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Neuromuscular blocking agents (NMBAs) are used as a muscle relaxant to assist mechanical ventilation and optimize surgery conditions. Residual neuromuscular blockade (rNMB) that relies on NMBA intrinsic properties, and NMBAs-induced allergic reactions that mainly rely on the existence of anti-NMBA antibodies are two major sideeffects of NMBAs. The existence of this antibody response has been deduced from cell-based assays and analysis of patients' serum, but never has a monoclonal NMBAs-specific antibody been identified and characterized. rNMB is the residual duration of action of muscle relaxants beyond the end of the surgery. rNMB causes muscle weakness and impairs respiratory functions. Two types of neuromuscular blockade reversal drugs are available: anticholinesterase that are however inefficient at reversing deep neuromuscular blockade, and the selective reversal agent sugammadex that is efficient at quickly reversing deep rocuroniuminduced neuromuscular blockade. This thesis work is focused on the characterization of anti-rocuronium antibodies. First, polyclonal IgG antibodies purified from a patient that suffered from NMBA-induced anaphylaxis. This clinical study allowed to identify an IgG-dependent neutrophil activation pathway contributing to NMBA-anaphylaxis. Second, monoclonal IgG antibodies (mAbs) isolated from rocuronium-immunized mice. The mouse antirocuronium antibody repertoire was comprised of limited V(D)J-VJ rearrangements and demonstrated convergency between repertoires. Representative mAbs expressed from each rearrangement demonstrated high affinity and some cross-binding to rocuronium-related NMBAs, but not to rocuronium-unrelated NMBAs. Anti-rocuronium human IgG or human IgE could activate neutrophils or mast cells and basophils, respectively, in the presence of rocuronium-conjugated carrier proteins, supporting the role of IgG and IgE antibodies in NMBA-related hypersensitivity. Co-crystal structures revealed different modes of binding of mAbs to rocuronium. Finally, several mAbs could efficiently prevent rocuronium-induced neuromuscular blockade in mice in vivo.

This preliminary prophylactic mouse model suggests the potential use of these mAbs to induce neuromuscular blockade reversal, that remains nevertheless to be demonstrated in other models.
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RESUME

INTRODUCTION

Neuromuscular Blocking Agents

Neuromuscular Blocking Agents (NMBAs) are a group of drugs that can induce muscle paralysis by blocking signal transmission from motor neurons to skeletal muscles at the neuromuscular junction (NMJ). NMBAs are used as pharmacological adjuncts to anesthesia and surgical interventions, facilitating muscle relaxation, helping in tracheal intubation and mechanical ventilation, and thereby reducing associated complications such as laryngeal trauma during intubation, and facilitating optimal surgical conditions. 1 The neuromuscular junction (NMJ) consists of 3 parts including the presynaptic nerve terminal, the synaptic cleft and postsynaptic nicotinic receptors. Acetylcholine (ACh) pre-stored in vesicles is released from the presynaptic membrane of motor neurons inside the synaptic cleft once an electric impulse arrives. ACh binds to nicotinic receptors on the postsynaptic membrane thus inducing muscle contraction. Then, acetycholinesrerase can rapidly hydrolyze free acetycholine dissociated from nicotinic receptors to ensure the preparation of the muscle cells for the next signal. NMBAs can competitively bind to nicotinic acetylcholine receptors (AChR) at the neuromuscular junction, interfering with the binding of acetylcholine. (Figure 1)

NMBAs can be classified into depolarizers and non-depolarizers based on the mechanisms of induction of the neuromuscular blockade. The binding of depolarizers with AChR leads to the conformational change of the receptor-associated ion channel.

Thus, it causes muscle contraction before inducing a state of muscle paralysis. Suxamethonium is the only depolarizer NMBA used in the clinics. It has a longer duration of effect than that of acetycholine. An anticholinesterase (inhibitor of Achdegrading enzymes) such as neostigmine thus cannot reverse suxamethoniuminduced neuromuscular blockade, as it does not directly intervene on the depolarization. Suxamethonium is characterized by a quick onset and a short duration of muscle relaxation. Non-depolarizers compete with Ach for the binding to AChR, but do not cause a conformation change of the ion channel. There is no muscle contraction before muscle paralysis. It can be reversed by anticholinesterase and, for two specific NMBAs by the reversal drug sugammadex; this point will be developed in a dedicated chapter. 2 Nondepolarizers comprise a group of drugs with various features that will be described specifically in chapter1.1.2.

Discovery and development of Neuromuscular Blocking Agents

Curare is a common name of crude plants extracts alkaloid used for poison arrows. In 1562, the poisoned arrow was first recorded in the book De Orbe Novo. The word "curare" is derived from "ourari", a term from the Carib language of the Indians, and means bird to kill. 3 For several centuries, curare was used in hunting by South American Indians. In 1930, d-tubocurarine, the major active component of curare was isolated and used in a psychiatric hospital to prevent traumatic complications in convulsive shock therapy, proven to be safe and harmless in clinical use 2 . In 1942, d-tubocurarine was the first to be applied in the clinics as a muscle relaxant in anesthesia while the concept of maintaining neuromuscular blockade during surgery had not yet been widely accepted. 5 In 1946, J. Halton and C. Gray used curare in an appendectomy and this was considered the first major step in the use of NMBAs for muscle relaxation in anesthesia. NMBAs have led to a significant conceptual change in the practice of anesthesia. Anesthesia was later redefined to include a triad of narcosis, analgesia and muscle relaxation. 6 Now, millions of people worldwide receive neuromuscular blocking agents as part of a general anesthetic procedure each year.

Identification of the chemical structure of d-tubocurarine and the discovery of the curariform activity of some quaternary ammonium containing salts 7 supported the hypothesis that the curare activity was related to two quaternary ammonium groups separated with an optimal distance. 8 Two British groups both described that adecamethylene disquaternary salt, a compound with a ten-carbon chain between two quaternary groups, exhibited potent curariform activity. This compound was named decamethonium. 9,10 Decamethonium was used in the clinics only for a short time, while its success inspired the enthusiasm to study more methonium compounds.

Unlike tubocurarine, decamethonium initiates neuromuscular blockade with increasing muscle contraction first, a typical feature of depolarizing NMBAs.

Another concept for designing muscle relaxation agents was to mimic the dtubocurarine bulky chemical structure. In 1947, Gallamine, a new synthetic trisquaternary compound with powerful neuromuscular blocking capacity was described by Daniel Bovet at Institut Pasteur. Two years later, suxamethonium was found to be able to induce paralysis by Prof. Daniel Bovet who was awarded the Nobel Prize in 1957 for his contribution to the synthesis of compounds acting on the vascular system and on skeletal muscles. 11 Suxamethonium has an incomparably rapid onset of muscle relaxation which is important in emergency medicine. It is still widely used in the clinics so far.

In the 1960s, a disquaternary steroid alkaloid isolated from a plant demonstrated muscle relaxation capacity. It inspired scientists to synthesize pancuronium, an aminosteroidal drug that takes the rigid steroidal androstane framework as the scaffolding for two acetylcholine molecules. 12 The rise of pancuronium almost replaced all other non-depolarizers since. The major limitations of pancuronium are its slow onset and long duration of action, as well as the tachycardia it induces due to its binding capacity to the cardiac muscarinic receptor. Through demethylation of one end quaternary group of pancuronium, the new compound vecuronium was generated that eliminates cardiac muscarinic receptor binding while keeping the capacity to bind nicotinic acetylcholine receptor. 13 In 1988, The discovery of the reverse correlation of drug onset speed and potency brought a new compound: rocuronium. 14 Rocuronium is a deacetoxy analogue of vecuronium. This modification endows rocuronium with faster action at a higher dose, even comparable with the onset speed of succinylcholine. Now, rocuronium is one of the most widely used NMBAs in anesthesia.

All these three NMBAs are metabolized by the liver and the kidney, leading to deleterious residual neuromuscular blockade for people with renal or hepatic failure or deficiencies.

Atracurium, a benzylisoquinoline molecule was synthesized in 1981. It is catabolized through the Hoffmann reaction (spontaneous breakdown) in physiological conditions. 15 Atracurium can thus be used in patients with renal or hepatic failure. Cisatracurium is the cis-cis isomer of atracurium with better potency and fewer side-effects. Both drugs have a slow onset and an intermediate duration of action.

In theory, the ideal neuromuscular blocking agent would display a 'brief, noncumulative, nondepolarising neuromuscular action with rapid onset and recovery; it would be reversible by an appropriate antagonist and it would lack clinical side effects' 16 . But this ideal NMBA has not been identified as of today. Some emerging drugs are thus in development and are summarized below, in particular from the fumarate family. Fumarates contain 3 methyl groups between the quaternary nitrogen and the most proximal oxygen at each end of the carbon chain. It is different from cisatracurium which has 2 methyl groups indicating that Hofmann degradation may not work significantly to eliminate the mixed-onium chlorofumarates. 15 Primate studies show that the onset of action is inversely related to the potency. While the fumarates are potent NMBA with ED95 < 0.2 mg/kg,in the meantime, they show rapid onsets and short durations of action. 17 One of the fumarates, gantacurium, has been administered to human volunteers.

Maximal onset of block at the adductor policies and laryngeal adductors following doses approximating 2 and 3 times the ED95 were comparable to the onset of neuromuscular block following administration of succinylcholine. 18,19 Gantacurium is broken down by 2 different pathways; one is a slow pH-sensitive hydrolysis and the other is induced by the naturally occurring amino acid cysteine (a phenomenon termed L-cysteine adduction). 17,20,21 In rhesus monkeys, doses of 8 times the ED95 of gantacurium have a duration of action of approximately 14 minutes.

Administration of L-cysteine (10 mg/ kg) 1 minute after administration of gantacurium results in return of complete neuromuscular function within 1 to 2 minutes. The fumarate-induced neuromuscular blocked can by rapidly reversed by administration of L-cysteine. The L-cysteine show great potential to decrease the frequency of residual neuromuscular block. 22 Two analogs of the asymmetric fumarate gantacurium, CW002 and CW011, have been synthesized to undergo slower L-cysteine adduction, yielding compounds with intermediate durations of action. 22,23 A trial in anesthetized volunteers demonstrated that CW002 was a potent nondepolarizing NMBA with an intermediate duration of action. 24 

Classification of Neuromuscular Blocking Agents

As stated above, NMBAs can be classified into depolarizers and non-depolarizers based on the different mechanisms to establish neuromuscular blockade. Suxamethonium or succinylcholine is the only depolarizer in clinical use. It has the feature of rapid onset (< 60 s) and short duration (6-8 mins) which is a big advantage in emergency medication for rapid sequence intubation. 25 Suxamethonium is rapidly metabolized by plasma cholinesterase (pseudocholinesterase) but not cholinesterase at the neuromuscular junction. Anticholinesterase is thus unable to reverse neuromuscular blockade induced by succinylcholine. Some common adverse effects include postoperative muscle pain, allergy reactions or anaphylaxis, respiratory depression, and hypotension. Severe effects like cardiac arrhythmias, malignant hyperthermia have also been observed.The non-depolarizers can be classified into aminosteroid agents and benzylisoquinoline agents based on their chemical structure.

They competitively bind to AChR without inducing muscle contraction. Nondepolarizers have slower onsets (1-5 mins) than depolarizers and longer duration of action, and can be reversed by anticholinesterase. The specific classification, chemical structure, pharmacological properties, and related adverse effects of non-depolarizer NMBAs are summarized in Table1.

Based on the duration of action, NMBAs can also be classified as short, intermediate, and long-acting drugs. Short-acting NMBAs include mivacurium and succinylcholine.

Intermediate-acting NMBAs include vecuronium, rocuronium, and atracurium. Longacting NMBA include pancuronium, gallamine, and tubocurarine. 

Neuromuscular Blockade Monitoring

Monitoring neuromuscular function is meaningful to indicate the onset of neuromuscular blockade, to determine the level of muscle relaxant during surgery, and to assess patient recovery from blockade in order to minimize the residual paralysis. 26 -27 Residual postoperative neuromuscular blockade increases the risk of postoperative pulmonary complications and influences clinical evaluation. For those patients who have severe liver and renal disease, or severe pulmonary disease, or with neuromuscular disorders like myopathies, it's important to evaluate the residual neuromuscular blockade, especially in surgeries that need a profound neuromuscular blockade. 28 Train-of-Four (TOF) is the most used technique to monitor the neuromuscular blockade. The aim is to produce a pattern of stimulation to the ulnar nerve with a TOF supramaximal twitch stimuli, with a frequency of 2 Hz for 4 times, separated by 0.5 s, then repeated every 10-12 s. One records the twitch amplitude of adductor pollicis muscle (muscle in the hand that functions to adduct the thumb) of each stimulation and compare T1 (first twitch of the TOF) to T0 (control); TOF ratio (TOFR) is the ratio of T4 (fourth twitch of the TOF) to T1. In a normal situation, 4 twitches are essentially of equal amplitudes which leads to a TOFR between 0.9 and 1.0. 29 After the start of neuromuscular blockade induced by a non-depolarizer NMBA, the T4 amplitude is smaller than T1 and results in a TOFR < 0.9. In complete muscle relaxation, TOF stimulation does not cause muscle twitch and TOF is about zero. (Figure 2). A TOF ratio ≥0.9 has been suggested as the acceptable level of recovery of neuromuscular function and indicates optimal patient safety. 30 The response is measured as follows: 31 13 -4 twitches are seen, 0-75% of the receptors are blocked.

-3 twitches are seen, at least 75% of the receptors are blocked.

-2 twitches are seen, 80% of the receptors are blocked.

-1 twitch is seen, 90% of the receptors are blocked.

no twitches are seen, 100% of receptors are blocked

The widespread use of NMBAs has been a significant milestone in the development of anesthesia even if some NMBA allergic reactions and even severe anaphylaxis exist 32 - 33 . Postoperative residual neuromuscular blockade (NMB) is quite common with an incidence ranging from 26% to 88% 34,27 despite the use of qualitative neuromuscular monitoring and some reversal agents. 

Anaphylaxis to neuromuscular blocking agents

Anaphylaxis is a severe, potentially fatal, systemic allergic reaction that occurs suddenly after contact with an allergy-causing substance. 35 This reaction can affect almost any organ in the body while mostly involving the circulatory, respiratory, skin and mucosal, and gastrointestinal systems. The severity of the reaction can range from mild pruritus and urticarial to shock and death. 36 In 1902, Paul Portier and Charles Richet proposed the word "anaphylaxis" to describe a paradoxical effect in an experimental immunization. 37 In the expectation to improve the tolerance or resistance to a sea anemone derived-toxin, dogs were immunized with sub-lethal doses of the toxin. Several weeks later, some dogs died instead of being "prophylactic" to the toxin when re-injected a small amount of the toxin.

Later on, it became clear that the previous exposure of antigen lead to the production of antigen-specific antibodies (potentially IgE) thus describing the "sensitization" phase to the toxin; they thus described that a delay of re-exposure to the antigen was needed to elicit anaphylactic response. This anaphylactic response was probably due to a rapid release in particular of histamine and platelet activating factor (PAF) from mast cells and basophils after activation by the complex antigen/IgE-FcεRI (high-affinity IgE receptor) at their cell surface. Since these first observations, a lot of underlying mechanisms of anaphylaxis have been unraveled thanks to studies using mouse models as well as clinical observations and studies on human cohorts. 38 

General clinical conditions of anaphylaxis • Definitions and diagnosis

The rapid and fatal anaphylaxis response requires a prompt and appropriate clinical diagnosis and management from health care providers. Due to the variety of triggers (food, insect sting, drugs, latex…), a wide range of clinical manifestations (respiratory system, circulatory system, skin and gastrointestinal), and multiple complex underlying mechanisms are involved in anaphylaxis, leading to different endotypes of anaphylaxis clinically difficult to evidence 39 . The consensus on anaphylaxis definition, clinical and biological diagnostic criteria and practical management has been the points of controversies and the priorities to discuss.

In 2014, the "International consensus on anaphylaxis (ICON)" and the World Allergy Organization (WAO) defined anaphylaxis as" a severe life-threatening generalized or systemic hypersensitivity reaction" 40,41 The term anaphylaxis includes the descriptions of both immunological and non-immunological anaphylaxis reactions. Nonimmunological anaphylaxis exhibit similar clinical signs and symptoms that are not immunologically mediated. Clinical diagnosis and management are identical. The major immune and non-immunological mechanisms involved in anaphylaxis will be deeply described in the Chapter 2.2.

The clinical diagnostic criteria are expected to provide physicians relatively simple and rapid means to make the diagnosis of anaphylaxis. The participants also set 3 clinical criteria for diagnosis as listed in Table 2. Since the discovery of a novel actor in allergy, MRGPRX2, new classifications have been proposed that will be discussed later.

