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Abstract

:

That signaling bias is a nth level of complexity in the understanding of G protein-coupled receptor (GPCR) activation is a first fact. That its exhaustive description, including the mode d’emploi of its quantitative measurement, remains a challenge is a second fact. That the use of this concept is promising for the design of drug candidates is a third fact. That the translation of signaling biases observed into in vivo specific effects is well documented is a fourth fact. However, the road to apply those aspects of receptology to a systematic description of a ligand and, a fortiori, of a drug candidate, still necessitates a huge body of studies. In the present commentary, the merits of the molecular description of receptor bias signaling are highlighted and the ligand induced-fit impact on GPCR structure, as well as on the functional repertoire of GPCRs, is discussed. An emphasis is given to the practical aspects during drug design, and, thus, the practical limitations of the current approaches, particularly in the context of as soon as the data are transferred to more integrated/living systems, might be a major limitation.
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1. Background


G protein-coupled receptor (GPCR) pharmacology gained an nth level of complexity [1] when it was realized that ligands are different from each other, not only in terms of structure, potency and efficacy, but also in terms of the transduction pathway(s) they trigger [2]. Indeed, different agonists at a given receptor initiate different intracellular events, such as Ca2+ release, IP3 release, cAMP synthesis inhibition, intracellular protein phosphorylation and so on, which are mediated by G proteins, GPCR kinases, arrestins and probably less canonical proteins still unidentified. In brief, biased agonism is the capacity of two chemically different ligands of the same GPCR to transduce and/or modulate different signaling pathways (Figure 1A). By definition, this concerns mostly ligand–receptor pairs, except in the scarce cases in which a compound has a dual modality towards two pathways, elicited by its association with a unique receptor. Indeed, the same pharmacological modality is mandatorily required to quantitatively determine the bias (bias factor: ΔΔLog(Emax/EC50) or ΔΔLog(t/Ka)) [3]. For instance, agouti-related peptide (AgRP) falls into this category of dual-modality ligands behaving as both an agonist and an antagonist at two different receptors, since this endogenous peptide does not act as a pure antagonist of α-MSH signaling, but rather like an inverse agonist reducing constitutive melanocortin receptor activity [4]. However, this peculiar modality is still debated and AgRP could be finally defined as a biased agonist of α-MSH-induced signaling, decreasing cAMP accumulation and stimulating ERK1/2 activation [5,6]. In addition to the ligand bias, there exists a system bias (Figure 1B), by which the involvement of all the non-ligand intracellular molecules of the signaling process might influence the functional response of the receptor to the extracellular ligands [3]. We can also include, in this system bias, mutations in the sequence of the GPCR (see below). A thorough survey has been published on signaling bias that includes detailed analyses of the practical aspects of the concept, including experimental recommendations [3].



The molecular foundation of this concept is that by interacting with a different set of amino acids in the binding pocket of the GPCR, an agonist promotes, by drastic conformational changes in the receptor structure, the intracellular recruitment of different G proteins or other transducer proteins, eliciting a different route than the next agonist of kin, even if the structures of both agonists are minimally different. More subtle modifications in the structure of the receptor can be caused by fine and local variations in the energy of interaction with the ligand, which result in modulations of the efficiency and/or potency of the ligands on the same pathway. This aspect must also be considered as a signaling bias. These features started to be systematically explored from a structural point of view by fluorescence approaches [7,8,9], crystallography and docking approaches [10,11] and by mass spectrometry, through hydrogen/deuterium exchange experiments, for instance in [12,13]. If we consider that a residue of the receptor can no longer be in direct contact with part of the agonist when the structure of the latter varies, it is easy to conceive conversely that, for the same agonist, the change in the initial residue of the receptor by another moiety modifies its conformation and, thus, its activation capacities in the same way, in terms of intensity or even transduction pathway. This is strongly suggested by the fact that mutations in the arginine vasopressin type 2 receptor lead to two different coupling pathways [14,15], revealing that, also, the interaction of the agonist with a given amino acid in the vicinity of the receptor binding site drives, at least in part, the nature of the activated functional pathway.



