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[bookmark: OLE_LINK3]Summary of Main Points
1. The widespread withdrawal of Pholcodine in affected countries will help reduce NMBA anaphylaxis but won't eliminate all cases.
2. New tools and approaches are needed to identify other sensitizing agents to NMBAs.
3. Epidemiological data is needed to confirm a reduction in reactions in the post-Pholcodine era and explore patient characteristics in the data.
4. Continued research on NMBA-antibody interactions may lead to safer NMBAs
Professor Mertes: “So dear friends and colleagues, I'm really pleased to discuss with you briefly about sensitization to NMBAs. I will summarize where we are and perhaps where we can go in the future. I have several conflicts of interest [see slide for disclosures], but I think that I'm not really supported by any pharmaceutical companies. So, I hope I have an independent view. 
As you know, it's quite a long story since the first case of hypersensitivity to an NMBA was reported in 1949. And we had to wait until a meeting in the 1980’s in Nancy with Marie-Claire Laxenaire, John Watkins, and so many other people we'll discuss to establish the first basic principle of how to investigate these reactions using skin testing and biological assays, as well as to try to develop an approach to identify the mechanisms behind the reactions. I think that all this work has been very important as we work now on beta-lactams and it has given to us new insights into the way small molecules can be involved in immunological reactions. We faced several points of immunological dogma when we began. I think the first step was the work done by Malcolm Fisher and Brian Baldo, who identified in the 80s that substitute ammonium ions were at least part of the allergic determinants of NMBAs. Their work was derived from what they observed with their patients; they identified alcuronium-reactive antibodies and that these antibodies cross-reacted with other muscle relaxants, as well as with many other different drugs. Using very nice structural activity studies, they showed that quaternary ammonium ions were involved in the recognition of the NMBAs by the antibodies. They formulated the first hypothesis of a possible sensitization through compounds which were not related to NMBAs. And many things became progressively clear. The first idea they shared with us was that, as considered at that time, multivalent joint carrier complex was a requirement, but in fact NMBA did not bind to plasma proteins. And they also noticed that, of course, the distance between the substituted ammonium ions was something between 1 to 1.45 nanometres, and that this distance is essential for the neuromuscular blocking activity. I imagined at that time that the bi-valency of NMBAs could play a role in the allergen-induced reactions made by NMBAs.
But of course, they considered that the theory of an environmental sensitizer would be very difficult to prove since so many compounds contain substituted ammonium ions. In addition, only a small number of cases of anaphylaxis were reported with these compounds. However, it was evident that there was an issue of cross-reactivity since many reactions were observed to occur at first exposure to NMBAs, and this has been clearly identified by many teams, I guess.
We rapidly realized that skin tests could be aligned to the scientific research, and that as well as substituted ammonium variants other neighboring groups can be also involved, explaining the reactivity between the different muscle relaxants. And then we arrived rapidly at the Pholcodine hypothesis due to the work conducted by Florvaag and Johansson in Norway and Sweden concerning Pholcodine. And they emphasize in the first papers that in fact Pholcodine was some somewhere bivalent with two substituted ammonium ions.
And following all their work they did, they proposed that Pholcodine was a very small molecule capable of activating polyclonal IgE synthesis and causing some people to become sensitized to substituted ammonium ions, and hence the hypothesis of the role of Pholcodine was formulated, leading to the withdrawal of this drug from the Norwegian market, after which there was a decrease in the prevalence of IgE-recognizing NMBA-substituted ammonium ions in the general population, as well as a progressive decrease in the rate of reactions to NMBAs. But in fact, the results remained controversial, and so we of course come to the ALPHO study as mentioned by Lene, which I think showed us two very important things. Of course, that Pholcodine exposure was related to sensitization and to a higher risk of reaction when exposed to an NMBA. But it also shows us that professional exposure to quaternary ammonium ions was also a risk factor and perhaps a stronger risk factor than Pholcodine. Another very important point I think that we must note is that the measurement of IgE recognizing quaternary ammonium ion has a very, very good negative predictive value. And I think it can be a tool to study the consequences of several withdrawal of products in the general population. Since, as mentioned by Eric Florvaag, we can observe a decrease of the risk in the general population. The results of ALPHO were not really a surprise because we had in the past conducted a study in collaboration with many teams and with Florvaag regarding the link between folic acid consumption and the prevalence of sensitization in the population of different countries. We immediately noticed that we have a sign of sensitization against substituted ammonium ions in different countries where Pholcodine was not available. So, it was quite a clear link between the two studies. And this was also a confirmation of what we have reported with Jean-Louis Guéant regarding the development of sensitization in the hairdresser population in the ALPHO study, along with people working in baking.  And we, once again, we have clear indications that there was a link with other compounds than Pholcodine, which can play a role in the number of reactions. 
So now, what can we do? Of course, I guess that there is still room for epidemiology. And I'm really interested by the paper published by the group of Anne-Marie Gotthamsen, in Norway, showing that there was a gender-specific decline in reactions in Norway, mainly for females, and I think that this remains to be explained and I think we have probably to pay attention to that because we know that emergency procedures, obesity are risk factors, but this, I think, is a point that needs to be investigated. And in this regard, I think that the GERAP is probably the right tool to assess the impact of Pholcodine withdrawal in the general population and by gender. So, I think that we will give you a better indication of the changes in the incidence of reactions to NMBAs with time. And this I hope will confirm the results observed in Norway. I think we have also a lot of tasks to do regarding mechanisms. And I know that many of you are very interested by MRGPRX2 receptors, which have been shown to be activated by neuromuscular blocking agents.