To achieve more precise diagnosis as well as to identify the causative agent of anaphylaxis, skin tests and biological diagnostic approaches have been established, based on the involvement of different mediators, effector cells and antibodies during anaphylaxis. 42 Tryptase and histamine levels: Tryptase is a dominant protein component preformed and generated from the secretory granules of activated mast cells. Mature tryptase released from activated mast cells can be detected in blood within 30 to 60 mins after the onset of anaphylaxis but the level will gradually revert to normal over the next 6-24 hours depending on the height of the increase and often correlates with the severity of the anaphylaxis. 7,8 Therefore, 3 serial samples are needed: 1) at presentation, 2) one to two hours after presentation and, 3) 24 hours after presentation to assess for a return of tryptase level to baseline; indeed, this basal level is heterogeneous in the population, and is high in patients with mastocytosis for instance. 45 Commercial immunoassays are available. The present definition of increased levels of tryptase is derived from the international consensus recommendation of 2012, and is the following : acute total tryptase levels should be greater than ([1.2×baseline tryptase] + 2] μg/L.

Table 2. Clinical criteria for diagnosing anaphylaxis

Anaphylaxis is highly likely when any one of the following 3 criteria are fulfilled: (Adapted from reference 35 ) By comparison, histamine, another major immunological mediator released by activated mast cells and basophils is cleared from blood within minutes. 46 It is thus possible to measure circulating levels of histamine during the first 30 minutes after the reaction to confirm the allergic mechanism. Circulating histamine concentration is no more assayed in routine in some countries, but it is still recommended by the French Society of Anesthesiology and Intensive Care (SFAR), and this parameter is available in several immunology laboratories in France.

Skin testing:

Skin testing is usually done in 2-4 weeks after anaphylaxis to identify the causative agents. There are two types of skin testing used in clinical practice: skin prick testing (SPT) and intradermal testing (IDT). 47 The SPT is using a lancet that barely penetrates the skin's surface. It only causes mild discomfortable feeling, no pain, and no bleed. The IDT involves injecting a small amount of allergen into the dermis. The activated cutaneous mast cells release preformed histamine, leads to smooth-muscle contraction and vascular permeability, and further development of a wheal. The inflammatory mediators initiate a neural reflex which causes vasodilatation and leads to the flare. The wheal appears in 15-20mins after injection and its diameter is measured. 48 The point that needs to pay attention is that a wheal without flare is not a positive diagnostic due to the possibility of bubble injection.

The IDT has higher sensitivity comparing to the SPT and thus requires much less concentrated extracts. In the meantime, the IDT has the risk to induce systemic hypersensitivity reaction. Generally, taking in consideration the economy of time, patient safety and comfort, the prick testing is in favor for routine clinical use. The intradermal testing can be considered when the patient is in strong suspicion of the allergen but with negative SPT. Concerning drug allergy, both SPT and IDT are often used with drug dilutions. Prick testing shows better correlation with clinical sensitivity and is more specific but less sensitive than intradermal testing. 49 The positive result indicates the involvement of specific IgE and mast cell response.

Local injection of allergen can crosslink the IgE /FcεRI on cutaneous mast cell surface that induces cell activation and degranulation. Some drugs like NMBA can directly activate mast cells by off-target occupation of MRGPRX2 (see some more informations later). 50,51 Thus, other in vitro assays like Basophil Activation Test (BAT) are needed to assist identify the mechanisms involved in anaphylaxis.

Basophil Activation Test (BAT):Basophils, which circulate in peripheral blood, have been taken as surrogates of mast cell in order to evaluate the effector cell activation during allergy reaction because of the limited access to mast cells that reside in tissues. 42 Basophils bearing high-affinity IgE receptors are easily accessible and can be used as indicator cells for IgE-mediated reactions. 52 Upon allergen challenge exvivo and cross-linking of membrane-bound IgE antibodies (via Fc-epsilon-RI) basophils up-regulate certain activation markers on their surface such as CD63 and CD203c, as well as intracellular markers (eg, phosphorylated p38MAPK). Using ex vivo BAT, these alterations can be detected rapidly on a single-cell basis by multicolor flow cytometry using specific monoclonal antibodies. 53,54 This test is important because it can both identify the causal drug, but also can suggest alternative drugs which did not evidence any ex vivo activation of patient basophils. 55 Recently, a research study compared the performance of BAT and skin tests and suggested that BAT could not totally replace skin testing in the assessment of NMBA allergy, but constituted an important additional tool. 56 One must pay attention to the fact that BAT is a good tool to explore IgE-mediated allergy, but cannot diagnose IgG-dependent allergy nor MRGPRX2-derived cell activation. MRGPRX2 expression and function on peripheral blood basophils is still a controversary, 57,58 as resting basophils have been considered to barely express this receptor. 59 For the moment, the quantification of MRGPRX2 on basophils is not yet a routine diagnostic tool. By combining skin testing, basophil activation test and mediator levels, the underlying mechanisms involved in anaphylaxis can now be explored and are important diagnosis tools.

Generally, the basophil activation test is done on whole blood which maintains the cells in their natural environment and prevents ex vivo activation. However, some points needs to pay attention when using whole blood, including the interference with blocking antibodies. 60 Various protocols have thus been developed in an attempt to purify basophils from peripheral blood and enrich sufficient numbers of functionally unimpaired basophils, but cell loss and basal activation levels were also observed. 61 Specific IgE determination:The IgE quantitative immunoassays are routinely used in addition to skin tests in order to evaluate the risk of reaction on allergen exposure.

Immunoassays such as RAST (radio allergosorbent assay), FAST (fluorescent allergosorbant test) and ELISA (enzyme-linked immunosorbant assay) have been developed using a different detection system. RAST are not performed anymore.

Instead, allergens are linked to paper discs or polyurethane caps (ImmunoCAP) and are incubated with the individual's serum. The presence of specific IgE in the patient serum is detected by the use of an enzyme-linked anti-human IgE antibody leading either to a colorimetric or fluorescent product that can be measured. In the diagnosis of rocuronium-induced allergy, skin tests are still the first choice for diagnostic investigations and cannot be substituted by quantification of sIgE or BAT. When skin tests yield negative results, BAT can be of great help, but IgE are less useful. 62 The measurement of allergen specific IgE in serum is of good diagnostic value with a high reproducibility and is not influenced by ongoing symptoms or treatment, eg, antihistamines or anti-inflammatory therapy; however, it cannot replace skin tests that are still needed for the diagnosis. Approximately 500 different allergens are now available for in-vitro-based allergy diagnosis. In addition to classical pollen, dander and food allergens, drugs and occupational chemicals are available. The general availability of well standardized in-vitro allergy tests has greatly improved the quality of allergy diagnosis, now called molecular allergy diagnosis. Specific IgE quantification can now be assayed in the circulation using native or recombinant allergens; multiplex biochips are also available allowing the detection of up to 120 allergens. 63 Concerning NMBA allergy, specific IgE are identified via their quaternary ammonium (QA) structure, this point will be detailed in another chapter. However, IgE are not the only class of antibodies involved in anaphylaxis as evidenced by studies in mouse models and patients. [64][65][66] During NMBA-induced anaphylaxis, some studies from our team evidenced that around 30% patient had no detectable specific IgE which indicates other potential pathways contributing to this anaphylaxis response. 67,68 Indeed, an IgG-dependent mechanism could be evidenced in such patients, relying on a neutrophil activation pathway leading to mediator release. 68 These important information will be detailed in another part of the manuscript, as it constitutes one aim of my Thesis. Moreover, non IgE-dependent anaphylaxis also includes MRGPRX2-derived mechanisms that will also be detailed later. 69 

• Treatment and Management

The first strategy to prevent anaphylaxis aims to avoid the causative agent while sometimes it is unavoidable. Interestingly, some NMBAs can induce anaphylaxis in patients during the first infusion of the drug. Our team is currently working on the hypothesis of cross-reactivity with other quaternary ammonium-bearing molecules that could have induced sensitization (Marine Peyneau, manuscript in preparation).

Anaphylaxis occurs rapidly with potential life-threatening circulatory and respiratory problems. In addition to immediate fluid perfusion, epinephrine is the first-line treatment for anaphylaxis that can even be administered intramuscularly by the patient-himself ( 0.01 mg/kg of a 1: 1000 [1 mg/ml] solution to a maximum of 0.5 mg in adults and 0.3 mg in children). 35 Epinephrine acts rapidly by increasing the peripheral vascular resistance through vasoconstriction, to increase cardiac output, to reverse bronchoconstriction and mucosal edema, and thus leading to stable mast cell and basophil activation. 35 70 Delayed epinephrine injection is associated with mortality. 71 Anti-histaminic drugs are not indicated for anaphylactic shock. 72 H1-antihistaminic drugs act as inverse agonist of the histamine H1-receptor. Antihistaminic drugs act slowly but can relieve symptoms in moderate allergic reactions. 73 Eliminating the causal agent from patients with an ongoing anaphylaxis is one of the approaches proposed to rescue patients or ameliorate the anaphylactic symptoms. 74 But once an antigen has been administered intravenously, it's difficult to eliminate it until metabolism or excretion of the antigen occurs. In rocuronium-induced anaphylaxis however, sugammadex, a rocuronium-specific capture drug, has been reported to contribute to ameliorate the responses in severe cases, even in some in which epinephrine had no effect. [75][76][77] The underlying reasons are unclear, even if the reduction in the culprit allergen (here free rocuronium) by sugammadex-dependent capture appears to be the main mechanism of action. Sugammadex may potentially be a useful adjunct in the management of rocuronium-induced anaphylaxis and this is detailed described in Chapter1.4.2. However, the modified Delphi consensus process made by a group of international experts in the management of perioperative allergy recommends that sugammadex has no immediate role in resuscitation of suspected anaphylaxis. 78 These recent observations suggest that the development of other capture reagents like allergen-specific antibodies (or antibody fragments) to eliminate the allergen could be a way to rescue from or ameliorate the severe anaphylactic response; this is one of the main hypotheses of my thesis project that I will develop later.

• Epidemiology

It is unknown what the actual incidence of all-cause anaphylaxis in the general population is. 67,79 The incidence of anaphylaxis (whatever the allergen) is between 50 and 112 episodes per 100,000 person-years, the lifetime prevalence of anaphylaxis is currently estimated at 0.05-2 % in the USA and ~3 % in Europe. 80 81 Studies report an increase of hospital admissions due to anaphylaxis in the last decades (5-7 folds in the last 10-15 years). However, it could result from better identification and reporting of anaphylactic reactions. [START_REF] Alonso | Epidemiology of anaphylaxis[END_REF] Variation in incidence seems related to age, causes and geographical area. [START_REF] Mertes | Anaphylaxis during anesthesia in France: An 8-year national survey[END_REF] The true rate of occurrence from all triggers is unknown due to the under-diagnosis, under-report, and difference in investigations and definition.

Death from anaphylaxis is rare and stands at 0.35-1.06 deaths per million people per year, with no increase in the last 10-15 years. [START_REF] Ben-Shoshan | Anaphylaxis: past, present and future[END_REF][START_REF] Cingi | Anaphylaxis: Definition, History, and Epidemiology[END_REF] Death from anaphylaxis is most commonly triggered by drugs. [START_REF] Turner | Fatal Anaphylaxis: Mortality Rate and Risk Factors[END_REF] NMBAs-induced anaphylaxis, In 2019, the World Allergy Organization (WAO) updated the epidemiology information related to perioperative anaphylaxis, based on a long term policy of systematic clinical and biological investigations of immediate hypersensitivity reactions carried out in France, the United kingdom, New Zealand and Australia, Denmark and Norway. The estimated incidence of immediate hypersensitivity reaction from all mechanisms ranges from one in every 1,250 to 10,000 anesthesia. There is substantial geographical variability in the incidence of perioperative hypersensitivity reaction. Multiple factors are involved in this variation including the differences in local practices and drug preferences, comprehensiveness of allergy evaluation, and genetic or environmental factors. The french "groupe d'étude sur l'anaphylaxie peropératore" called GERAP is managing the French anaphylaxis patients and indicated that drug is the triggers in 77% anaphylaxis patients from year 2012 to 2017 . [START_REF] Guerci | Epidemiology and outcome of patients admitted to intensive care after anaphylaxis in France: a retrospective multicentre study[END_REF] Neuromuscular blocking agents represent the most frequently peranesthetic-involved substances (69.2%), but every drug or substance used during anesthesia may be involved. [START_REF] Spoerl | Reclassifying Anaphylaxis to Neuromuscular Blocking Agents Based on the Presumed Patho-Mechanism: IgE-Mediated, Pharmacological Adverse Reaction or "Innate Hypersensitivity[END_REF] The most common triggers of NMBA reactions were found to be the suxamethonium (the most involved), followed by rocuronium, and then in descending order by vecuronium, pancuronium and atracurium .82,88,89 Regional differences are a strong incentive for repeated epidemiological surveys in different countries. NMBAs have been reported as a major cause in several countries but are less frequently reported in the United States or Denmark. 67 

Mechanisms of anaphylaxis

Anaphylaxis is a severe life-threatening generalized or systemic hypersensitivity reaction. Multiple immunological and non-immunological mechanisms are involved in anaphylaxis. Classically, it considered to be elicited by antigen crosslinking of antigenspecific IgE bound to the high-affinity receptor FcεRI expressed on mast cells and basophils. This mechanism initiates signals that induce cellular degranulation with release and secretion of vasoactive mediators, enzymes, and cytokines. Recently, mouse models led to identifying alternative pathway involving IgG antibodies and FcγR expressed on other cells, mainly neutrophils and platelets. [START_REF] Beutier | IgG subclasses determine pathways of anaphylaxis in mice[END_REF][START_REF] Strait | Pathways of anaphylaxis in the mouse[END_REF] This IgG-dependent anaphylaxis involves the triggering of mediator release by IgG/antigen immunecomplex crosslinking FcγRs on macrophages, basophils, platelets and neutrophils (Figure 3). Anaphylaxis can also be mediated by the binding of the complementderived peptides C3a and C5a to their receptors on mast cells, basophils, and other myeloid cells. Some drugs like NMBAs can directly activate mast cells by interacting with some receptors, such as MRGPRX2. 50 All these mechanisms are detailed in the following pages: Human patients-derived data have elucidated some immunological mechanisms of anaphylaxis even if the life-threatening nature of anaphylaxis and obvious ethical concerns need to be emphasized. Human studies of anaphylaxis include some scarce data obtained in healthy volunteers. In the meantime, a lot of data have been collected in patients presenting for emergency management of anaphylaxis. Most of the clinical results indicate the main implications of the following actors: IgE/IgG, FcεR/FcγR, mast cells, basophils, neutrophils, histamine, tryptase or PAF. The first manuscript of my thesis work is consisting of a clinical study evaluating these parameters.

Mouse models have been developed to better understand the mechanisms of anaphylactic reactions. These models include both "Passive Systemic Anaphylaxis (PSA)" and "Active Systemic Anaphylaxis (ASA)" models 64,[START_REF] Doyle | Protocols for the Induction and Evaluation of Systemic Anaphylaxis in Mice[END_REF] which are derived from the two initial models used by Richet and Portier. [START_REF] Cohen | Richet, and the discovery of anaphylaxis: A centennial[END_REF] ASA can be induced by means of active immunization (or sensitization), usually together with an adjuvant. This immunization induces a specific and polyclonal antibody response against the allergen/antigen. Several weeks later (2-3 weeks), the administration of the same antigen is able to induce an anaphylactic reaction of various degrees, sometimes being fatal. In PSA models, mice are sensitized passively by the transfer of antigen-specific antibodies (IgE or IgG), followed by a challenge with the antigen (usually 16-24h later) to trigger anaphylaxis. Hypothermia usually serves as the primary quantifiable indicator of anaphylaxis in these models. Mice are sensitized with antigen-specific IgE antibody followed by antigen challenge in the next 24 hours when investigating the mechanisms in IgE-mediated anaphylaxis. [START_REF]Biological activities of antitrinitrophenyl and antidinitrophenyl mouse monoclonal antibodies[END_REF] Alternatively, IgG1, IgG2a, or IgG2b (but not IgG3) can also induce anaphylaxis in mice, after challenge with the appropriate allergen, with very similar manifestations to IgE-dependent anaphylaxis. [START_REF] Beutier | IgG subclasses determine pathways of anaphylaxis in mice[END_REF] IgG-induced passive systemic anaphylaxis can be elicited in three different ways in mice: a) systemic injection of antigen-specific IgG followed by intravenous challenge with the corresponding antigen; b) injection of pre-formed IgG-immune complexes, consisting of antibody bound to a soluble antigen; or c) injection of in vitro aggregated IgGs (to mimic immune complexes). [START_REF] Miyajima | Systemic anaphylaxis in the mouse can be mediated largely through IgG1 and Fc gammaRIII. Assessment of the cardiopulmonary changes, mast cell degranulation, and death associated with active or IgE-or IgG1-dependent passive anaphylaxis[END_REF] Notably, the mouse model also shows limitations in exploring the underlying anaphylaxis mechanisms as the cells and proteins are different when comparing to human. For example, rocuronium can induce mouse mast cell degranulation by directly binding to Mrgprb2 (the mouse orthologue of human MRGPRX2), but can only induce human mast cell intracellular calcium increase but no cell degranulation. The mouse Mrgprb2-activating potential is 12-fold higher as compared to human MRGPRX2. 50 Another example is the fact that allergen-specific IgGs have been found to play a major role in mice anaphylaxis; how is the situation in human and what is the role of IgG in human anaphylaxis? More clinical related investigations are still needed to answer these questions. 68 The mouse models of systemic anaphylaxis are important tools for the elucidation of the pathological mechanisms of anaphylaxis, and for identifying and characterizing potential therapies for anaphylaxis. • IgE-dependent immunological mechanisms IgE and FcεRI: Specific IgE play an important role in conferring immunologic specificity to effector cell activation in patients with anaphylaxis and other allergic diseases. [START_REF] Galli | IgE and mast cells in allergic disease[END_REF][START_REF] Gould | IgE in allergy and asthma today[END_REF][START_REF] Oettgen | Fifty years later: Emerging functions of IgE antibodies in host defense, immune regulation, and allergic diseases[END_REF] IgE is the isotype antibody with the lowest concentrations in the circulation (50-200 ng/mL total circulating IgE in healthy subjects vs approximately 10 mg/mL for IgG) [START_REF] Dullaers | The who, where, and when of IgE in allergic airway disease[END_REF] .