The ligand bias has been summarized by Kolb et al. [3], as sketched in Figure 1A. Many examples of ligand bias have been reported in the literature, including our own contribution on melatonin receptors [16]. The pre-existence of multiple conformations of a receptor, evolving in equilibria between a single inactive and a single or multiple signaling-competent active conformation prototypes [17], stabilizes preferentially one of these structures, leading to a particular G protein recruitment for instance, while another agonist would stabilize a different one. These pre-existing populations comprise all the possible GPCR–transducer protein complexes capable of recognizing a limited number of possible agonists, including the synthetic and newly discovered ones [18]. Alternatively, another hypothesis could be that the binding of a given agonist to a receptor alters its intracellular moiety, leading to the recruitment of a specific G protein among the population of available G proteins, without the obligatory pre-formation of GPCR–transducer protein complexes.



An exhaustive summary of the state of the art in the structural field of GPCR applied to signaling bias was published by Sexton and Christopoulos group in 2018 [19] and remains a source of inspiration. Nevertheless, progression is mandatory in the structural definition of GPCR and GPCR complexes—using Artificial Intelligence (AI), for instance [20,21]—in order to be able to achieve ab initio designs of new ligands targeting predetermined signaling pathway(s). Some very recent works point already in this direction, in particular by systematically using cryo-electronic microscopy approaches rather than crystallographic ones, as reported for GPR101 [22], GPR34 [23], GPR84 [24] or, to a lesser extent, 5-HT6 [25], following the pioneering work of Liang et al. on GLP1R [26]. This issue was also largely discussed by Seufert et al. [27].



Interestingly, as a first step in this direction, GPCR isoform minute changes in amino acid sequences lead to predictions of the changes in the actual structure, particularly of the C-terminal (in cellular) portion, causing possible variations in the coupling of the receptor isoforms to various downstream signaling pathways. Those observations pave the way towards an understanding of the variation in binding effectors, due to minute variations in the structure of the GPCR; as predicted, variation occurs in various ligand bindings [28]. Furthermore, it is clear that such variations in the GPCR–effector interface will also have an influence on the allostery and the dynamics of the associations and, thus, on the end result of the functionality of the receptor. Another aspect of the signaling bias that, to our understanding, might be under-regarded, is indeed the dynamics with which one given receptor is bound to its downstream effector proteins (G proteins and others). Indeed, a competition might be established between those effectors, depending on the variations in the contact surface to which they bind. And those surfaces might change upon the influence of ligand bindings, and, of course, this would depend on the structural modification of those surfaces initiated by structurally different ligands. For example, if ligand A leads to a stronger change in the surface than ligand B, it might have a direct impact on the speed at which an A-dependent pathway effector protein binds to the GPCR–ligand A complex, as opposed to a slower one for a ligand B-dependent one [29].



The field of signaling bias would like to answer several questions regarding the textbook case that the drug X, active on disease Y through the GPCR Z, has several effects on the various associated downstream functional pathways, represented with a radar plot. Question 1: can this profile be found with a completely different molecule, leading to another drug on the same diseases? Question 2: is the radar plot obtained for a given recombinant system really relevant/identical/similar to the one that could be obtained for GPCR Z-expressing cells derived from a patient with the disease Y? Question 3: can the profile explicitly explain the activity of the compound? Question 4: would it be true to say that the disease Y is due to a malfunction of receptor Z? Question 5: what are the roles of the other functional pathways of GPCR Z—unexplored at this stage—and the allosteric molecules—whether positive (PAM) or negative (NAM)—on the biased functional determinations, and is this important for the profile of the molecule?




2. Basic Rules, Theory and Practicability Warnings of Signaling Bias


Basically, the signaling bias of a receptor can be measured, provided that, firstly, several agonists (including or not the endogenous one) are known for this receptor—even if their structures are closely related—and, secondly, that experiments are conducted with the largest panel of signaling pathway measurements for a full characterization—as exemplified for the melatonin receptors [16]. T.P. Kenakin established the systematization of these features, reporting at several occasions the use, the aim, the practicability and the recipes (including the mathematical ones) for exploring such a molecular scale phenomenon [30,31,32,33]. The many contexts of the theoretical evaluation of bias onto receptor pharmacology have been established, including at the highest level of receptology [3]. Thus, the practical use of these approaches at the experimental level is solidly established. The non-specialist reader would nevertheless poorly perceive the practicability of the approach in non-native systems; a complete description of the biased signaling would necessitate measurements in the presence of different stoichiometries of receptors and downstream molecules, reflecting natural intercellular variations and causing imperfect transpositions to in vivo systems [31]. Indeed, the notion of partial agonists depends on the density of the receptor, opening the first door towards the differences found between tissues, in which receptors might be expressed at different levels [31].