I'm not sure that we have clear proof of the implication of this receptor, since it is not activated by succinylcholine, which is a major player regarding the risk of reaction to NMBAs. It has been proposed to summarize the different mechanisms as shown on these slides with the Ig-E mechanisms and the IgG-related mechanism, with thanks to the group of Pasteur for their work revisiting this. But I just remind you that it was the first hypothesis initially proposed regarding these reactions, and of course, MRGPRX2. There are other problems regarding the role of this receptor, and you'll see that the EC50 values required to activate this receptor by atracurium, cisatracurium, mivacurium and rocuronium are much higher than the concentration we use in clinical practice. So, it means that we can imagine, again, that, we have not identified the correct receptors at this time.
We know that there are differences between different NMBAs. I just want to remind you of this old work by Koppert and colleagues using microdialysis in the skin of healthy volunteers. You can see that succinylcholine and benzyl-isoquinoline, when you increase the concentration, will result in a progressive local cutaneous increase in histamine and tryptase release, which will follow the increase in drug concentration. But things are different with aminosteroids, which are responsible for a rapid increase in histamine, but a delayed increase in tryptase. I've done a lot of work on microdialysis, and I know that it's a very interesting tool to explore intercellular communication. So, we know that there are probably several differences between amino steroids and benzyl-isoquinoline and the mechanisms of reactions. We have indirect indication of that with some published papers.
So I think that we need to look at new assays, and I don't know if it's a good idea, as I don't know if it's very easy to use, but antagonists like DNA aptamers and so on can be useful to investigate further the real role of this receptor in our patients. And I just want also to emphasize the importance of neurobiology control in the reactions and specifically in reactions involving the respiratory airways and bronchospasm. And to show that, I remind you the report concerning rapacuronium, a very nice muscle relaxant on the paper, but which was responsible for many deaths in children due to very severe bronchospasm. And in fact, you can see that it's related to a blockade of M2 muscarinic receptor on pre-junctional parasympathetic nerves, which result in the uncontrolled release of acetylcholine in the bronchial tree. So, I think that we have many mechanisms to identify and different phenotypes of reactions and probably we have several with which to make progress. So probably there is not only MRGPX2 but other mechanisms that will be of interest for us.
I just want also to discuss about the way we can imagine identifying potential sensitizing substances of interest after Pholcodine. We have started to work on this subject. It's not very easy, but you see that it's possible to perform a study of crystallography in silico, which is easier than conducting real crystallization. We have designed a pharmacophore based on the common features of all NMBAs to screen different drugs from the FDA database. And you can see that as a positive control; we have been able to show that all NMBAs fits well with the pharmacophore, but other drugs can also interact directly with the pharmacophore. We have selected several drugs regarding this association. And you can see that there are some surprising or not surprising drugs. We find Pholcodine, and we are lucky, but we find also other unexpected compounds like chlorhexidine. I think that part of our problem has been that we have designed a pharmacophore considering all the NMBAs, but we can perhaps refine this approach and improve our pharmacophore. My first idea is to come back to the past. We know that alcuronium was responsible for many, many reactions when it was used; and this was the reason why we stopped using it. It has something in common with rocuronium; a propyl-ammonium moiety. And I think that perhaps we can make different pharmacophores with an addition of some specificity of perhaps succinylcholine, rocuronium or alcuronium, just to see if it changes selection of the possible candidates.
Regarding crystallography, I've been very impressed by the work conducted in Pasteur by the group of Pierre Bruhns, which has been able to produce IgG secreting cells and to induce the production of IgG, which is able to induce a reaction in mice. And I'm really interested by the way they have done on co-crystallization of the interaction between the Ig they have and rocuronium. And I think that perhaps we have something to learn, considering these results, but I have to discuss that further with them to know if it can help us to modify the pharmacophore we are trying to build.

I think we also need new functional tests to investigate the hypotheses we will formulate regarding potential candidates. And I briefly come back to work we did in 2000, when dendritic cells were identified. This work, which is really, really, important, was also very difficult at that period. We produced monocyte-derived dendritic cells from people who reacted to methadoloxane clinically. And we have co-cultured these dendritic cells, matched the dendritic cells in the presence of the offending NMBAs, co-cultured them with the lymphocytes of the same patients, and we have obtained a clear response and a clear T-cell proliferation, showing that, which was not admitted by many of our colleagues, these small compounds were effective recognized by the dendritic cells and presented in a restrictive way to telo-lymphocytes. And I'm really happy to see that the group in Bichat continues this work and has investigated the potential role of several quaternary ammonium compounds, polymeric, cyclic, aliphatic, in a very nice series of work and they have been able to identify PQ7, which is used in shower gel, in shampoo, and I've shown that it was able to be presented by monocyte-derived dendritic cells and recognized by a specific telo - receptor. So, I think that if we are able to select some candidates, we have now probably the way to investigate using this functional test. And now with flow cytometry, we didn't need to use radioisotopes and things like that to look at the proliferation. We can select more easily the clones. So, I hope this will be very promising. 
So, to conclude this brief overview of what I think about this subject, I think that the withdrawal of Pholcodine is a real hope for reducing the incidence of reactions and epidemiological data must confirm this reduction and explore the relation with some patients' characteristics. I think we really need new tools, and I know that many of you are working hard on that to improve our understanding of the different mechanisms. We must now clearly try to identify new candidates that could be withdrawn without any important problems from the market. And I think that all this work can help us also probably, perhaps, I hope, to design new NMBAs with an increased safety profile. I thank you very much for your invitation to call for this work to together and, in collaboration, to try to investigate mechanisms because we know now that Pholcodine will not be the end of the story. Thank you for your attention.”