IgE bind mainly to the high-affinity receptor FcεRI at the surface of tissue-resident mast cells and blood basophils. IgE can also bind to FcεRI expressed on other cell types at lower levels, including neutrophils, eosinophils, monocytes and dendritic cells, particularly in atopic and allergic individuals. 65 Re-exposure to a bivalent or multivalent allergen induces the cross-linking of FcεRI-bound IgE, leading to the activation of mast cells and basophils and the immediate release of preformed or newly generated mediators; as stated above, these mediators include histamine, various proteases such as tryptase, lipid mediator PAF, etc.

Several observations have evidenced for a long time the importance of IgE in anaphylaxis. In human subjects, total IgE can be found at much higher levels in patients with allergic diseases, but it's not a general feature. 30 Purified IgE can transfer skin reactivity from a sensitized human subject to a naïve host. 100,101 . Several studies have indicated that the anti-IgE antibody drug Omalizumab can decrease the risk of anaphylaxis. 102,103 In mouse models, passive cutaneous anaphylaxis (PCA) and PSA are induced by transfer of antigen-specific IgE into naïve mice followed by antigen challenge. 104,105 IgE-mediated PCA and PSA are abrogated in mice lacking high-affinity IgE receptor FcεRI 105 ASA is partially reduced in IgE-deficient or FcεRI -/-mice in some models but not in others. 66,106,107 Mast cells, basophils and their mediators: Mast cells (MCs) are derived from hematopoietic stem cells generated in the bone marrow and migrate through the blood to the tissues where they mature, residing in vascularized tissues near surfaces exposed to external environment like skin, gut and lung. In humans, MCs are divided into two subtypes based on the protease content of their secretory granules. Thus, human lung MCs contain only tryptase and are known as MCT, whereas skin MCs contain both tryptase and chymase and are known as MCTC. Patients with severe asthma display elevated MCs in the lung, which undergo phenotypic change from MCT to MCTC. .The maturation and proliferation of mast cells are stimulated by an important stem cell factor (the ligand of the KIT receptor or CD117) and by cytokines, like IL-3 or IL-9. 108 The recently described MRGPRX2 is mainly expressed on cutaneous MCTC (see details below).

Basophils are the rarest type of the three granulocyte subsets and constitute less than 1% of peripheral blood leucocytes in humans and mice. 109 Originating in the bone marrow, basophils enter the circulation as mature cells and have a short life span (around 60h) under physiological conditions. 110 However, their role in anaphylaxis is of main importance. The resting basophil do not or barely express MRGPRX2 (see below). Comparative studies between MCs and basophils can assist to identify the MRGPRX2 mechanisms involved in the anaphylaxis.

Mast cells and basophils are viewed as key players in IgE-dependent anaphylaxis.

Mast cells and basophils ordinarily express large numbers of the high-affinity IgE receptor FcεRI. In IgE-dependent immune responses, the cross-linking of antigenspecific IgE bound to FcεRI by antigen can induces the aggregation of FcεRI, further leads to the activation of downstream signaling, promote the secretion of histamine and various cysteinyl leukotrienes (CysLTs). 111,112 Tryptase is a neutral protease selectively concentrated in the secretory granules of human mast cells (but not basophils). It is released by mast cells together with histamine and could serve as a marker of mast-cell activation. 43 . 113 Additional evidence for a role of mast cells in anaphylaxis comes from the observation mastocytosis patients. Mastocytosis is a disease characterized by the presence of high numbers of mast cells in various organs, 114 have a higher occurrence of anaphylaxis. 115 Various strains of mast cell-deficient mice has been used to confirm the key role of mast cells in IgE-mediated anaphylaxis. 64,116,117 Several reports now demonstrate that mast cell-deficient mice also have reduced peanut-induced anaphylaxis in active systemic anaphylaxis (ASA) models that lead to the generation of various classes of allergen-specific antibodies, and not only IgE antibodies. 66,118 The role mast cells play in experimental anaphylaxis can be enhanced or masked depending on factors such as the exact model, the adjuvant used for allergen immunization, and the nature of the allergen; mast cells have thus been suggested to be the main tissue cells responsible for anaphylaxis.

It is difficult to clearly ascertain the relative contribution of basophils compared to mast cells in the pathology of anaphylaxis, as both cells express high levels of FcεRI and release histamine. Mast cell numbers are much higher than basophil numbers in the body, making mast cells the primary cell type to respond by mediator secretion to IgE stimulation by allergens/antigens, whereas the contribution of basophils to the total mediator secretion/release may be more anecdotical. Basophils are reported to participate in the initiation of IgE-associated anaphylaxis 119 and IgE-dependent activation of human basophils leads to increased levels of several basophil cell-surface markers, such as CD203c or CD63. This led to the development of the in vitro basophil activation test, 52 which is used to diagnose or confirm allergen sensitization, but also to monitor the efficiency of allergen immunotherapies (insect venom, drugs…).

Histamine is an important mediator of anaphylaxis. Aerosol administration of histamine can induce the reaction of bronchoconstriction in healthy volunteer. 120 Many signs and symptoms of anaphylaxis can be observed in health volunteers when intravenous administration of histamine. Specifically, the typical anaphylaxis symptoms including cutaneous flushing, headache, airway obstruction, and transient hemodynamic changes. 121,122 The antagonism of different histamine receptors (H1,H2,H3,H4), have identified H1 receptor as the major effector of systemic effects including airway obstruction and tachycardia. Some other manifestations including cutaneous flushing and headaches, seem to be mediated through both H1 and H2 receptors. H1-antihistamine drugs are commonly used as adjunctive treatment for acute anaphylaxis and anaphylactoid reactions, even if they do not prevent severe anaphylaxis episodes. 73 Mast cells and basophils are likely the main sources of histamine in patients with anaphylaxis. Histamine release is abrogated in mast cell-deficient mice in a model of 123 and no increase of plasma histamine was observed in 2 models of ASA in mice deficient for both mast cells and basophils. 118,124 • IgG-mediated pathway of anaphylaxis IgG and FcRs: Mice and human share the remarkable features of possessing four IgG subclasses. [125][126][127] Mouse IgG subclasses include IgG1, IgG2a (or IgG2c depending on the mouse strain), IgG2b and IgG3. The total concentration in serum is around 6 mg/ml. Human also express four distinct IgG subclasses: IgG1, IgG2, IgG3 and IgG4. The total amount in serum is around 10 mg/ml. Different IgG subclasses have distinct patterns of production during the immune response, different affinities for the various FcRs 128 and for the complement component C1q 129 . These subclasses can trigger different effector functions based on their receptor binding specificities. [START_REF] Beutier | IgG subclasses determine pathways of anaphylaxis in mice[END_REF] The Fc receptors of mice and human are predominately expressed on cells originating from hematopoietic progenitor stem cells including dendritic cells, neutrophils, basophils, eosinophils, macrophages, monocytes, mast cells, NK cells, B cells andonly in humans-platelets. Non-hematopoietic cell types such as syncytiotrophoblasts were also reported to express FcRs at various levels. 128,130 In mice, cells express 3 classical activating FcRs: mFcRI, mFcRIII, mFcRIV, together with the inhibitory mFcRIIB, and the recycling receptor mFcRn. In human, there are 6 receptors including hFcRI(CD64), hFcRIIA(CD32A), hFcRIIC(CD32C), hFcRIIIA(CD16A), and hFcRIIIB(CD16B), the inhibitory receptor hFcRIIB(CD32B), and the recycling receptor hFcRn. They can be classified as activating FcR and inhibitory FcR based on their function 131 as well as characterized as high-affinity and low-affinity if they do, or not, retain monovalent IgG 132 .(Figure 4) Allergens are recognized by specific IgG, forming immune complexes that can bind to the activating FcR expressed at the surface of myeloid cells, leading to the release of mediators and in particular platelet-activating factor (PAF). The release of the mediators causes similar clinical manifestations than histamine causes during IgEmediated anaphylaxis.

Data from mouse models have demonstrated that IgG1, IgG2a, and IG2b (but not IgG3) can induce PSA. [START_REF] Beutier | IgG subclasses determine pathways of anaphylaxis in mice[END_REF]106,134,135 IgG-PSA is reduced in FcRIII-deficient mice. [START_REF] Miyajima | Systemic anaphylaxis in the mouse can be mediated largely through IgG1 and Fc gammaRIII. Assessment of the cardiopulmonary changes, mast cell degranulation, and death associated with active or IgE-or IgG1-dependent passive anaphylaxis[END_REF] Mice deficient for IgG1 or FcRIII are largely protected in several ASA models. 38 Novel evidence of IgG-mediated anaphylaxis in humans has recently been found and has been discussed in terms of contribution by itself, or in addition to IgE-mediated anaphylaxis. 68,136 Clinical evidence for human IgG-mediated anaphylaxis comes from observations involving the parenteral administration of significant quantities of drug allergen. For example, IgG-dependent anaphylaxis has been suggested in response to different chimeric, humanized, and even fully human monoclonal antibodies such as infliximab 137,138 and adalimumab, 139 dextrans, 140 or aprotinin. 141 However, the contribution of IgE-dependent mechanisms in these observations remains debated, 142 as in some cases (low) titres of drug-soluble IgE were demonstrated. My two PhD laboratories reported in 2019 that an IgG-mediated pathway contributed to the severity of anaphylaxis in NMBA-induced anaphylaxis patients. 68 . My participation to this study is detailed in the Result section of the thesis (manuscript 1).

Human basophils express activating (FcγRIIA) and inhibitory (FcγRIIB) low-affinity IgG receptors. The FcγR acts as a regulatory module, made of two subunits with antagonistic properties, that prevents IgG-induced and controls IgE-induced basophil activation in both mice and humans. 143 FcγR expression in mast cell is heterogenous. Neutrophils, platelets and related mediators: Neutrophils represent the most abundant circulating leucocytes in humans, accounting for 50% to 70% of blood leucocytes and 20% to 30% in laboratory mice housed in specific-pathogen free conditions. 147,148 Neutrophils are produced in high amounts, with 1 to 2 x 10 11 cells being produced per day in a healthy adult. They have long been considered as shortlived innate immune cells, with a half-life between 6-12 hours. However, recent studies have shown that neutrophils can exhibit an extended half-life in certain inflammatory conditions. 149 As an important consideration for anaphylaxis, human and mouse neutrophils express several activating FcγR, 150 and are the major cellular source of PAF in humans.

Neutrophils produce also PAF in response to stimulation with IgG-immune complex in vitro. 106 Neutrophils have been reported to produce minute amounts of histamine, 151 but this extremely low production has not yet been linked to a particular biological function. The decreased expression of the activating IgG receptors FcγRIII and FcγRIV on the surface of mouse neutrophils occurs during IgG-mediated PSA, suggesting that neutrophils could be directly activated by immune complexes during anaphylaxis in vivo. [START_REF] Beutier | IgG subclasses determine pathways of anaphylaxis in mice[END_REF]152 Platelets have been proposed to be involved in human anaphylaxis and release platelet factor-4 and serotonin following activation. 153 Importantly, platelets can express low levels of FcεRI, FcεRII, and constitutively functional levels of FcγRIIA 128,154 , and can be activated ex vivo after incubation with serum from allergic patients with subsequent exposure to the relevant allergen. Importantly, Beutier et al reported that mice expressing human FcγRIIA are particularly sensitive to anaphylaxis, express FcγRIIA on their platelets, and that serotonin released by activated platelets contributed to anaphylaxis severity. They also reported that data from a cohort of patients suffering from NMBA-induced anaphylaxis indicated that platelet activation was associated with anaphylaxis severity and was accompanied by a reduction in circulating platelet numbers. 155

Platelet-activating factor (PAF) produced and secreted by several hematopoietic cells, particularly neutrophils, but also mast cells, monocytes, tissue macrophages, platelets and eosinophils, and also non-hematopoietic cells like endothelial cells. PAF is implicated in platelet aggregation and activation through the release of vasoactive amines in the inflammatory response, resulting in increased vascular permeability, circulatory collapse, decreased cardiac output, and various other biological effects. 156,157 PAF can be rapidly released (30 s) upon cell stimulation, it is also produced in the late phase of allergic reactions. PAF has a short half-life (3-13 min) and its degradation is catalyzed by PAF acetyl-hydrolase (PAF-AH). PAF has been proposed to play a pivotal role as a mediator of anaphylaxis, particularly during active systemic anaphylaxis. 158 Serum PAF levels correlate with the severity of anaphylaxis in human subjects and mouse models. 159,160 Quantification of PAF levels show some promise in the diagnosis of anaphylaxis and might help elucidate potential therapeutic targets for the management of PAF-mediated anaphylaxis. 157 It has been proposed that IgE-dependent pathways can be triggered with very small amounts of allergen/antigen, whereas IgG-dependent pathways may require larger amounts of allergen/antigen. In a mouse model of anaphylaxis, high amounts of antigen through the intravenous route has been used to induce anaphylaxis suggesting that high doses are necessary to trigger IgG-mediated anaphylaxis 161 . Accordingly, the most likely case in which IgG-dependent anaphylaxis may be evoked in humans is the intravenous exposure to an injectable drug. Indeed, recently, our group has reported the detection of antigen-specific IgG in the serum of patients with suspected anaphylaxis to NMBA during general anesthesia. 68 In this study, the co-existence of antigen-specific IgE and IgG aggravated the severity of anaphylaxis. Neutrophils were activated early after anaphylaxis onset, and plasma purified anti-NMBA IgG antibodies could trigger neutrophil activation in vitro. Specifically, antigen-specific IgE was undetectable in 72% of patients with anaphylaxis. 68 This study thus highly suggested that an IgG/neutrophil mechanism can be responsible for NMBA-induced anaphylaxis, alone or together with an IgE/basophil mechanism, and mast cells might also contribute directly through MRGPRX2. Some other clinical observations have also suggested the existence of IgG-mediated anaphylaxis in patients after injection of biological agents like monoclonal therapeutic antibodies 162,163 or intravenous immunoglobulin therapy (IVIG) in patients with common variable immunodeficiency (CVID). 164

• Complement-mediated anaphylaxis

In response to various stimuli, the complement cascade is activated to generate C3a, C4a and C5a, also named anaphylatoxins. Those anaphylatoxins can activate various myeloid cells including mast cells and basophils that express anaphylatoxin receptors, strongly suggesting their involvement in anaphylaxis. 165,166 (Figure 5)

In human subjects, the injection of low dose of C3a, C4a or C5a into the skin of healthy volunteers induces immediate wheal-and-flare reactions. [167][168][169] . Moreover, blood levels of C3a, C4a and C5a correlate with the severity of anaphylaxis in human subjects. 170 Several transgenic mouse models have been generated to study the role of complement in anaphylaxis and suggest that complement components are more likely playing a synergistic role with antibody-mediated anaphylaxis. [171][172][173] • Mast cell MRGPRX2 mediated pseudo-allergic activation Mast cell degranulation during anaphylaxis has been suggested to be mainly IgEmediated, but in some cases, degranulation occurs without IgE involvement. 174 In 2006, Tatemoto and colleagues described a new activating receptor on mast cells called MRGPRX2. It is confined to CTMC/MCTC and is barely expressed by MMC/MCT (difference of ≈500-fold at the mRNA level). 175 In 2015, McNeil and colleagues finally demonstrated that MRGPRX2 acts as a receptor for a multitude of drugs, causing pseudo-allergic reactions in susceptible individuals; these drugs include icatibant, two NMBAs (atracurium mainly, but also rocuronium), and several fluoroquinolones antibiotics (ciprofloxacin, levofloxacin, moxifloxacin, ofloxacin). 50 Mrgprb2 is the murine MC-expressed ortholog of MRGPRX2 in human. Mrgprb2deficient mice and MCs cultured from these mice showed dramatic reductions in MC degranulation to compound 48/80 a classical mast cell activator and canonical basic secretagogue. 50 The discovery of MRGPRX2 can explain a number of puzzling results yet unexplained in the past, making it a true paradigm in MC biology. (Figure 5) Accumulated evidence has indicated that drugs such as some NMBAs (aminosteroids and benzylisoquinolines) 176,177 , opioids 178 and antibiotics (fluoroquinolones) 179 offtarget the occupation of MRGPRX2 and could lead to mast cell release of histamine and other mediators. This constitutes an additional mechanism of non-immune immediate drug hypersensitivity (IDHR). 50,175,180 Some authors have proposed to reclassify NMBA hypersensitivity as an adverse pharmacological event or innate hypersensitivity reaction. [START_REF] Spoerl | Reclassifying Anaphylaxis to Neuromuscular Blocking Agents Based on the Presumed Patho-Mechanism: IgE-Mediated, Pharmacological Adverse Reaction or "Innate Hypersensitivity[END_REF] However, data are mainly from animal and in vitro models and findings are not universal. A recent study from Didier Ebo's lab indicates that incubation of mast cells derived from CD34+ progenitor cells from peripheral blood (PBCMCs) with substance P, morphine and moxifloxacin increases intracellular calcium levels and triggers MC degranulation.