It seems to us, nevertheless, that the theoretical approach has led to a somewhat obscure picture of the situation, leading less-fundamental scientists (the “dummies” of the title) away from the reality of the description of this new concept. This has important consequences for compounds used as benchmarked agonists, because they lead to a functional response (often the single one measured in a given set of experiments), which might be something indeed very different in “physiological reality”—that is, in an in vivo context—where some parameters are less controlled than in an artificial system, as very well explained elsewhere [33,34].



It is certainly scary to understand the in-depth meaning of these observations. Indeed, molecules classified as agonists at a given receptor could activate very different pathways, leading, on a theoretical basis, to various cellular events that can be profoundly different from one another. By activating cAMP, one can generate the activation of the protein kinase A and further phosphorylations, leading to a cascade of events, while activating the calcium mobilization can lead to different cellular responses and a cascade of completely different events. That, of course, applies to most standard pathways described to date. But the fact that receptors, following the binding of small molecules—whether natural or synthetic agonists [18]—can recruit protein(s) to initiate alternative unsuspected pathways, even though the affinity of these ligands at these receptors are weak, would lead to questions about our understanding of the way molecules actually work in in vivo systems. Indeed, there might be a huge difference between the affinity of a reference agonist at its receptor and the circulating quantity of this particular compound, suggesting that, despite clear descriptions of its affinity in an artificial context (cloning and expression in host cells), this compound will not activate this receptor in a tissue. For example, some dopamine receptors have a millimolar affinity for dopamine, which is in line with the dopamine concentrations in synaptic clefts in brain, while, in other locations of the body, the same receptor with the same poor affinity for dopamine would be barely activated.



Overall, though, a recent publication [35] warns about the variation in the bias due to the overexpression of a receptor (the angiotensin AT2 receptor) in a host cell, convincingly demonstrating the caution necessary when applying the basic rules of signaling bias to artificial contexts.




3. Practicability


We have used below the made-up term “biaism”, a contraction of bias and agonism, to distinguish the pharmacological signaling bias from the widespread term “bias”, which refers often to design flaws in experimental conditions (there are more than 311,266 entries currently on PubMed for “bias” as a query-23 January 2024). This term easily accommodates ligand bias and system bias through ligand biaism and system biaism.



As pointed out, an important parameter of the determination of the biaism of a given agonist is to describe it in several conditions in which the stoichiometry of the receptor and the pools of various signaling molecules differ. Even if the inducible vectors [31] are the key to such appreciation, it remains an under-regarded task. Furthermore, the whole functional machinery of the receptor should be present, to permit a fair measurement of the activated system in those conditions. Indeed, one should have not only a cellular system expressing a wide variety of G proteins and other transducers, their respective downstream machineries and the experimental tools to independently measure them, but also various cellular systems differentially expressing the targeted receptor to be studied.



Several ways to fulfill this task should be considered. For the expression of a transgene, the use of the integrase system leads to a perfectly mastered system in which the transgene is expressed at a control level, similarly to different genes, once inserted in a given region of the cell genome that was described for its neutrality [36]. Furthermore, from one clone to the next, the stable expression of the transgene is of a comparative level, leading to populations of cells expressing similar amounts of the transgene, a very useful tool whenever one wants to compare a mutant to a wild type, or mutant receptors to each other [37]. Finally, as pointed out above, further cautions should be applied in interpreting data on biaism obtained from overexpressing systems [35].



