the use of 129/SvJ strain might have misled us on the role of beta-arrestin 2 in morphine effects and as a consequence it questions the G protein biased agonists as valuable strategy for safer analgesic medication. More importantly, an increase number of studies challenged the existence of the biased signalling itself (Gillis et al., 2020b). Evaluating the bias usually consist of measuring the ability of an agonist to stimulate two signalling pathways. At end, one will compare an amplified assay of G activation versus an unamplified assay of beta-arrestin recruitment. Amplified assay are relatively insensitive to agonist efficacy differences. Whereas an agonist with a low intrinsic efficacy will show a maximal effect in G protein assay, it will have a lower maximal effect in beta-arrestin assay. Using newly unamplified probes to measure signalling, several studies demonstrated that the newly biased ligands are in fact agonists with a low intrinsic efficacy relative to morphine (Gillis et al., 2020a;[START_REF] Stoeber | Agonist-selective recruitment of engineered protein probes and of GRK2 by opioid receptors in living cells[END_REF][START_REF] Vasudevan | Assessment of structure-activity relationships and biased agonism at the Mu opioid receptor of novel synthetic opioids using a novel, stable bio-assay platform[END_REF]. These recent data show that while biased ligands may have benefits over unbiased ligands, particularly in terms of the reduction of side effects, these may not be due to the biased nature of the compounds.

Concluding remarks

It took 30 years from the first observations of a biased signalling [START_REF] Jarpe | d-Arg1,d-Phe5,d-Trp7,9,Leu11]Substance P Acts as a Biased Agonist toward Neuropeptide and Chemokine Receptors[END_REF] and the release of Oliceridine, the first biased opioid receptor compound on the market. In the last few years, some studies have challenged this concept by suggesting that the observed bias is rather the expression of the agonist low intrinsic efficacies (Gillis et al., 2020a) or binding kinetics [START_REF] Herenbrink | The role of kinetic context in apparent biased agonism at GPCRs[END_REF]. Therefore, the promises of having opioid ligands with virtually a lack of side effects will still take time. Rather than a revolution, the biased compounds are a hopeful evolution in the pharmacological research of analgesics. The pharmacology of GPCRs is very complex, and the simplistic view of one receptor, one signalling pathway, one pharmacological response is a far too simplistic concept, which does not reflect the complexity of life sciences. So, should we abandon opiate ligands to treat pain? Certainly not, for now, as they remain the most effective antinociceptive agents. Nevertheless, alternative research strategies should be explored further. The development of non-selective opioid ligands (agonist or mixed agonist/antagonist) could be an interesting approach. For instance, cebranopadol, a mixed MOR/DOR/KOR/NOR agonist was found to be efficient in both acute and chronic pain with a delayed development of tolerance as compared to morphine [START_REF] Linz | Cebranopadol: a novel potent analgesic nociceptin/orphanin FQ peptide and opioid receptor agonist[END_REF]. This compound is actually in phase 3 trials. More recently, Ding and co-workers described the AT-121, a MOR/NOR mixed agonist with analgesic effects in non-human primates and a lack of the most frequent opioid-associated side effects such as physical dependence, abuse potential, respiratory depression, and opioid-induced hyperalgesia [START_REF] Ding | A bifunctional nociceptin and mu opioid receptor agonist is analgesic without opioid side effects in nonhuman primates[END_REF]. Allosteric ligands at the MOR could be also interesting as they could be used to enhance the effects of either the exogenous orthosteric agonists when administrated together, or the endogenous opioid peptides released in stress or pain condition [START_REF] Livingston | Allostery at opioid receptors: modulation with small molecule ligands[END_REF]. Another strategy could be the development of dualtarget ligands directed to both MOR and another receptor, including for instance dopamine D3 receptor [START_REF] Bonifazi | Novel Dual-Target μ-Opioid Receptor and Dopamine D3 Receptor Ligands as Potential Nonaddictive Pharmacotherapeutics for Pain Management[END_REF]. Whether biased ligands, ligands with low selectivity towards different opioid receptors, or bivalent ligands, the development of an analgesic

compound free of side effects and with low abuse potential seems to be a way still paved with some difficulties.
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