The selective silencing of MRGPRX2 can almost completely abolish these responses.

Despite an increase in intracellular calcium in MRGPRX2-expressing cells, incubation with non-toxic concentrations of rocuronium did not result in degranulation of PBCMCs.

In the same conditions, amoxicillin had no effect on PBCMCs 184 .

In attempt to better understand MRGPRX2-dependent mast cell degranulation in response to rocuronium, a retrospective clinical study including 61 rocuronium anaphylaxis patients was performed. Specifically, the skin test and in vitro/ex vivo tests data (including BAT, total IgE and morphine specific IgE tests) have been analyzed and the results indicate that 41% of the patients evidenced a non IgE-dependent anaphylaxis, potentially due to MRGPRX2; it can be thus suggested that the activation of MRGPRX2 could delineate a new endotype of severe allergy to rocuronium. 51,185 MRGPRX2 has been considered to be only expressed on mast cell and barely expressed by resting basophil; a recent study however indicates that MRGPRX2 was significantly expressed by basophils and eosinophils but not neutrophils 57,58 .

"Humanized" mouse models for anaphylaxis study

A widely used approach to develop mouse models closer to human physiopathology than wt mice is to alter mouse protein expression at the genetic level. Using this strategy, it is possible to replace genes that encode important immune functions with their human homologues. Several 'humanized' mouse models of anaphylaxis have thus been developed to investigate the functions of human antibodies, Fc receptors, and effector cells in anaphylaxis. [START_REF] Beutier | IgG subclasses determine pathways of anaphylaxis in mice[END_REF]186 Transgenic mice expressing human FcεRI instead of the mouse protein (hFcεRI Tg mice) have been generated. 187-189 hFcεRI Tg mice could develop systemic anaphylaxis in response to intravenous sensitization with mouse or human IgE (mouse IgE can bind to human FcεRI, while human IgE can't bind to the mouse receptor) followed by systemic antigen challenge. 187 Those mice experience passive cutaneous anaphylaxis when sensitized intra-dermally with serum from peanut-allergic patients and intravenously challenged with peanut extract. 190 Mice expressing the humanized FcεRI provide an important tool for investigating numerous aspects of FcεRI biology, as well as molecular mechanisms underlying the tissue-specific FcεRI distribution and evaluation of therapeutic agents.

hFcγRI Tg and hFcγRIIA Tg mice have also been generated, and the expression of hFcγRI or hFcγRIIA in such transgenic mice recapitulates that found in humans .191,192 Each of these transgenic models can develop IgG-mediated anaphylaxis through a mechanism involving monocytes/macrophages and neutrophils .193,194 Recently, a novel mouse strain expressing human low-affinity IgG receptor locus has been developed by our lab. Specifically, both activating (hFcγRIIA, hFcγRIIIA, and hFcγRIIIB) and inhibitory (hFcγRIIB) hFcγR genes has been knocked-in into the equivalent mouse locus. 186 The hFcγRIIA has been found to make a major contribution in anaphylaxis in those mice. Specifically, the anti-FcγRIIA antibody was used to block the FcγRIIA function and no anaphylaxis occurred. The decreased clinical signs of anaphylaxis was observed when neutrophils was depleted by antibody, and a lesser extent depletion of basophil. Finally, the antagonist of PAF receptor or histamine receptor 1 could also partially inhibit the anaphylaxis reaction . 186 Results from these "humanized" models of anaphylaxis support the idea that both human IgE and human IgG have the potential to induce anaphylaxis through their respective Fc receptors.

3.Antigen specific B cell

General history of B cell research

B cells are a subtype of lymphocytes. They form part of the adaptive immune response and mediate humoral immunity. B cells can produce high-affinity antibodies, generate immunological memory, present antigens and secrete regulatory cytokines.

In 1890, the discovery of circulating "antitoxins" (now known to be antibodies) to diphtheria and tetanus by Emil von Behring and Shibasaburo Kitasato is the first indication of the existence of the humoral immune response. 195 Paul Ehrlich later proposed that cells with pre-formed various antibody receptors (now known to be B cell receptors) were the possible producers of these "antitoxins" when stimulated by a complementary antigen. 196 In 1939, antibodies are identified as γ-globulins by use of Tiselius' electrophoresis method to separate serum proteins. The description of the physical nature of an antibody then helped to understand the antibody-antigen relationship. 197 In 1948, plasma cells have been identified as the cellular source of circulating antibodies in immunization experiments and later identified visually using immunofluorescence microscopy. 198,199 Two competing views appeared then to explain antibody generation : the "natural selection theory" 200 and the "clonal selection theory" 201 . In 1958, Nasal and Lederberg proved that each antibody producing cell makes one type of antibody when stimulated by its cognate antigen through micromanipulation techniques. 202 Since then, the Clonal Selection Theory has been the guiding principle of adaptive immunity.

Studies in the 1960s and 1970s demonstrated that B and T lymphocytes were responsible for two main basic functions, antibody production, and cell-mediated immune responses, respectively. The decades that followed have witnessed a continuum of unfolding complexities in B-cell development, subsets, and functions that could not have been predicted.

The clinical observations of patients wcith immunodeficiency diseases and mouse graft rejection experiments 203 hinted that antibody-producing lymphocytes and thymusderived lymphocytes might be two different lymphocyte lineages. 204 In 1965, Max Cooper and Robert Good used chicken as an experimental model system and they showed that cells that develop in the bursa of Fabricius (equivalent to the bone marrow in mouse and human) were responsible for antibody production ('B cells'), whereas cells that develop in the thymus were necessary for delayed-type hypersensitivity responses ('T cells'). These findings defined separate B and T cell lineages in adaptive immunity and shaped the course of modern immunology. 205,206 In 1976, Susumu Tonegawa answered the fundamental question about antibody diversity at the molecular level while describing somatic recombination mechanisms. 207 Each B cell assembles a unique set of antibodies by combining a set of three types of gene segments (V segment, D segment and J segment) from a large pool of potential segments, called V(D)J recombiantion. The paired recombinationactivating gene 1 (RAG1) and RAG2 encode enzymes that are essential for initiating V(D)J recombination 208,209 Affinity maturation though somatic hypermutation is mediated through the enzyme activation-induced deaminase(AID) that is essential for initiating heavy chain class switching and somatic mutation of V regions, in order to promote the affinity maturation of antibodies. 210

The hybridoma technique used to immortalize antibody producing B cells had a big impact in B cell biology. In 1975, Köhler and Milstein reported that they had fused B cells with a myeloma cell line which generated hybrid cells that could continuously • Antibody repertoire formation Primary repertoire formed through somatic recombination: BCRs are first assembled by somatic recombination of a big number of immunoglobulin gene segments, then continuously exposure to exogenous antigens and endogenous host factors induces the somatic hypermutation and affinity maturation. Finally, the diversification of BCR in theory is over 10 13 in humans. 227,228 However, the total number of B lymphocytes in the human body is 100-fold lower, approximatively 1-2 × 10 11 . 229 Antibodies consist of heavy (μ, α, γ, δ, ɛ) and light chains (κ, λ), which are linked by disulfide bonds. The intact antibody comprises of variable and constant domains (Figure 7). The variable domain can bind the various kind of antigens and it is generated through recombination of a large set of tandemly arranged variable (V), diversity (D) and joining (J) germline gene segments. the deletion or addition of nucleotides at the junctions between ligated gene segments usually happen during the V(D)J recombination. Specifically, DNA exonucleases can trim the ends of the gene segments, and DNA polymerases and transferases can randomly insert templated palindromic or non-templated nucleotides, respectively.

Allelic exclusion mechanisms can make sure that each B cell expresses only one single BCR 230 . Some developmental checkpoints have to be go through by the naive B cell ensure the generated mature IgM+IgD+ B cells. The IgH VDJ gene segment ligation site, also known as the IgH complementarity-determining region 3 (CDR-H3) is concentrated with most of the diversity in the primary antibody repertoire. CDR-H3 is the most diverse component in both of length and sequence and is also the principal determinant of antibody specificity. 231,232 Nonetheless, some studies have found the the L chain is predominantly dictated the antigen specificity. Affinity maturation is the process BCR increase the affinity to the antigen. Specifically, the BCR bearing somatic mutations with increased antigen affinity compete against other B cells for access to antigen, thus take the preferential expansion and survival.

The CDR-H1 and FR3 region has also been found to obtain the sequence diversification through somatic hypermutations. This has been proposed to constitute a fourth hypervariable region of the antibody H chain 236 . Class-switch recombination is mediated by activation-induced cytidine deaminase (AID) the generates different antibody isotypes including IgG, IgA or IgE. Finally, the different isotype B cell differentiate into memory B cells, antibody-secreting plasmablasts or plasma cells. B cells expressing somatically mutated, high-antigen-affinity BCRs can differentiate into long-lived memory B cells, capable of mediating rapid recall responses to the same antigen, or into terminally differentiated plasma cells. The plasma cell has downregulated surface BCR expression, establish residency in the bone marrow, gut lamina propria, and secrete protective antibodies at extremely high rates estimated at 10,000-20,000 molecules per second 237 . The long-lived plasma cells ihas been postulated to proceed for very long times, possibly throughout the entire lifetime of the organism.

In summary, the primary antibody repertoire diversity is stemmed from the immunoglobulin gene segments diversity in, combinatorial diversity introduced during somatic recombination, junctional diversity caused by the imprecision of the recombination process, pairing of IgH and IgL polypeptide chains, and receptor editing, wherein the existing V-gene segment is replaced with another. In addition, the VH replacement resulting from the presence of a cryptic recombination signal sequence in FR3, might influence as much as 5-12% of the human primary B-cell antibody repertoire 238 . The post-antigen-stimulation secondary antibody repertoire diversity is stemmed from somatic hypermutations and class-switch recombination. Plasmablasts and plasma cells: Antibodies circulating in the blood are produced by short-lived plasma cells and long-lived tissue resident plasma cell and their transient B-cell precursors termed plasmablasts. Plasmablasts could be newly generated from naive B cells and reactivated memory B cells are released from germinal centers to transiently circulate in the bloodstream before migrating to secondary lymphoid organs or to inflamed tissues, where they can differentiate into longer-lived tissue-resident plasma cells. [239][240][241] The cells may stay in this state for several days, and then either die or irrevocably differentiate into a mature, fully differentiated plasma cell.

Plasmablasts still keep the capacity to rapidly proliferate, internalize antigens and present them to T cells. For instance, studies sequencing the antibody response to influenza vaccination have detected a transient increase in peripheral blood plasmablasts numbers is >75% of which produced anti-influenza antibodies. 242 Terminally differentiated plasma cells express relatively few surface antigens, and do not express common pan-B cell markers, such as CD19 and CD20. Instead, plasma cells are identified through flow cytometry by their additional expression of CD138, CD78, and the Interleukin-6 receptor. In humans, CD27 is a good marker for plasma cells; naive B cells are CD27-, memory B-cells are CD27+ and plasma cells are CD27++. The antigen CD138 (syndecan-1) is expressed at high levels on the plasma cell surface. 243 The CD319 (SLAMF7) is another important surface antigen expressed at high levels on normal and malignant plasma cells. Compared with CD138, which disappears rapidly ex vivo in plasma cell staining or purification experiments, the expression of CD319 is considerably more stable. 244 The frequency of plasma cells is quite variable, ranging from extremely low in peripheral lymph nodes up to a high of approximately 0.5% of nucleated cells in the spleen of a mouse. After immunization, the local frequency can increase quite sharply. Bone marrow is considered the site for the long-term maintenance of plasma cells arising from immunization.

The easy access to plasmablast in blood of recently infected or vaccinated individuals, and plasma cells from bone marrow of animal models makes these cells become an ideal B cell population to analyze when searching for antibodies associated with a given immune response.

Memory B cells form during germinal center reactions. They can survive for decades and repeatedly generate an accelerated and robust antibody response upon reexposure to a target antigen. 234,245,246 Antigen-specific memory B cells are present at much lower frequencies at 1 of 2,500-100,000 memory B cells in blood are specific for the cognate antigen while in some cases up to 75% of peripheral blood plasmablasts can be specific for the antigens targeted by the ongoing immune response. 234,247,248 The long survival of memory B cells gives them the capacity to exposure and respond to the same antigen for multiple times. 245 Certain anti-apoptosis genes are highly expressed in memory B cells and thus been hypothesized to be responsible for the memory B cell long-lasting survival. 249 Notably, there is no need for the memory B cells to continually interact with the antigen nor with T cells in order to survive for longterm. 250 There are two known specific markers for memory B cells in mice, although studies suggest that the CD38 low and CD38 high phenotypes are indicative of isotypeswitched germinal center (GC) and memory B cells in the mouse 251 . Further analysis suggested that IgG1+CD38 high B cells, but not IgG1+CD38 low B cells, are capable of inducing a significant IgG1 secondary response in the adoptive hosts, demonstrating that the CD38 low and CD38 high phenotype distinction can be used to monitor the development of the antigen-specific memory B cells in the T cell-dependent (TD) response. In humans, approximately 30-50% of the peripheral blood B cells are CD27+, and CD27 has been identified as a good surface marker for human memory B cells. 252,253 IgD-CD27+ cells in the peripheral blood have already undergone class switch recombination (CSR) and have accumulated somatic hypermutations (SHMs) in their VH genes in comparison to CD27-B cells. Memory B cells that lack CD27 expression are generally associated with exhausted B cells in certain chronic infection conditions or autoimmune disease such as HIV, lupus, or rheumatoid arthritis. 246 

Memory B cell can express different classes of antibody with special properties: 245

IgD Memory B cells are very rare. B cells with only IgD are found concentrated in the tonsils. 245,250 IgM Memory B cells can be found concentrated in the tonsils, Peyer's patch, and lymph nodes. This subset of memory B cells is more likely to proliferate and reenter the germinal center during a secondary immune response. IgG Memory B cells typically differentiate into plasma cells. IgE Memory B are very rare. This may occur because B cells that express IgE more frequently differentiate into plasma cells rather than memory B cells. 254 The memory B cells can be isolated by FACS sorting with fluorescently-labeled antigen as baits to bind antigen-specific BCRs expressed on cell surface; however, due to the low frequency of antigen-specific memory B cells in peripheral blood, sorting the antigen-specific memory B cell usually need large volume of peripheral blood mononuclear cells.

Tissue-infiltrating B cells have been identified to play a role in both autoimmune

diseases and in cancer 255 . Through the combinational analysis of the B-cell antibody repertoires in the synovium and blood of Rheumatoid Arthritis(RA) patients , as well as in the brain and blood of patients with multiple sclerosis, providing insights into the sites of B-cell activation and affinity maturation in these diseases. 256 While the tissueinfiltrating B cells are more difficult to access compare to peripheral blood B cells.

Technology development in screening and sequencing B cell repertoire

Since the development of hybridoma technology over three decades ago, numerous monoclonal antibodies have been produced and the use of monoclonal antibodies has become one of the major breakthroughs in medicine, as diagnostic tools, but also for therapeutic use. Significant progress have been made on new technologies for generating human monoclonal antibodies and analysis antibody repertoire.

• B cell immortalization and limiting dilution screening:

Hybridoma technology has contributed to virtually all areas of biology and medicine and has been greatly refined since its introduction in 1975. In the early days, approaches to produce mAbs included (1) the hybridoma technique, based on the fusion of antibody-producing human B lymphocytes with either mouse or human myeloma or lymphoblastoid cells; 211,257 or (2) the EBV immortalization technique, based on the use of Epstein-Barr virus (EBV) to 'immortalize' antigen-specific human B lymphocytes. [258][259][260] Each method had its advantages and drawbacks. Antibody secreting hybridomas are derived from a fusion of myeloma cells that can grow indefinitely and an immune B lymphoblast that expresses a specific antibody gene.