Another aspect is the artificial expression of functional protein machinery in the experimental cells used in the biaism measurements of an agonist drug candidate. Indeed, cells used in cell biology experiments, when they are not cancer cells, are laboratory tools, such as HEK 293 cells, a human kidney-derived cell (more probably adrenal gland-derived cells) with 64 chromosomes (instead of the usual 46 in humans), including three chromosomes “X” and no “Y” [38]. Thus, this lineage has a widely different protein baggage when comparing not only clones from different laboratories but even to those clones from the same laboratory, and obviously from the diploid human cells. Moreover, at a upper level, protein expression patterns in cancer cells, such as PC12 cells, are widely different from chromaffin cells, both for G proteins and other proteins [39]. Furthermore, these machineries are not the ‘physiological’ ones that normal cells would express and use in the organ of origin. To be complete, one should mention other non-cancer cells used in cell biology studies, particularly CHO cells, an aneuploid hamster-derived epithelial cell line. Even though this cell line has been very carefully analyzed [40], it remains that the multitude of clones derived are slightly different from each other [41,42], leading to a similar view to PC12 cancer cells, for which clones have widely different expression profiles, leading to completely different conclusions in GPCR pathways [43]. Therefore, the suitability of these host cell lines for the study of “physiological-like” conditions should be questioned. Finally, protein expression in cultured mammalian cells is regulated at different levels from transcription, post-transcription, translation and post-transcription, to protein processing by culture conditions [44] mainly comprising the origin of the serum used. Thus, the systematization of the experimental conditions for these biaism measurements is also a source of variations between laboratories and should be addressed.



One way to render the model somewhat comparable is to use stem cell-derived specialized cells. This is a feature that is widely described in the literature [45] but is still in its infancy in the context of receptology research [46]. Furthermore, these stem cells can be stably transfected and can express “at will” transgenes. On the other hand, they also are supposed to differentiate into organ-like cells, similar to those in in vivo situations, leading also, intuitively, to a baggage of proteins for the functional GPCR pathways that should resemble those of these organs. Even if the target GPCR is expressed at a high level, the surrounding machinery would include the “physiological” one. In a reference review on biaism [31], the systems considered are basically recombinant systems, and are therefore based on experiments in cells stably expressing the receptor of interest. We have also used the same approach with HEK 293 cells overexpressing melatonin receptors [16], as have others with taste receptors [34], GPR68 [47,48] or CB1 receptors [49], to name but a few. A counter example is the remarkable work of Lind et al., in which the biological assay is based on genuine human neutrophiles [50].



In other words, the context of the description of those undeniable phenomena is the cells in which the target is expressed. Basic knowledge has been acquired over the years that, despite their high and frequent use, these laboratory cell tools are poor models for physiology, although they were the only ones until recently.



Obviously, new attempts of GPCR studies using organoids, although still artificial, might also bring more correct information for the ultimate in vivo translation, when compared to in situ living systems. These attempts are still rather scarce in the literature [51,52,53].




4. Background to a Modus Operandi


One might regard the present commentary as a critic of how biaism is investigated. On the contrary, we feel that there are a series of predeterminants to assess and to validate. For example, in the drug discovery context that we deal with herein, the biaism profile of a given compound has an interest if, and only if, it corresponds to the desired physiotherapeutic effect. If this is the case, this particular profile, obtained in a validated model system (which is artificial by nature), can be the fil rouge of the medicinal project.



One might also want to progress step-by-step with the description of the starting compound in systems closer and closer to the pathological system. For example, if the GPCR Z is the target, it will be stably expressed in a recombinant cellular system and all the signaling pathways iteratively assayed in that system. The ultimate step would be to use either natural material—for example natural organ-derived membranes—or induced pluripotent stem cells (iPS) derived in the targeted cell type. None of these approaches are simple and biasless, but they could help us to understand how the endogenous system will work with the drug candidate.