Screening:

The immortalized B cells can be seeded in culture plates and their supernatants can be tested for the specificity of the secreted Abs. After confirming their specificity, the original antibody sequence can be obtained from single clones and introduced in vectors suitable for scalable production. The limitations of this technique are obvious: 1). Laborious-it is a non-selective method which results in a requirement for excessive screening to identify desired clones. Automation is helping to address this relatively inefficient, biased toward dividing plasmablasts rather than fully mature plasma cells, and are limited to specific species, 2).Time consuming-cultures are grown for between 2 and 3 weeks per round of cloning and several rounds of cloning are typically required to achieve clonality, 3). Production of hybridomas and immortalized B-cells depend on the efficiency of cell fusions and viral transformation, which are difficult to optimize 261 . Additionally, meticulous culturing methods and specificity assays are usually performed in conventional multi-well plate systems, which have a scaling up limit in the 100s-1000s range, which might not be adequate enough when looking for very rare clones.(Figure 9) Phage Display: Phage display technology, as one type of display platform, was first developed in 1985 and has been used to produce large numbers of peptides and proteins using bacteriophages. It is the next method being successfully used to select antigen-specific variable region genes and to express functional antibody fragments with unique specificity. 263,264 To isolate human antibodies, the library of diverse human immunoglobulin-heavy chain variable (VH) gene and light chain variable (VL) gene segments are prepared by reverse transcription of mRNA from B cells and PCR amplification. The gene encoding single chain variable fragment (scFv) can be created by randomly combining VH and VL gene segments using PCR. The large antibody repertoires can be generated using the process of combinatorial infection and in vivo recombination, to display scFv on the surface of the phage. 265 After bio-panning the phages bound to a range of antigens or haptens, antigen-specific antibody fragments with good affinities can be identified. 266 Phage display involves multiple steps for library construction, antibody fragment display and multiple rounds of screening, and is restricted to soluble antigens. 'Displaying' the antibody fragment in a non-native state on the surface of phage particles may lead to the non-specific binding, the expression of truncated clones and a bias for selecting antibody clones most suited to expression on phage as opposed to natural expression from the antibody secreting cells. These limitations combined with the need to undergo multiple rounds of enrichment can led to some highly valuable clones being lost that would have been identified with newer technologies. 267

• High-throughput single cell screening of antibody repertoire:

Due to the comparable readily access, the peripheral blood has become the major source for identification of B cells. However, it is estimated that only 2% of the 1-2 × The use of specific monoclonal antibodies generated against the cell surface markers made cell identification easier since antibodies could be coupled to fluorophore that facilitated cell visualization. 270 In the meantime, the knowledge about identification of different kinds of cells based on surface markers is increasing rapidly. [271][272][273] The contemporary study of antibody repertoires relies on the detection of memory B cells, or B cells expressing surface antibodies, by cellular markers or binding to fluorescently labeled antigen. [274][275][276] . Although these repertoires might not reflect the constituting circulating serum the convenience of sorting by surface staining makes FACS a very useful tool. Currently, one of the major approaches that aim to explore the total B cell diversity or the plasma cell repertoire is based on sorting (by surface markers) memory B cells and plasma cells into culture wells where they can be maintained (EBV immortalization for MBCs cells, short-time culture for PCs) and the antibodies in their supernatants can be assayed for specificity. Then, the original cell is identified and its antibody genetic information can be obtained by single cell RT-PCR and sequencing. 277 FACS is extremely well established and is widely used alone or in combination with complementary methods by a number of antibody discovery companies and with sorting times as fast 10,000 cells per second it is not difficult to see why it is so popular. 267 One of the major disadvantage of FACS as a mean to screen antibody libraries is that the ability to detect secreted products (e.g. antibodies) is somewhat limited, as reliable detection is generally carried out using intracellular or cell surface based targets. One other limitation continually quoted to FACS is the level of compensation required, to reduce the effects of spectral overlap, in analysis that involves more than 2 different fluorophores. 278 Microfluidic Droplet: The use of microfluidic droplet as a high-throughput single-cell analysis and screening tool has been developed within the last decade, and has a great potential in analysis and sorting antibody secreting B cells.(Figure 10) 267,279 The basic principle of droplet microfluidic systems is simple: highly monodisperse aqueous droplets flow in an inert carrier oil in microfluidic channels on a chip and each droplet functions as an independent microreactor. 51 Each droplet is the functional equivalent of a well on a microtiter plate. However, the volume of the droplets typically ranges from a few picoliters to a few nanoliters, making the reaction volume roughly a thousand to a million times smaller than in a microtiter plate well. 279,280 Droplets can be generated and manipulated in a variety of ways including fused, split 281 , incubated and sorted. For example, new reagents can be added to preformed droplets at defined times in a variety of ways, including by passive droplet fusion • High-throughput sequencing of VH-VL native-paired antibody repertoire

The approach used in the 1990s and 2000s for the analysis of antibody repertoires involves reverse transcriptase polymerase chain reaction (RT-PCR) and Sanger sequencing of antibodies expressed by individual B cells. However, this approach can only characterize tens to hundreds of B cells per experiment. Despite low throughput, the technique has been used to identify antibodies that neutralize clinically important pathogens such as HIV-1 and influenzae viruses, 242,276,290,291 or autoantibodies that contribute to autoimmune disease. 292 Nonetheless, one key limitation of lowthroughput, B-cell cloning studies has been that they provide only a glimpse of the full antibody repertoire.

The development of high-throughput DNA sequencing technologies 293,294 has enabled large-scale characterization of functional antibody repertoires, a new method of understanding protective and pathogenic immune responses. 233 Sequencing antibody repertoires is transforming our understanding of pathogenic and protective immune responses in autoimmunity, 295,296 infection, vaccination and cancer.

A comprehensive survey of the B-cell repertoire requires to accurately recreate recombinant versions of endogenous antibodies, to pair the cognate IgHs and IgLs expressed by individual B cells, ensure that the sequencing covers the entire variable regions encoding the CDR1, CDR2, CDR3 or/and framework regions of both the IgHs and IgLs, and ensure that the sequences are error-free. 53,297,60 Several new single-cell sequencing methods can preserve the endogenous pairing of IgHs and IgLs including linkage-PCR based [298][299][300] , barcode-based 301,302 , bead-based 303 , microwell-based and droplet-based methods. Some approaches integrate more than one of these methods.

(Figure 11)

For its proper application, a thoughtful consideration of experimental design is required including the sources of DNA sequence, how to delineate which VH genes are paired with which VL genes in each single B cell, and the use of appropriate data The biotech company HiFiBio Therapeutics has recently collaborated with one of my research units, and proposed an integrated solution for sorting and VH-VL sequencing of IgG-secreting B cells (plasma cells and plasmablasts) termed "CelliGO". CelliGO is a droplet microfluidics system that combines high-throughput screening for IgG activity, using fluorescence-based in-droplet single-cell bioassays 304 , with sequencing of paired antibody V genes, using in-droplet single-cell barcoded reverse transcription. 305 (Figure 12). 

Transgenic mice for human antibody research

Genetic humanization, which involves replacing mouse genes by their human counterparts, can create powerful animal models for the study of human genes and diseases. Mice humanized for their immunoglobulin genes allowing for human antibody responses within a mouse background (HumAb mice) and also providing a valuable platform for the generation of fully human antibodies as therapeutics.

In 1994, genetically engineered mice expressing human antibody repertoires were first reported for generating human antibodies using the hybridoma technology.

The engineered transchromosomal mice comprised of disruption of endogenous mouse Ig-heavy chain and Igκ-light chain loci together with the introduction of transgenes encoding human Ig-heavy chain and Igκ-light chain out [306][307][308][308][309][310] Transgenic mice producing human antibodies with various heavy-chain isotypes have also been generated to tailor effector functions. So far, around the world, at least 570 therapeutic mAbs have been studied in clinical trials by commercial companies, 311 and 79 therapeutic mAbs have been approved by the United States Food and Drug Administration (US FDA) and are currently on the market. 312,313 Currently, genetic humanization is most often accomplished by the so-called "KO-plustransgenic humanization" strategy that involves crossing a KO of the mouse gene with a randomly integrated transgenic of the human gene. [314][315][316][317] Previous study

showing the successfully rearranged precursor B cells has been produced in mice exogenously introduced Ig transgenes which suggest mice could be genetically humanized to produce fully human monoclonal antibodies. 318 Such mice provide the example of the gene humanization strategy using the KO-plus-transgenic approach. 306,313,319 These engineered mice is an important medical advance and fully human monoclonal antibodies have been isolated from them with therapeutic capacity for treating a number of human diseases. [320][321][322] However, these mice display compromised B-cell development, which may limit their ability to generate fully human antibodies against some antigens. 323 The random introduction of the human Ig transgenes might contribute to their incorrect expression due to a lack of some known mouse downstream enhancer elements. 324,325 The inefficient interspecies interactions between soluble human immunoglobulins and mouse Fc receptors might reduce Ig serum concentrations and affinity maturation 166,326 A more straightforward approach is to directly homologously replace a mouse gene by its human counterpart at the same genetic location ("in situ humanization"). This strategy havs involved laborious procedures with limitation if the inserted gene size and precision. So far, the largest such in situ genetic humanization involved about 100 kb and required four Embryonic stem (ES) cell steps. 327 The VelociGene technology 328 allowed much larger targeted deletions in ES cells. More importantly, it has recently been proven that large insertions can also be precisely targeted to specific genomic locations using VelociGene technology. Thus, combination of these two features, targeting both large deletions and insertions, to humanize large regions in situ by direct homologous replacement of mouse genes with their human counterparts come true.

More than 200 kb could be precisely humanized in a single step. The mouse model termed VelocImmune mouse with unique genetically humanized immune system could be created in 2014. 323 In VelocImmune mice, only the variable regions of the mouse heavy and light chain Ig loci (heavy chain V-D-J and κ chain V-J) are replaced with the corresponding human sequences. The flanking mouse sequences, including all mouse constant chain genes and locus transcriptional control regions, remain intact and functional within the hybrid loci. Such a strategy would result in mice making "reverse chimeric" (i.e., human V: mouse C) antibodies that would presumably undergo normal interactions and selections with the mouse environment based on retaining mouse constant regions.

Retention of mouse heavy chain constant domains may provide for the formation of more efficient BCRs and may allow them to interact more faithfully with the half dozen mouse Fc receptors (FcRs). 329 Antibody/FcR interactions are thought to be involved in the processes by which B cells expressing the best antibodies are selected in the competitive environment of the germinal center. [330][331][332] Finally, in the VelocImmune mouse 6 Mb of the mouse loci could be replaced by 1.4 Mb of human genomic sequences, the largest genetic humanizations ever described until now. 323 The humoral immune systems of the resulting mice function as efficiently as those of WT mice. Comparing to mice with randomly integrated human Ig transgenes (hIgTGx mice), the increase in efficiency in the generation of fully human antibodies in VelocImmune mice is likely to dramatically increase the diversity of fully human antibodies that can feasibly be obtained after immunization with any particular antigen. This model is available in my research unit that considered that VelocImmune mice would be a good model to monitor the human B cell repertoire following immunization or vaccination of these mice, and to have access to B cell expressing human V(D)J rearrangements even in tissues difficult to access from patients: spleen, lymph nodes, bone marrow etc. Residual neuromuscular block is objectively defined as the presence of signs or symptoms of muscle weakness in the postoperative period after the intraoperative administration of an NMBA. It is more accurately defined using quantitative neuromuscular monitors, which are devices that measure and quantify the degree of muscle weakness in patients. Train-of-four (TOF) nerve stimulation was introduced in the early 1970s by Ali et al as a classical method to detect the neuromuscular blockade and has been described in Chapter1. 3. 336 Previously, a TOF ratio of <0.7 measured using either compound electromyography or mechanomyography has been considered to represent inadequate neuromuscular recovery. This value has been derived from several studies published in the 1970s. [337][338][339] More recent data suggest that TOF ratios measured with EMG, MMG, or acceleromyography must recover to values >0.9 to ensure optimal patient safety. [340][341][342][343] A precise definition of residual block requires not only the measurement of TOF ratios using objective neuromuscular monitoring devices (TOF ratio >0.9-1.0) but also a careful clinical assessment of each patient for other types of adverse effects potentially attributable to the use of NMBAs.

Reversing neuromuscular blockade

The TOF can also be applied in animal experiments (rhesus monkey, cat) to evaluate neuromuscular blockade when testing sugammadex efficacy to reverse NMB. 344 Currently, even if many important advances have been made in monitoring neuromuscular blockade and in neuromuscular blockade reversal agent application, residual neuromuscular blockade remains a common but usually undetected occurrence in the early postoperative period. 30,345 • Incidence of residual neuromuscular blockade

According to the American Society of Anesthesiologists, general anesthetics are administered to approximately 50 million patients each year in the United States. 346 It has been estimated that 35% to 40% of those patients will receive a non-depolarizing neuromuscular blocking drug, which means that at least 15 million patients will receive a muscle relaxant each year in the United States. Worldwide, the number of major surgeries has been estimated to be 234 million per year. 347 Data suggest that residual neuromuscular block is a common complication in the post-anesthesia care unit (PACU), with approximately 40% of patients exhibiting a train-of-four ratio <0.9. 26,27,348 It is a large absolute number of patients and a large public health safety issue.

A landmark study from 1979 by Viby-Mogenson and colleagues found that 42% of patients given long-acting muscle relaxants arrived in the PACU with TOF ratios of less than 0.7, which was the threshold at that time. 335 In the 1980s, a number of studies were performed and found that 21% to 36% of patients arrived in the PACU with TOF ratios of less than 0.7. 349,350 In the 1990s, TOF ratios < 0.9 was taken as the new standard threshold, the data from the 3 largest studies showed that 30% to 60% of patients arrived in the PACU with TOF ratios of less than 0.8 or 0.9. 30 In a meta-analysis of data from 24 clinical trials involving more than 3300 patients indicate that residual block occurred in 41% of patients who received intermediate-acting muscle relaxants, using TOF threshold of 0.9. 26,27,348 (Table 3)

A blinded multicenter study from year 2012 to 2013 in the US involving 255 patients has observed that 64.7% patients had residual neuromuscular blockade (RNMB) (TOF ratio < 0.9); among them, 31.0% had a TOF ratio <0.6 despite neostigmine administration and qualitative peripheral nerve stimulation used for routine clinical care. 351 In 2020, an observational study assessed the incidence of RNMB in a clinical setting; 58 studies with 25,277 total patients were included. 345 Inconsistent definitions of RNMB were reported across studies with 44 (76%) and 29 (50%) studies using quantitative and qualitative measures to detect RNMB, respectively. The most common definition of RNMB was train-of-four ratio (TOFR)<0.9 (29 studies) and TOFR <0.7 ( 16studies) measured at post-anesthesia care unit entry. For TOFR <0.9 at PACU entry, RNMB incidence ranged from 0% to 90.5% (median 30%) overall; 0% to 16.0% in the 

• Clinical complications of residual neuromuscular blockade

Residual neuromuscular blockade (RNMB) may impair regulation of ventilation during hypoxia, pharyngeal function and airway protection 352 , and has been shown to be associated with patient distress 353 , postoperative respiratory complications, and mortality 333,345,354 . Postoperative complications due to RNMB increase the clinical burden to patients and healthcare facilities, and increase healthcare resource use. 340,[355][356][357] Clinical implications of residual neuromuscular block are important questions. The answers to these questions mainly come from 2 lines of evidences. The first line is coming from studies that gave NMBAs to awake volunteers and then observed the effects on various physiologic systems. These studies basically show that these small degrees of residual curarization are associated with adverse effects on the respiratory system and unpleasant symptoms of muscle weakness. Specifically, the small degrees of residual curarization (TOF ratios 0.7-0.9) are associated with impaired pharyngeal function and increased risk of aspiration, weakness of upper airway muscles, airway obstruction, attenuation of the hypoxic ventilator response (approximately 30%) 340,342,343,352 The unpleasant symptoms of muscle weakness include inability to maintain incisor teeth apposition, diplopia and visual disturbances, inability to sit without assistance, difficulty speaking, severe facial weakness. The second line of evidence of residual neuromuscular block complications is coming from clinical studies where TOF ratios were measured in patients. 358,359 The clinical effects generally fell into 3 categories: adverse respiratory events, prolonged PACU length of stay, or unpleasant symptoms of muscle weakness. The incidence of these complications may be even greater in perioperative patients who receive, in addition to NMBAs, other anesthetic drugs such as benzodiazepines, opioids, volatile anesthetics, and induction drugs. All those drugs have been shown to affect physiologic functions. A study of patients undergoing a variety of different general anesthetic procedures found that patients with TOF ratios less than 0.9 had a high incidence of very unpleasant symptoms of muscle weakness and a poor quality of recovery at the time of discharge from the PACU. 360 The primary cause of mortality was postoperative respiratory failure due to neuromuscular weakness. It is thus concluded that it's highly important to be able to correctly reverse the neuromuscular blockade as soon as possible after NMBA use.

How to reverse neuromuscular blockade?

There are several means of enhancing recovery of neuromuscular function. These include increasing acetylcholine concentration at the neuromuscular junction or decreasing plasma concentrations of the NMBA through encapsulation and increased metabolism or increased elimination through the kidneys or liver. 365 (Figure13 ) Cholinesterase inhibitors are the principal drugs used for reversal of NMBAs and, in some countries, remain the only option. Neostigmine is one of the most commonly used cholinesterase inhibitors. 366,367 The increase in Ach concentration induced by an anticholinesterase is not limited to the neuromuscular junction, but also occurs at muscarinic sites where Ach is the neurotransmitter. Muscarinic side-effects of anticholinesterases include nausea and vomiting 368,369 , bradycardia and prolongation of the QT interval of the electrocardiograph 370 , bronchoconstriction 371 , stimulation of salivary glands, myosis, and increased intestinal tone. 372 The median time between neostigmine injection and recovery of the TOF ratio to 0.9 was 22.2 min when neostigmine was administered at TOF count 1. 373 Neostigmine is a slow-acting drug used when neuromuscular blockade is slight 374 , and it is ineffective in case of deep neuromuscular block. In the meantime, there is a high incidence of residual paralysis after administration of neostigmine.

Neostigmine-induced NMB represents another safety threat associated with the "inappropriate" use of neostigmine to reverse NMB, when used without appropriate nerve stimulator monitoring and dosing, this may actually increase neuromuscular blockade by creating very high concentrations of acetylcholine at the neuromuscular junction, which can have an antagonistic effect .375,376 Therefore, in order to administer neostigmine reversal safely, it is important to titrate the AChE inhibitor dose to the results of objective monitoring.

Currently, neostigmine remains the mainstay of practice worldwide, given decades of experience and the higher price of sugammadex. NMBAs are encapsulated into the toroid, where they are tightly held as a result of a combination of van der Waals forces and charge transfer. 2,383 (Figure 14)

Rapid plasmatic amino steroidal muscle relaxant encapsulation creates a concentration gradient that extracts NMBA molecules from the neuromuscular junction to shift back to the plasma. The affinity of sugammadex for rocuronium is comparable with the affinity of acetylcholine for the postsynaptic nicotinic receptor (10 7 M -1 ) 2 .

Sugammadex has slightly less affinity for vecuronium. 384 It has also been evaluated in clinical studies to reverse pancuonium 385 and pipecuronium but with much less efficiency. 386 In contrast to neostigmine, sugammadex in appropriate doses can reverse profound block produced by aminosteroidal agents. The sugammadex (2 mg/kg dose) rapidly reverses moderate neuromuscular block from rocuronium within 2 min, which is much quicker than the action of neostigmine, 372 4-8 mg/kg of sugammadex can reverse profound neuromuscular block when TOF is undetectable while neostigmine is inactive in such condition. 387 This allows inducing deep neuromuscular block to provide good surgical conditions throughout anesthesia, with rapid recovery from residual block thanks to sugammadex. 388,389 Large dose of sugammadex up to 16 mg/kg can reverse block immediately after administration of rocuronium. 390,391 This molecule is very useful in a 'cannot intubate, cannot ventilate' scenario. Another use for sugammadex: treat rocuronium-induced anaphylaxis?

Several reports have suggested the possibility of improvement of rocuronium-induced anaphylaxis by the administration of sugammadex. 76,[397][398][399][400][401] A standard treatment of anaphylaxis involves the prompt elimination of ongoing patient exposure to the offending antigen. 74 In the case of most intravenous drugs, it is impossible to eliminate exposure to the drug that is already in the patient's blood, and the remaining drug may continue to sustain the anaphylactic response until its total elimination by the body. In rocuronium-induced anaphylaxis, sugammadex could effectively 'remove' free rocuronium molecules from the circulation, thus possibly slow down or halt the immunologic process. This encapsulation might disrupt the structural orientation of rocuronium that is necessary to cause IgE crosslinkage, and hence, disrupt propagation of anaphylaxis. It's important to establish whether or not the allergenic substituted ammonium groups at each end of the rocuronium molecule in the inclusion complex are masked within the cavity or left exposed for interaction with rocuroniumreactive IgE antibodies in the sera of rocuronium-allergic patients. Molecular models have indicated that the determinants of hypersensitivity might still be accessible to binding. Some experiments based on classical antibody direct binding and quantitative hapten inhibition were designed and found that the allergenic structures on the sugammadex-rocuronium inclusion complex were still accessible and could react with specific IgE . 402 Another interesting question is whether or not encapsulation of rocuronium by sugammadex may prevent further mediator release from mast cells and basophils.

Leysen et al. in vitro study have indicated that CD63 expression, a marker of basophil activation, could not decrease when sugammadex was added after rocuroniuminduced basophil activation. 403 Similarly, rocuronium-sensitized patients were enrolled for intradermal skin tests which suggested that sugammadex was unlikely to significantly modify the course of an established rocuronium-induced allergic reaction; however these patients were anergic to sugammadex-bound rocuronium. 404 In contrast to these two studies, a review that summarized 11 cases from seven different countries demonstrated recovery from anaphylaxis after sugammadex administration. 405 Some authors believe that the timing of recovery in relation to the drug administration and the rapidity and extent of recovery support the efficacy of sugammadex. 400 One explanation of the discrepancy between clinical and laboratory settings is that the administration of sugammadex and alleviation of symptoms may have coincided with the beneficial effects of the already-instituted therapy with adrenaline injection and fluid resuscitation. 398 Another report retrospectively analyzed 13 cases of presumed rocuronium-induced anaphylaxis and concluded that sugammadex did not modify the clinical course of a suspected hypersensitivity reaction. 397 The authors raised the hypothesis that sugammadex administration on anaphylaxis improves cardiac preload after increasing muscle tone by reversing neuromuscular blockade. Further studies may be still needed to put an end to this debate.

In 2019, the modified Delphi consensus process made by a group international experts in management of perioperative allergy stated that sugammadex had no immediate role in resuscitation of suspected anaphylaxis. 78 Another study has shown that sugammadex was ineffective in attenuating mast cell degranulation when added rapidly post MRGPRX2 activation. Interestingly, sugammadex impaired MRGPRX2induced CCL2 release, indicating it's possible potential role in dampening MRGPRX2dependent anaphylaxis associated with mast cell mediators. 406 In my thesis, we aimed at developing an NMBA-specific antibody to reverse residual neuromuscular blockade; in parallel, we interrogated ourselves about the capacity of anti-NMBA antibodies to ameliorate NMBA-induced anaphylaxis. An antibody has the advantage of high affinity (10 -9 ~10 -10 M) compared to sugammadex (10 -7 M), and could like sugammadex abrogate the interaction of rocuronium with IgE at the surface of mast cells and basophils.

Limitations of sugammadex

Sugammadex has been described by some authors as the ideal reversal drug. 407 However, delayed recovery has been reported 408,409 : In these specific cases, the time to recovery of TOF ratio to 0.9 after treatment with sugammadex 4 mg/kg took 24.6 and 22.3 mins respectively in two patients, compared with a mean of less than 3 min for the other more "classical" patients. The failure to reverse rocuronium has also been reported in some cases. 410 In an effectiveness study, residual NMB occurred in about 5 % of patients after sugammadex administration without TOF-monitoring. 411 Some data suggest that it is possible that anesthesia providers use sugammadex in an unwarranted fashion (e.g. without TOF-monitoring, or by using an inadequate dose).

Hypersensitivity to sugammadex: Anaphylactic reactions to sugammadex have been reported, even if the number of cases are much less compared to NMBA-induced anaphylaxis. [412][413][414][415] Hypersensitivity is the main reason why American Food and Drug

Association raised concern and delayed approval of sugammadex. In Japan, the incidence rate of anaphylactic reactions due to sugammadex was estimated as 29 per million cases (1:34,483), based on the estimated number of patients (3.09 million) in whom sugammadex was injected during the survey period. Due to the lack of related epidemiological surveys, it is uncertain whether this incidence rate is higher in Japan than in other countries. Based on the report from the Japan drug company MSD, the sugammadex usage in Japan in 2010 was more than four times higher than that in Spain, the country that showed the second-highest usage in the world. 27 Recently, a single-center retrospective chart review identified patients who experienced anaphylaxis to sugammadex found the incidence of anaphylaxis to sugammadex in this cohort of patients was 2 of 19,821 patients (used 23,446 doses). 416 Currently, there have been few reports of anaphylaxis induced by the sugammadexrocuronium complex. 415,[417][418][419] The patients usually get skin testing and BAT to identify the causative agents. Interestingly, the patients show positive response to sugammadex-rocuronium complex but not to sugammadex alone or rocuronium alone. 420 Further investigation found that the sugammadex-rocuronium complex induced IgE-mediated reaction due to allergenic changes at the sugammadex primary rim. 419,421 Displacement interaction: Reversing drugs by encapsulation carries the risk of nonspecific binding of the reversal agent to other molecules. One example is the coagulation factor Xa that could be bound by sugammadex, Coagulation factor Xa is important for coagulation and the inactivation of factor Xa by sugammadex could increase the risk of hemorrhagic. In extensive displacement studies conducted with sugammadex and 300 potentially displacing drugs screened, only three (flucloxacillin, fusidic acid, toremifene) had the potential for a displacement interaction with sugammadex while there is no evidence of this phenomenon being of relevance in vivo.. 422,423 Therefore, referring to the European medical agency (EMA)

recommendations, sugammadex should be handled with caution when toremifene or fusidic acid has been given immediately after administration. 322

Other adverse effects: An increasing number of reports of bradycardia and even cardiac arrest occurred without any proven evidence of an anaphylactic response.

These were more common in patients with pre-existing cardiac problems, often receiving beta blocking drugs. It is now accepted that sugammadex may have a vagal type of effect, although the mechanism is unclear. 424 Large doses of sugammadex have been associated with hypotension and modification of the ECG but the clinical significance is limited. There has also been reports from studies involving human volunteers of increases in blood clotting times after sugammadex, but this has not been reported in clinical studies. 372,425 Economic considerations: In clinical practice, the much higher price of sugammadex than neostigmine has been a limiting factor in its clinical use, together with the fact that it only reverses aminosteroid NMBAs, rocuronium and vecuronium. The smallest dose comes in a 200 mg vial, which is a single-use vial. The average acquisition price worldwide is approximately $100, which is a fair amount of money when neostigmine and atropine can be administered for 1/20 th of that. 426 Cedrick et al. performed a costeffective economic evaluation which revealed that sugammadex could decrease the operating room cost allowing, concomitantly, to perform a higher number of surgical interventions within the same daily operation schedule time. The conclusion of this report is that sugammadex might actually be cost-effective and actually even reduce costs from 400 to 3,000$ per patient in the post-anesthesia care unit. 427

• Calabadion

A new class of reversal agent, the calabadions, provides an expanded spectrum of possible indications in that they reverse the effects of steroidal and benzylisoquinolinium NMBAs. Calabadions are acyclic members of the cucurbituril family. They can flex their methylene-bridged glycoluril oligomer backbone and expand their cavity, enabling them to encapsulate larger molecules. 428 (Figure 15)

Calabadion structure consists of a methylenebridged glycouril tetramer capped by two o-xylylene rings. The four sulfonate groups on the bridging units point away from the cavity making the drug into a C-shape to bind the neuromuscular blocking drug. Early studies in rats showed that calabadion 1 was equally efficacious in reversing rocuronium and cisatracurium, but it had less of an affinity for rocuronium than sugammadex. 429 However, in a rat model, calabadion 2 rapidly reverses profound block from rocuronium, vecuronium, and cisatracurium in a dose-dependent manner.

It is more efficient than sugammadex in reversing profound block from rocuronium. 430 Calabadion 2 has 89 times more affinity for rocuronium than sugammadex. It is excreted in the urine. Studies of all these new compounds in humans are awaited. 431 In conclusion, the ultimate goal in this field is to create a reversal agent with the following features: 376 1) high affinity to the NMBA in order to prevent displacement by other molecules,

2) high specificity in order to prevent non-specific binding,

3) no adverse effects (toxicity or anaphylaxis) 4) a rapid onset of action.

5) cost-effective (in terms of pharmaco-economics) (see details later in the manuscript)

AIMS

The general aim of my thesis was to characterize rocuronium-specific antibodies from humans and immunized mice. When possible, analyze the rocuronium-specific IgG repertoire and characterize the selected representative mAbs including their biochemical (affinity and specificity) and biophysical (co-crystal structure) features.

Most importantly, explore the efficacy of rocuronium-specific antibodies to interfere with rocuronium-induced neuromuscular blockade in vivo. The specific aims are listed here: 

RESULT I:Characterization of patient-derived anti-rocuronium IgG

-Paper: An IgG-induced neutrophil activation pathway contributes to human drug-induced anaphylaxis. Jonsson, F. et al. Sci Transl Med 11 (2019).

Anaphylaxis is classically thought to depend on IgE engagement of Fc receptors on mast cells and basophils, but allergen-specific IgE is not always present. Allergenspecific IgG antibodies have been proposed to contribute when the allergen is an abundant circulating large molecule. In this project, the IgG binding to FcγRs on monocytes/macrophages and neutrophils that induce the platelet-activating factor (PAF) release has been proposed to be responsible for non-IgE-mediated anaphylaxis induced by small molecules NMBAs.

To verify this hypothesis, a multicentric study was conducted through the enrollment of 

INTRODUCTION

Anaphylaxis is an immune-mediated systemic acute hypersensitivity reaction (AHR) occurring rapidly upon contact with an allergen in sensitized individuals. Clinical signs include bronchoconstriction, severe vasodilatation, and hypovolemia that can lead to multiorgan dysfunction and death. The most prominent cause of anaphylaxis in adults is drugs, notably antibiotics and neuromuscular-blocking agents (NMBAs). Anaphylaxis is classically considered to rely on immunoglobulin E (IgE) antibodies against the allergen/antigen, and to involve massive histamine liberation by mast cells and basophils, after antigen-induced aggregation of IgE receptor (FcRI)-bound specific IgE antibodies (1). The clinical diagnosis of anaphylaxis to NMBAs is based on this IgE paradigm. Unexpectedly, 10 to 20% of patients who experience an AHR consistent with an anaphylactic reaction do not present with any biological signs of IgE-dependent immune activation (positive skin test, presence of allergen-specific IgE, elevated histamine, or tryptase) (2, 3), suggestive of other potential mechanisms. Among these alternative mechanisms, IgG antibodies have been proposed to trigger IgE-independent anaphylaxis induced by some protein antigens or large molecules (e.g., therapeutic 
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antibodies, protamine, and dextran) (3-9). There is also a lack of understanding why, for some patients, the severity of the AHR varies widely, despite similar degrees of activation of the IgE pathway. Supporting a paradigm of non-IgE-dependent pathways of anaphylaxis, studies in mice have demonstrated that anaphylactic reactions may occur in the absence of IgE (10), FcRIs (11, 12), or mast cells (12, 13). Antibodies of the IgG class are often responsible for these non-IgE reactions, via the generation of IgG antigen/allergen immune complexes (ICs). These complexes engage Fc gamma receptors (FcRs) on various myeloid cells (14-16), including monocytes/macrophages (17, 18), neutrophils (19), basophils (20), or mast cells (12), depending on the model of anaphylaxis used. FcRI or FcR engagement leads to internalization and downregulation of these receptors (21), which has been proposed as means to distinguish types of anaphylaxis, i.e., FcRI downregulation on mast cells and basophils as a marker of IgE-induced anaphylaxis (22) and FcR down-regulation on neutrophils and/or monocytes as a marker of IgG-induced anaphylaxis (23, 24). Our previous work showed that neutrophils play a dominant pathogenic role in mouse models of severe anaphylaxis (19) including models driven by human IgG and human FcR (24, 25), suggesting that neutrophils could also contribute to anaphylaxis in humans. Neutrophils may even be sufficient to induce anaphylactic symptoms, because they can rapidly release a number of potent lipid and protein mediators upon activation and can also extrude their genomic and mitochondrial DNA decorated by potent enzymes in the form of neutrophil extracellular traps (NETs), a process termed NETosis (26). Neutrophils are major producers of platelet-activating factor (PAF) (27, 28) and release PAF in vitro upon FcR triggering (19, 25), which also implicates neutrophils in anaphylaxis pathogenesis. IgG-dependent experimental anaphylaxis in animal models has been repeatedly reported to rely on PAF as a mediator, alone or in combination with histamine (15, 19, 20, 24, 29, 30). Elevated PAF concentrations can be detected in the serum of human patients after anaphylaxis and correlate with reaction severity (31, 32). To investigate the putative contribution of an IgG antibody-neutrophil-PAF pathway to human anaphylaxis to small drug molecules, we performed a prospective multicentric study on patients with suspected NMBA-induced AHR during anesthesia.