Practically, a profile predictive of the desired therapeutical effect, such as for compound A in Figure 2, should then be obtained. This profile has been obtained for an arbitrarily fixed number of 12 pathways of the GPCR of interest. A bet is made at this stage that the therapeutical effect is due to this receptor and the functional pathways thereof. The screening of other compounds is performed on the same 12 pathways, and radar plots are constructed, as in Figure 2 for compounds B, C and D. Regardless of their chemical structures, one can identify the similar profile of compound D and select it as a hit for the process of drug development. This pattern will be limited by the following: (i) the capacity of the initial compound A to interact or not with other targets (GPCR or others) that might be implicated in the therapeutical effect; (ii) the possibility that compound A is a precursor of the active drug, and thus, not completely representative; and (iii) that the compound D, if from a different chemical family, might act on targets untouched by the initial compound A. This is the pitfall of industrial programs of medicinal chemistry based generally on the use of an affinity test coupled with a single functional test to assess the properties of compounds at each stage of the drug development. Functional testing should be extended to all signaling pathways available throughout the process. This approach may seem unrealistic, but has started to catch on [54,55,56,57].




5. The Remaining Key Questions


5.1. The Non-G Protein Signaling


At the practical level, one should have a way to categorize ligands as clear agonists, with their associated functional assay. This could become more achievable if—and only if—the biaism was strictly G protein-dependent. Indeed, due to the large but finished number of G protein subunit isoforms, one could classify the agonism by refereeing to the G protein that is activated in a given experiment, turning the notion of “agonism” into “α-agonism”, for the agonism inducing a Gα protein. But then, what if the agonist induces several G protein-based functional responses, or, worse, if the agonist does not induce G protein-dependent functionality, but rather independent ones? In their reference recommendation review, Kolb et al. [3] made a short list of four G protein families (Gs, Gi/o, Gq/11 and G12/13), but mentioned also the non-G protein functional pathways, such as the GPCR kinase and the arrestin pathways [58,59].



If one takes as a working example—but not necessarily as a model—the melatonin receptor MT1 Jockers’ group reported, using the two-hybrid system [60], more than 370 different proteins were able to be associated with this melatonin receptor [61]. This was exemplified also for the 5-HT2 system [62,63]. Due to the way the association tests have been constructed, those associations concern the N-terminal part of the MT1 receptor; a different one than the ones binding G protein(s). Therefore, the way these proteins fit into the receptor’s biochemistry is currently poorly understood, but we might add one more factor of complexity, simply by modulating the functionality of the receptor upon activation (see below), including G protein-independent functional pathways. This leads, naturally, to another set of questions. Is the coupling of the GPCRs due only to G proteins—as in their definition: G protein-coupled receptors—or can we anticipate that there is more to the picture than meets the eye? Several coupling routes have been described as independent from the G protein process. This would also indicate that other proteins, such as kinases, for instance—but possibly many others—are recruited upon agonist binding. In this context, let us mention the RAMPS accessory proteins that interact with class II GPCRs [64]. In the case of the calcitonin/CGRP peptide family, RAMPs determine the functional specificity of the calcitonin receptor [65], which switches from a CGRP to a adrenomedullin-activated receptor in the presence of RAMP1 or RAMP2/3, respectively. This would translate into the recruitment of protein(s) different from the G proteins and lead to unsuspected new functional pathways, leading to a new degree of complexity by recognition of those allegedly alternative pathways, if due to a protein/protein recognition in areas independent of the G protein-binding region.




5.2. The Weak Affinity Cases


As mentioned above (see Section 2), some endogenous agonists of GPCRs, such as dopamine to its five receptors, have an affinity (pKi) in the low µM range—from 4.3 to 7.6 [66]. This corresponds to concentrations that are not reachable in the bloodstream (~0.2 nM, 30 pg/mL), although they are locally accessible in the synaptic clefts [67]. Conversely, some receptors—the melatonin receptors, for instance—have an affinity for their natural agonist in the low nM range, in perfect line with its concentration in the bloodstream—at least during the night [68]. Since it is clear that dopamine receptors are strongly linked to each other, sequence-wise, it is easy to rule out the presence of an intruding receptor in this family. It should also be noted that histamine receptors also have poor pKi, e.g., between 3.7 and 6.7 for histamine [69]. Thus, how do these “so-called low affinity” systems actually work? What is hidden behind those “poor affinities”? Is the way we measured the affinity at receptors very artificial, in comparison to in situ situations, leading to this large underestimation? But then, why are only some families of GPCRs concerned, but not others, despite all of them being tested in similar experimental set ups? We can figure out that the native environment of the receptors at the cell membrane is so different than in artificial (experimental) conditions that it shifts the affinity of their natural ligand. As a matter of fact, we demonstrated, on the melatonin receptors, that their coupling status (with G protein) changes drastically their affinity for their natural ligands [70], assigning a dramatic influence to our way of analyzing those parameters. The recombinant systems are obviously artificial. But interestingly, once purified and inserted into a completely artificial environment (purified receptor protein, self-assembled lipid nanodisc and purified G protein), the melatonin receptor MT1 displays characteristics identical to those measured in recombinant system [71,72], suggesting that oversimplified systems, as well as recombinant systems, while similar, might lack other regulating components at the smallest biochemical level of the receptors. Multi homo- or hetero-protein complexes at the plasma membrane might have a major influence on those parameters. The homo-multimerization phenomenon has been described for some ion channels [73], but this literature on GPCRs is rather silent, although dimerization—between homologous or heterologous receptors—has been studied on several occasions [74,75,76]. However, the influence of the formation of homo-dimeric complexes is certainly still misunderstood. As any receptor could dimerize with any other, as long as they are both expressed in the same cell and the same membrane microdomain, it is very difficult to decipher the functional intracellular pathways generating additional complexity.