RESULTS

NMBA-specific IgE and IgG concentrations associate with anaphylaxis severity

Because of the unpredictability and low incidence of anaphylactic events to NMBAs (1 of 10,000 anesthesia procedures), we prospectively recruited a multicentric cohort of patients with AHRs to NMBA injection, along with matched controls [Tables 1 and2; additional parameters of the cohort described in (33)]. Reaction severity was retrospectively classified as mild (grades 1 and 2) or severe (grades 3 and 4) according to the Ring and Messmer (34) classification. Patients (n = 86) received suxamethonium (n = 39), atracurium (n = 35), rocuronium (n = 3), or a mixture of atracurium and suxamethonium (n = 9) (Fig. 1, A andC, and table S1). Among those, the frequency of severe (grade 3 or 4) AHR was 72, 37, 33, and 22%, indicating that severe reactions can occur in response to any of the NMBAs used.

All NMBAs contain quaternary ammonium groups, which are considered the main antigenic epitope (35). Circulating anti-NMBA antibodies were quantified using the quaternary ammonium morphine (QAM) compound (Fig. 1D) as a surrogate molecule. Antibodies against this shared epitope were detected as serum anti-QAM IgE and anti-QAM IgG. As expected (36), anti-QAM IgE was elevated in patients with AHR compared to controls (P < 0.0001) but was also higher in patients with reactions graded as severe versus those with reactions graded as mild (P < 0.0001) (Fig. 1E and table S1). Anti-QAM IgE is considered the most sensitive biomarker in NMBA anaphylaxis (37) and was not detected in 98% of controls. Unexpectedly, it was also undetectable in 72% of patients with anaphylaxis. Conversely, circulating anti-QAM IgG was detected in all controls and patients but, nevertheless, was found at significantly higher concentrations in patients with severe AHR compared to mild (P < 0.0001) or to paired controls (P = 0.007) (Fig. 1F). Patients with very low (<0.5 g/ml) anti-QAM IgG had undetectable anti-QAM IgE (Fig. 1G). Detectable 

S C I E N C E T R A N S L A T I O N A L M E D I C I N E | R E S E A R C H A R T I C L E 3 of 14

FcR down-regulation on neutrophils is associated with anaphylaxis severity

Upon intravenous injection, NMBAs may immediately interact with anti-NMBA IgE-sensitized cells in circulation and ICs of [anti-NMBA IgG-NMBA] may instantaneously form to engage FcRs on myeloid cells in patients with high circulating anti-QAM IgE and IgG. Our analyses revealed significantly lower FcRI expression on basophils, but not on eosinophils, from patients during severe AHR compared to their baseline expression measured during the follow-up visit (V2) or compared to controls (P = 0.02 and P = 0.01, respectively; Fig. 2, A andB). Among FcRs (Fig. 2, C to L), CD32A/FcRIIA and CD16/FcRIII, but not CD64/FcRI, demonstrated lower expression on neutrophils from patients with severe AHR during AHR compared to controls (Fig. 2, E andK). This reduction was also apparent compared to baseline expression measured at V2, indicating that these FcRs are not constitutively down-regulated in these patients. Down-regulation of CD32A and CD16 on neutrophils was significantly more pronounced in patients with severe reactions versus those with mild reactions (P < 0.0001 and P = 0.0004, respectively). Monocytes from patients with severe AHR also demonstrated modest CD32A down-regulation compared to controls but no modulation of CD64, CD16, or of the inhibitory receptor CD32B/FcRIIB (Fig. 2, D, H, J, andL). Basophils may have lower CD32B expression during severe AHR compared to baseline expression (V2), patients with mild AHR, or controls (Fig. 2I), but this difference did not reach statistical significance. When we performed similar analyses after segregating patients according to the NMBA administered, we confirmed a down-regulation of CD32A and CD16 on neutrophils and CD32A on monocytes during suxamethonium-induced AHR and of CD32A on neutrophils during atracurium-induced AHR (fig. S2,A to D). There were too few rocuronium-induced severe AHR cases to permit statistical comparisons in this particular subgroup. Together, these data reveal down-regulation of specific activating FcRs on neutrophils and monocytes in patients with severe AHR. These data are consistent with the hypothesis that FcR are engaged by circulating IgG ICs after NMBA injection in patients with AHR. Further supporting this hypothesis, concentrations of complement components C3 and C4, as well as complement activity (50% hemolytic activity, CH50), were significantly reduced during severe AHR compared to baseline 

Neutrophils are activated during human anaphylaxis

Down-regulation of activating FcRs during AHR was predominant on neutrophils compared to other myeloid cells (Fig. 2). We therefore investigated the activation status of neutrophils during AHR by measuring surface markers CD11b, CD18, and CD66b, circulating neutrophil elastase, DNA-myeloperoxidase (DNA-MPO) complexes as a measure of circulating NETs, and PAF-acetylhydrolase (PAF-AH) activity as an indirect measure of PAF concentrations. Expression of CD11b, CD18, and CD66b were all significantly increased in neutrophils from patients with severe AHR compared to controls (P = 0.0003, P = 0.001, and P = 0.02, respectively; Fig. 3, A andC). Neutrophil elastase was significantly increased in the plasma during severe AHR compared to controls or to baseline (V2) concentrations (P < 0.0001 for both; Fig. 3D). DNA-MPO complexes detected in the serum were also significantly increased in severe AHR compared to controls (P < 0.0001) or patients with mild AHR (P < 0.0001; Fig. 3E). PAF-AH activity was significantly lower in patients with severe AHR compared to controls or patients with mild AHR (P < 0.0001 and P = 0.01, respectively; Fig. 3F), which is indicative of elevated plasma PAF concentrations. Expression of both CD11b and CD18, as well as circulating concentrations of DNA-MPO complexes, was also significantly higher in patients with mild AHR compared to controls (P = 0.004, P = 0.007, and P = 0.001), indicating that evidence of an IgG pathway of immune activation is not only associated with severe AHR (Fig. 3, A, B, andE). Moreover, CD11b, CD18, and DNA-MPO complexes remained elevated in patients with severe AHR even 6 to 8 weeks after the reaction (V2; Fig. 3, A, B, andE). Similar analyses after separating patients according to the NMBA used supports and sustained up-regulation of CD11b and CD18 on neutrophils and NET release during and after suxamethonium-induced severe AHR (fig. S4, A andC).

To ascertain that the link between neutrophil activation and anaphylaxis severity was not biased by treatments given during AHR (epinephrine, fluids, or other drugs), we incubated neutrophils from healthy donors with a wide range of concentrations of these compounds in vitro and assessed neutrophil responsiveness. Epinephrine, ephedrine, atropine, and resuscitation fluids had no effect on neutrophil activation. Only methylprednisolone at concentrations far above therapeutic range could induce a weak neutrophil activation as measured by NET release (fig. S5). Together, these data provide evidence of neutrophil activation in patients with intra-anesthetic AHR and demonstrate that the degree of neutrophil activation associates with AHR severity. 
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IgG-dependent neutrophil activation can occur concomitantly with or independently of IgE-mediated anaphylaxis

Patients experiencing severe AHR had higher anti-QAM IgE and decreased FcRI expression on basophils compared to controls (Figs. 1 and2), as well as elevated histamine and tryptase concentrations (table S2). The same patients also had higher anti-QAM IgG concentration, decreased FcR expression, and greater evidence of neutrophil activation and degranulation (Figs. 1 to 3) compared to controls. Patients with severe AHR thus presented markers typical of both IgE-and IgG-dependent anaphylaxis. To assess whether an IgG-dependent pathway could exist independently of the IgEdependent pathway, we evaluated the presence of IgG pathway markers relative to the likelihood of IgE-dependent activation. To this end, we classified evidence for an IgE-dependent anaphylactic reaction as "absent" (n = 27, 31%), "equivocal" (n = 19, 22%), or "strong" (n = 40, 47%) for each patient based on clinical data, skin tests, and biological tests used in standard care by a consortium of experts blinded to the IgG status of the patients (33). Only the strong patient subgroup presented significantly reduced FcRI expression on basophils compared to controls, absent or equivocal groups (P = 0.001, P = 0.003, and P = 0.01, respectively; Fig. 4A). The strong patient group had higher anti-NMBA IgG (Fig. 4B), lower CD32B expression on basophils (Fig. 4C), lower CD32A expression on monocytes (Fig. 4D), lower CD32A and CD16 expression on neutrophils (Fig. 4, E and F), and higher circulating elastase and DNA-MPO complexes concentrations (Fig. 4, G and H) compared to controls. This group also showed higher CD11b, CD18, and CD66b expression on neutrophils (Fig. 4, I to K) and lower PAF-AH activity (Fig. 4L). Furthermore, the strong patient group also had significantly higher anti-NMBA IgG, elastase, and NET release and lower CD32A and CD16 expression on neutrophils than the absent group (P = 0.0001, P = 0.02, P = 0.03, P = 0.005, and P = 0.02, respectively; Fig. 4, B andE to H). In addition, patients in the strong group presenting with severe AHR had higher anti-NMBA IgG (P = 0.003), circulating NETs (P = 0.004), neutrophil CD11b expression (P = 0.03), and lower neutrophil CD32A expression (P = 0.0009) than those with mild AHR (fig. S6). These results substantiate the coexistence of IgE-and IgG-dependent mechanisms in patients with AHR with evidence of IgE-dependent anaphylaxis, suggesting that both pathways may contribute to AHR induction and severity. Moreover, the absent group, which would usually be categorized as idiopathic in standard care, had significantly more circulating NETs, higher expression of CD11b and CD18 (all P < 0.01), but no difference in FcRI expression compared to the control group (Fig. 4,A,E, and H to K). Thus, we document neutrophil activation during NMBA-induced AHR in patients for whom evidence of an IgE-dependent pathway is lacking despite clinical signs compatible with anaphylaxis. These results substantiate the existence of an autonomous IgG-dependent mechanism that could lead to severe reactions, because 26% of patients in the absent group developed severe AHR. 
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Patient-derived anti-NMBA IgG activates neutrophils ex vivo in the presence of NMBA ICs formed by specific antibodies binding directly to small chemical entities such as NMBAs (with molecular masses of 290, 530, and 929 Da for suxamethonium, rocuronium, and atracurium, respectively) are not expected by themselves to be sufficiently large or multivalent to activate cells through FcR triggering. Rather, larger molecules such as serum proteins may serve as substrates for NMBA haptenization, but the precise in vivo chemistry remains unknown (38). It has been reported that the free fraction of suxamethonium and rocuronium are reduced to 80 and 54%, respectively, after infusion (39). We therefore investigated the potential interaction of these NMBAs with abundant human serum proteins using microscale thermophoresis (MST). Rocuronium, but not suxamethonium, was found to interact with human serum albumin (HSA; a known carrier of basic compounds), orosomucoid (a known carrier of acidic and neutral compounds), and transferrin but not with human IgG1 (fig. S7, A to D). The affinity of all these interactions was very poor, however, necessitating NMBA concentrations in the range of 1 to 4 mM (fig. S7, E to H), suggesting that at standard intubation doses of rocuronium (0.6 to 1.2 mg/kg, estimated to correspond to ~18 to 36 M in circulation), other molecules may be the partners for NMBA haptenization.

In the absence of an identified protein partner in human serum for rocuronium haptenization, we developed a set of tools, including purified human anti-rocuronium antibodies, rocuronium and succinylmonocholine-albumin bioconjugates, and an antirocuronium enzyme-linked immunosorbent assay (ELISA), to investigate the potential for anti-NMBA IgG ICs to activate FcRexpressing neutrophils. Anti-rocuronium IgG ELISA permitted the identification of four patients with high serum concentrations of rocuronium-specific antibodies (Fig. 5A), of whom one patient (#7016; mild AHR after atracurium administration; refer to table S1) consented for additional blood sampling. Anti-rocuronium IgG purified from this patient's plasma (fig. S8A) was confirmed to bind to rocuronium and also cross-reacted with some other ammoniumcontaining molecules by ELISA, i.e., morphine antigen bioconjugates and suxamethonium bioconjugates, but not other NMBAs or unrelated antigens or allergens (Fig. 5B). In addition, the binding of these purified IgGs could be dose-dependently inhibited using free rocuronium or suxamethonium in solution but not by the rocuroniumanalog molecule 5--dihydrotestosterone that lacks quaternary 
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ammonium groups nor by atracurium, cis-atracurium, pancuronium, or vecuronium (fig. S8B). This confirms a binding preference of these purified IgGs to rocuronium and suxamethonium, but no crossreactivity to the other four NMBAs tested. Purified anti-rocuronium IgG could form ICs with rocuronium bioconjugate and bind to Chinese hamster ovary (CHO) cell transfectants expressing CD16A (Fig. 5C). Last, human neutrophils from healthy controls produced reactive oxygen species (ROS) and released NETs when incubated on plate-bound rocuronium ICs (Fig. 5, D and E); moreover, they up-regulated CD11b and CD66b expression and produced ROS when incubated with soluble rocuronium ICs (fig. S9). Thus, antirocuronium IgG isolated from patients with AHR can directly activate human neutrophils in the presence of the culprit NMBA.

DISCUSSION

This study provides several converging lines of evidence for the contribution of an IgG-FcR-neutrophil-dependent pathway to human anaphylaxis using NMBA-induced AHR as a case study. Such a pathophysiological mechanism entails the presence of IgG antibodies against NMBAs in patients, leading, together with administered NMBA, to the formation of ICs that primarily engage two activating FcRs on neutrophils, CD32A and CD16. Consequently, neutrophils become activated as shown by increased expression of activation markers, degranulation of neutrophil elastase, and elevated circulating NETs. Presumably, such an IgG-dependent pathway leads to the release of the highly potent lipid mediator PAF. The IgG pathway may worsen AHR in concert with IgE-dependent immune activation or could even be responsible for AHR induction in the absence of IgE-mediated reactions. Anaphylaxis induction by pathogenic IgG rather than IgE antibodies has been demonstrated by many groups in animal models (15, 17, 20). Moreover, IgG has been implicated in rare clinical studies on anaphylaxis induced by high molecular weight or protein antigens, such as therapeutic antibodies, dextran, protamine, or von Willebrand factor (3-8, 40). Patients with elevated anti-infliximab or anti-protamine IgG antibody concentrations have a greater risk of developing anaphylaxis during treatment (7, 8, 41), suggesting a direct role for IgG in anaphylaxis pathogenesis. This study reports a potential IgG pathway in human anaphylaxis caused by a low-molecular 
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weight (<1 kDa) antigen, NMBAs. The commonality between previous clinical studies and the current report is that the culprit antigen is administered intravenously in rather large quantities, favoring the formation of ICs in circulation. Our study reports low-affinity interactions between rocuronium and prominent human plasma proteins (HSA, orosomucoid, and transferrin), yet these millimolar range interactions cannot explain interactions that form when NMBAs circulate at micromolar concentrations in patients' plasma. Hence, the in vivo haptenization chemistry of NMBAs remains unknown, along with the identity of putative carrier molecule(s) that may enable NMBA IgG ICs to form and activate FcR-expressing myeloid cells.

Thirty-one percent of patients with AHR in our study lacked biomarkers of IgE-dependent anaphylaxis, of which 26% had severe reactions: These data corroborate the existence of alternative, IgE-independent pathways of NMBA anaphylaxis. An entirely different, and antibody-independent, pathway of anaphylaxis has been reported after cationic drug administration, involving an interaction with Mas-related G-protein coupled receptor member X2 on mast cells (42, 43). Nevertheless, such a phenomenon cannot explain the "non-IgE" reactions we observed: Among the three culprit NMBAs in our study, only atracurium and rocuronium, but not suxamethonium, could potentially induce such a response and, if so, would result in positivity for some IgE-dependent biomarkers, such as elevated histamine concentrations and positive skin tests (43).

Unexpectedly, concentrations of anti-QAM IgG were similar between the AHR population and the controls, although patients with severe AHR had higher anti-QAM IgG than those with mild AHR. The latter observation is in line with the principle of dose/ concentration-dependent formation of ICs and may contribute to AHR severity. As quaternary ammonium groups and similar moieties are present in a large number of household products, hair dyes, and anticough medication (44), positivity for anti-QAM IgG likely reflects exposure of the general population to these compounds. It remains unclear, however, why controls with high anti-QAM IgG do not develop AHR after NMBA infusion. Anti-QAM IgG antibodies could have different affinities in patients versus controls, which could affect both their capacity to form ICs in the presence of NMBA and to compete with IgE for NMBA binding (45). Supporting this notion, this cohort demonstrates a positive correlation between high concentrations of anti-QAM IgE and IgG, both in patients and in the rare controls with positive anti-QAM IgE. Using a combination of clinically validated tests and research-grade assays not yet validated for clinical practice, our analyses revealed that specific IgE concentrations for suxamethonium, atracurium, and rocuronium also tended to be higher in samples initially determined as high for anti-QAM IgE. This also appears to be the case for IgG, particularly for suxamethonium-specific IgG, although no clinically relevant threshold of "positivity" for anti-NMBA IgG in these assays has ever been established.