Finally, as reported for taste receptors [34], alternative, endogenous, small molecules defined as allosteric modulators might enhance the affinity of the receptors for their supposedly endogenous ligands/agonists. This would be biaism in plain sight, with endogenous compounds regulating the affinity of some of the most basic endobiotes, which are key components of physiology. This is a very important and interesting hypothesis that could shed new light in our understanding of receptor physiology, particularly taking these data as a general model in which alternative molecules participate in the general activity of the receptors via non-orthosteric sites.





6. Using a Biased Profile as a Model for New Drug Discovery


The whole process is in fact based on a key assumption: one wants to find a compound mimicking a known drug, active against a disease. The profile of this drug will be used as a standard model for the search of a new drug with similar profile on the several pathways defining the biaism profile (Figure 2). Alternatively, one might want to undertake a more refined job by selecting only the relevant pathway(s) responsible for the desired activity.



This presumes that one knows that the model drug has no other target(s) through which at least part of its reported activity against the disease could be assigned to. It is also important to assume that no other pathway(s) at this precise receptor is responsible for any facet of the activity. These demonstrations are of course key in the understanding of the disease and its therapy and could be solved using an animal model for which the target GPCR would have been knocked out, and showing that, on this model, the compound has no therapeutical potential.



Defining a compound by its profile of pathways at a given receptor is of course a major simplification of the way the compound actually works in situ. It must be understood that this profile is a signature, and does not preclude the final result (i.e., if the compound will have a similar therapeutical effect than the parent compound). Furthermore, if one can identify an unbalanced profile, from which a particular pathway activation is not desired, one can indeed search for related compounds acting following the desired profile, with the same restrictions as above: no preclusion of the final result in the therapeutical situation.



Additionally, one also can see that the accumulation of knowledge following these descriptions of biased pathway profiles will serve the general understanding first of the compound, then of the receptor in question and finally of the disease. Ultimately, these data will also serve to qualify the disease from a molecule/drug prospect.




7. Context of Complexity in Receptology


The complexity of GPCRs comprise at least one more dimension than the five we previously listed [1], i.e., (i) expression and co-expression, (ii) the receptor interactome and its activation upon agonist binding, (iii) G protein recruitment and processing of the further downstream functional signal, (iv) the biaism of the ligand, as it might change the previous pathway (see item 3), (v) homo- and hetero-dimerization, as it seems to be universal and might concern all the GPCRs’ subfamilies and (vi) the influence of extra molecules that bind to the receptor at a non-orthosteric site (PAM or NAM). Nevertheless, the real impact of biaism in drug research [77], even for antagonist research, seems to be far from day-to-day/systematic use, because basic and simplistic coupling systems are still used to characterize new drug candidates. Beyond the feasibility of the classical coupling approach, which is essentially G protein-based, questions may begin to arise on non-G protein coupling systems. It does not change our view of the analyses of those more complex systems, but it might change our view on what is currently done and should be done to characterize such molecules—essentially agonists, although antagonists are studied, as opponents to an agonist, for which the questions remain. As pure antagonists are compounds competing with agonist binding, it becomes clear that antagonism is a universal notion, independent of the agonistic pathway by which agonists are revealed. What is not clear for us is the way biaism can influence the discovery of antagonists. Furthermore, the observation of antagonism can be distorted by the presence of an allosteric modulator, for the description of which complete biochemical studies would be necessary, in particular its influence on the natural ligand binding at its receptor. Therefore, one can question how these model experiments are influencing the receptor biochemistry, the G protein(s) and the machinery responsible for the post-activation behavior of the receptor. This question has been haunting the discoveries of receptor pharmacology for decades, and the only way out is certainly the partial confirmation of the behavior of the ligands in living animals, including humans, for the drugs issued from receptor pharmacology predictions.



As a prospective comment, one should also highlight that the use of the cutting-edge technologies (i.e., AI) will be necessitated to feed algorithms with strong data, meaning that the structural details of the molecular association of ligands with GPCR, on one hand, and effector(s)—mostly proteins—as well as allosteric modulators with GPCR, on the other hand, will be required. These data are, for the time being, far from complete, as the majority of the structural data available has been obtained from crystallization and X-ray diffraction experiments; that is to say, from the inactive state of the receptor, as we discussed elsewhere [78].



A consensus on the use of the term “agonist” dependent on the functional pathway measured becomes an absolute necessity, to be able to benefit from the discovery of other laboratories, particularly on synthetic agonists [18]. The International Union of Basic and Clinical Pharmacology (IUPHAR) should deliberate on this issue.



It is clear, now, that the agonist-induced receptor response is influenced by its immediate surroundings, at the membrane levels, including (i) the presence of other receptors that might heterodimerize with the target, (ii) the presence of G proteins and the absence of other ones, leading, already, to some sources of bias, (iii) the very existence of endogenous modulator(s)—proteins or small molecules—that could be positive or negative modulators at this and (iv) the difficult question of the relative concentrations of each previously mentioned actor of the receptor biochemistry (Figure 3). Despite these complexities, the dimension of biaism has started to be integrated into the therapeutical research, such as in osteoporosis therapy [79] or in neurological disease therapies [80], among others.



As a conclusive remark, we would like to insist on the following two aspects of the present commentary: (i) it is not meant to be extensive, as an in-depth review on the subject can be and (ii) we found the landscape extremely complex, as might be predicted for living systems which have evolved for several million years, due to our tunnel vision of GPCR biology, biochemistry and pharmacology. We have been working for decades on “simplified systems” that have led to wonderful progress in therapeutical approach, and this, despite our extremely partial knowledge of the actual systems we were working on, altered because we cloned/expressed proteins with endpoints that we did not realize were changing the system we created (as opposed to its very existence in physiological or pathological situations). We saw the progress made in the community understanding of receptology and realized that our successes were often due to reasons we did not even know existed. Nowadays, one might look at the whole picture and find a way throughout this jungle to design new ligands with predicted and oriented signaling pathway(s). The picture of receptor biochemistry can be complexified ad nauseum by adding the influence of perturbators we do not even know exist, by the lipid surrounding of receptors that are key to their stability and dynamics, and so on. We need a lot of humility today, when facing our ambition to decipher the way receptors function. This commentary is more a warning sign to the involved reader that the picture is far more complex than the one we are used to meeting the eye.
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Figure 1. Schematic representations of ligand and system bias. (A) Ligand biased signaling (ligand biaism) between two different agonists of the same receptors in a same or a different cell. (B) System biased signaling (system biaism) of an agonist at a same receptor in two different cells. 
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Figure 2. Radar plot representation of signaling bias. Radar plot representation of a functional parameter (arbitrary unit) describing the response of four compounds on 12 pathways of the GPCR of interest, to serve as a signature for each ligand. 
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Figure 3. Schematic representation of the complexity of biaism. Partial representation of the complexity of ligand, system, and observational biaisms of a receptor at a membrane microdomain, leading to the recruitment of multiple transducers. Ligand and system biaisms both determine the functional selectivity. Observational biaism is not of biological origin but is a consequence of assay sensitivity/non-linearity and of the experimental set-up. Each type of biaism is measured relative to a reference. 
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