Neutrophils from patients with severe AHR early after reaction onset demonstrated increased expression of activation markers CD18, CD11b, and CD66b compared to patients with mild AHR. These data reveal the activation of neutrophils during NMBA-induced AHR in humans. In addition, the severity of AHR correlated with elevated neutrophil-specific circulating markers: elastase and NETs. A role for neutrophils in anaphylaxis has previously been reported in animal models (19, 46-48). Circulating NETs and expression of CD11b and CD18 were also higher in patients with mild AHR than controls, perhaps indicating that these are more sensitive markers of neutrophil activation than circulating elastase or CD66b expression. Considering patient subgroups according to the NMBA received an increase in CD18 and CD11b on neutrophils remained highly significant when examining suxamethonium-infused patients but was less apparent in atracurium-infused patients. Antibody-independent alternative mechanisms reported for AHR induction by atracurium ( 49) may be confounding factors in the latter analysis. The following two key findings strongly suggest the direct activation of neutrophils as a consequence of their interaction with NMBA-IgG ICs: first, the down-regulation of FcR CD32A and CD16B on neutrophils from patients with AHR and, second, the in vitro demonstration that NMBA-IgG ICs induce neutrophils to produce ROS and NETs. Less pronounced CD32A down-regulation on monocytes from patients with severe AHR suggests concomitant monocyte activation directly by NMBA-IgG complexes, of lesser magnitude, which may also contribute to mediator release and AHR induction/ severity. Stimulation of neutrophils and monocytes from CD32A transgenic mice via CD32A results in the production of PAF and other lipid mediators (25) and, more generally, engagement of CD32A by IgG ICs results in activation of cells in vitro and in vivo (50, 51), including NET release (52). When analyzing suxamethonium-infused or atracurium-infused patients, only the down-regulation of CD32A on neutrophils remained highly significant. Together, these findings suggest CD32A as a marker for IgG-dependent severe AHR, at least those induced by suxamethonium and atracurium.

The relative contribution of cell subsets to anaphylaxis has been described using depletion studies in mouse models (15, 17, 19, 53) and is highly dependent on the model used (23, 54, 55). Our previous reports using a mouse model expressing human FcRs (CD32A, CD32B, CD16A, and CD16B) in place of mouse FcRs showed neutrophils to be predominant (24), whereas using mice expressing only human CD32A showed neutrophils and monocytes to contribute equally (25). The very high coexpression of CD16B with CD32A on neutrophils may favor neutrophil activation over monocytes during the induction phase of anaphylaxis and explain both the results obtained in mice (24) and the clinical results presented herein. IgGdependent pathways may thus preferentially trigger neutrophils, whereas IgE-dependent pathways may preferentially trigger mast cells (9, 56). The main anaphylactogenic mediators reported for these two modalities are PAF (19, 20) and histamine (30, 57), respectively. Although neutrophils represent by far the largest cell population in circulation and a major source of PAF, most cell subsets that have been proposed to contribute to anaphylaxis can produce PAF, including IgG IC-stimulated monocytes and basophils, and IgE-stimulated mast cells (58-60). The reduction in PAF-AH activity we observed in patients with severe AHR indirectly substantiates elevated PAF concentrations during NMBA-AHR. In addition, we observed consumption of complement components during severe AHR, suggesting that complement may also contribute to the severity of anaphylaxis (61-63) by potentiating myeloid cell activation, in conjunction with PAF, histamine, and other mediators. This observation needs, however, to be confirmed in additional studies because a complement consumption could also be a consequence of general anesthesia (64).

Circulating DNA-MPO complexes are markers of NETs, and here, we identify that their concentrations in circulation are associated with AHR severity. Although NETs have been implicated in some allergic contexts, such as asthma (65), they have not been described in anaphylaxis. NETs may contribute to AHR directly by toxic effects of their components on tissues and epithelia (66), thereby impeding organ function. Alternatively, the involvement of NETs in AHR may be via the activation of the coagulation contact system (67), which has been linked to the severity of anaphylaxis (68). Elevated circulating NETs were detected in patients during the acute phase of AHR and remained even 6 to 8 weeks later, whether considering all patients or subgroups infused with suxamethonium only or with atracurium only. Not only the NET concentrations but also the expression of neutrophil activation markers (CD11b and CD18) were elevated in patients at the time of the follow-up visit 6 to 8 weeks after AHR, a finding which was also significant when analyzing only patients infused with suxamethonium. Such a long-lasting effect of AHR on neutrophil activation status is in accordance with one study, which found an elevated transcription of neutrophil-related genes in patients with a previous episode of anaphylaxis (69).

Our study carries some limitations due to the design and observational nature. First, we report here a consistent correlation between several IgG-dependent markers and anaphylaxis severity, but we cannot prove direct causality between neutrophil activation and anaphylaxis. Second, basophils from patients with severe AHR demonstrated significantly lower FcRI expression during the anaphylaxis event than during the allergology visit 6 to 8 weeks after AHR. Whereas fast down-regulation of FcRI after IgE-allergen triggering has been reported on rat and mouse mast cells (70), reports do not support the existence of such a consequence on human basophils (71, 72). This discrepancy might relate to a different behavior of human basophils in vivo than in vitro, to the nature of allergen aggregating the IgE-FcRI complex, to FcRs dragging IgE-bound FcRI inside the basophil after interaction with IgG-allergen complexes, or even to an unknown bystander effect of anaphylaxis. Third, although we classified our patients according to the likelihood of an IgE-dependent reaction, we did not account for other reactions, e.g., pharmacological activation of mast cells (43) or nonspecific histamine release (73), which can represent alternative mechanisms of anaphylaxis induction in the absence of specific IgE. Fourth, our IC binding study was performed on a chemically modified drug that does not exist in vivo. Last, because of technical limitations, we could not measure directly PAF or circulating ICs in patients.

In conclusion, this work defines a clinically relevant pathway of NMBA-induced AHR, involving IgG, FcRs, and neutrophils. This pathway may coexist with the classical IgE-dependent pathway and compound the severity of IgE-associated "allergic" AHR. It could also be responsible for AHR in patients with no markers of IgEdependent immune activation, previously designated "nonallergic" AHR (74). Furthermore, in patients showing strong evidence for engagement of the IgE-dependent pathway, IgG markers remained strongly associated with anaphylaxis severity, indicating that simultaneous engagement of IgG-and IgE-dependent mechanisms may occur during human anaphylaxis. Our data suggest that these pathways can combine to worsen AHR. We predict that our findings can be extrapolated to most AHR wherein the culprit allergen(s) are present in the circulation. Evaluation of IgG pathway markers in the clinical AHR diagnostic process may clarify diagnosis and be a way to risk-stratify patients. Our results also pave the way for novel therapeutic interventions, particularly aiming at FcR blockade.

MATERIALS AND METHODS

Study design

The multicentric Neutrophil Activation in Systemic Anaphylaxis (NASA) study involved 11 anesthesia and intensive care departments in the Ile-de-France region in France (NCT01637220). The study was approved for all centers by an institutional review board (ethical committee "Comité de Protection des Personnes Ile-de-France 1," reference 2012-avril-12880) and registered before the first inclusion at ClinicalTrials.gov (NCT0163722). The design of the study and detailed clinical characteristics of the patients are described elsewhere (33). Briefly, patients with clinical signs consistent with intraanesthetic AHR to NMBA were prospectively included between November 2012 and June 2014. Venous blood samples were collected at 30 min and 2 hours after the onset of the AHR and during the allergology-anesthesia visit 6 to 8 weeks after AHR. At this visit, immediate reading intradermal tests against suspected culprit agents were performed. Clinical, biological, and demographic patient data are summarized in Tables 1 and2. Patients were classified a posteriori in grades of severity according to the Ring and Messmer (34) classification by two independent intensive care unit experts. A severe AHR was defined as a grade 3 or 4 (severe organ failure or cardiac/ respiratory arrest), and a mild AHR was defined as a grade 1 or 2. Classifications of AHR according to evidence of an IgE-mediated pathway, i.e., strong, equivocal, or absent, were established a posteriori by a consortium of six experts taking in account clinical symptoms, tryptase, histamine, specific IgE, and results of skin tests. For each patient included, a control was recruited: a patient undergoing surgery with NMBA without any signs consistent with intra-anesthetic AHR. Controls were matched to patients for age (±5 years), sex, NMBA used, type of surgical procedure, and infectious status. Written informed consent was obtained from the patients and controls or their legal representative before study inclusion. By French law, in case of impaired decision-making capacity without a legal representative available at the time of inclusion, the patient's informed consent could be obtained after enrollment ("emergency inclusion"). Venous blood samples were collected 30 min after anesthesia for controls. Primary data are reported in data file S1.

Classical anaphylaxis parameters

As part of standard care procedures, the following circulating parameters were assessed as previously described (37): histamine (enzyme immunoassay, Immunotech, Beckman Coulter) and tryptase [fluorescence enzyme immunoassay (FEIA), Phadia ImmunoCAP 250, Thermo Fisher Scientific] in plasma and antiquaternary ammoniumspecific IgE (FEIA, Phadia ImmunoCAP 250, Thermo Fisher Scientific) in serum. A value less than 0.35 kU/liter of specific IgE was considered negative, as recommended (37). Tryptase concentrations 2 hours after AHR were considered elevated when greater than (1.2 × [baseline tryptase] + 2 g/liter) as recently recommended (75). A histamine concentration above 20 nM 30 min after AHR was considered elevated. Data are summarized in table S2.

In addition, specific IgE concentrations for suxamethonium were assessed using the clinically validated suxamethonium ImmunoCAP (Phadia ImmunoCAP c202). Moderately sensitive ImmunoCAPs for atracurium (76) and rocuronium (77) were obtained as experimental prototypes made for research use (Phadia, Thermo Fisher Scientific). Atracurium ImmunoCAP is prepared using tetrahydropapaverine modified with b-propiolactone, as a surrogate for atracurium, before conjugation to poly-l-lysine (atracurium ImmunoCAP conjugate) (78).

To avoid commonly reported problems with the diagnosis of IgE-dependent reactions (false-negative tryptase/histamine measurements), blood sampling was carefully and uniformly performed across the study, and there was no difference in delay before blood sampling between patients with a negative or a positive plasma tryptase (Table 2). Specific IgE was analyzed on a single instrument, and skin tests were performed and analyzed by only three allergologists.

Human plasma protein interactions with rocuronium

Protein binding of rocuronium was studied by MST measurements on a Monolith NT.LabelFree (NanoTemper). Rocuronium predilutions were prepared by 16-fold 2:1 serial dilutions of compound in phosphatebuffered saline (PBS) buffer to yield a range of 8 mM to 18 M in a final volume of 10 l. Lower concentrations were studied in preliminary experiments and did not show any binding. Rocuronium dilutions were mixed with 10 l of target proteins (HSA, transferrin, orosomucoid, and IgG1), at 2 M final each. Samples were loaded in standard treated capillaries (NanoTemper). Experiments were performed with MST power medium (20%) and light-emitting diode intensity of 10 or 20%. Each experiment was performed in duplicate and reproduced three times. Data were analyzed using MO Affinity Analysis software (NanoTemper).

Specific IgG measurement

Anti-QAM IgG concentrations were measured using an adaptation of the ImmunoCAP matrix used to measure anti-QAM IgE concentrations [considered the most sensitive marker for IgE-induced NMBA-AHR ( 37)] (Phadia, Thermo Fisher Scientific). Because no reference interval exists for this parameter, raw values were evaluated relative to an IgG calibration curve and expressed in micrograms per milliliter. The secondary antibody used to detect IgG in the ImmunoCAP is a mouse monoclonal IgG1 antibody binding all four human IgG subclasses (Phadia, Thermo Fisher Scientific). The human IgE detection reagent was replaced with the same monoclonal anti-human IgG reagent in the clinically validated suxamethonium ImmunoCAP (Phadia ImmunCAP c202) or research-grade atracurium ImmunoCAP and rocuronium ImmunoCAP (Phadia) to detect anti-suxamethonium, anti-atracurium, or anti-rocuronium IgG, respectively.

Flow cytometry analysis of Fc receptors and activation markers

Heparinized blood sampled during NMBA-induced AHR and at the patient's allergy visit, as well as blood from anesthetized matched controls, was immediately transported from the site of blood collection to the Institut Pasteur (Paris, France). Upon receipt, red blood cells were lysed using Ammonium-Chloride-Potassium (ACK) buffer, and white blood cells (WBCs) were washed in PBS/1% bovine serum albumin (BSA)/2 mM EDTA and incubated with indicated antibodies for 30 min at 4°C (table S3). Cells were washed and acquired on a MACSQuant flow cytometer (Miltenyi Biotec) and analyzed using FlowJo software (Tree Star). Blood samples showing signs of clotting or hemolysis, as well as samples during which processing problems occurred, were excluded from the analysis. WBC populations were identified as neutrophils (CD15 + /CD193 -), eosinophils (SSC hi /CD193 + ), basophils (CD123 + / CD203c int/+ or SSC lo /CD193 + for Fig. 2), monocytes (CD14 + / CD3 -), B cells (CD19 + /CD14 -), T cells (CD3 + /CD56 -), or natural killer cells (CD56 + /CD3 -). The expression value for each marker was determined as the difference between the geometric mean of the fluorescence intensity of the marker and the geometric mean of the matched isotype control [delta geometric mean (GeoMean)].

Circulating NETs quantification

To quantify circulating NETs, DNA-MPO complexes were measured in serum samples using a capture ELISA described elsewhere (33). Briefly, 96-well microtiter plates were coated overnight with rabbit anti-human MPO antibody (5 g/ml; Millipore). After blocking with 2% BSA, serum samples were added together with a peroxidase-labeled anti-DNA monoclonal antibody (component 2 of the Cell Death ELISA Kit, Roche). After incubation, the peroxidase substrate was added for 40 min at 37°C. Results are expressed as optical absorbance measured at 405 nm in a spectrophotometer.

Production and characterization of rocuronium and suxamethonium bioconjugates

Hapten-protein couplings were performed using active ester derivatives of rocuronium or suxamethonium and HSA or BSA as the carrier protein. For the rocuronium derivative, a carboxylate function was first introduced by adding succinic anhydride to rocuronium bromide in the presence of 4-(dimethylamino)-pyridine in pyridine.

After stirring overnight at room temperature under argon, the solvent was removed under vacuum. The crude compound was purified by reverse-phase flash chromatography (linear gradient, 10 to 80% of CH 3 CN + 0.1% trifluoroacetic acid in H 2 O + 0.1% trifluoroacetic acid over 60 min), resulting in a rocuronium derivative with a carboxylic acid at the 3-position of the steroid scaffold (81% yield). The compound was characterized by mass spectrometry (Q-Tofmicro spectrometer, Micromass) with an electrospray ionization (positive mode) source (Waters) (C 36 H 57 N 2 O 7 calculated 629.4166, 315.2122; mass/charge ratio, 629.4183 [M + H] + , 315.2085 [M + 2H] 2+ ) and by nuclear magnetic resonance analysis (table S4).

All quantities of products used in the protocol were calculated relative to the carrier protein. The functionalized rocuronium (300 equivalent) was dissolved in 0.1 M MES + 0.5 M NaCl buffer (pH 5.6) and combined with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (1000 equivalent) in the presence of N-hydroxysulfosuccinimide (400 equivalent). After 5-min stirring at room temperature, pH was adjusted to 7.2 with 2 N NaOH. This solution was progressively added to the carrier protein dissolved in PBS 1× (pH 7.2). After 3 hours of gentle agitation at room temperature and extensive dialysis in PBS, the conjugated proteins were obtained at a 50% yield.

For the suxamethonium derivative, choline chloride was treated as previously reported (79) to generate a carboxylated intermediate succinyl-monocholine (93% yield), which was then conjugated with the proteins as described above (but at a 600 equivalent relative to the carrier protein). The resulting conjugates were obtained at 80 to 85% yield.

The exact measurement of the concentration of the bioconjugates was achieved by quantitative amino acid analysis using a Beckman 6300 analyzer after hydrolysis with 6 N HCl at 110°C for 20 hours. The average density of conjugated rocuronium and suxamethonium derivatives was evaluated by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry and was found to be 22 ± 10 and 42 ± 10, respectively, for the HSA conjugates.
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Ex vivo neutrophil activation by [anti-rocuronium IgG-rocuronium HSA bioconjugate] ICs and drugs used for anaphylaxis treatment

Neutrophils from healthy blood bank donors were purified using MACSxpress Neutrophil isolation kit (Miltenyi Biotec), which gave a purity routinely over 98%. Purified neutrophils were suspended at 1.5 × 106 cells/ml in Hank's balanced salt solution, and 100 l of cells were seeded in 96-well plates for stimulation with plate-bound ICs or soluble ICs. Plate-bound ICs were prepared by coating 96well plates with rocuronium-coupled HSA (HSA-Roc; 200 g/ml), followed by incubation with patient-derived purified anti-rocuronium human polyclonal IgG (50 g/ml). Soluble ICs were prepared by mixing HSA-( 20)-Roc (5 g/ml) with anti-rocuronium IgG (100 g/ml). Positive controls were obtained by coating with ovalbumin (200 g/ml), followed by rabbit polyclonal anti-ovalbumin antibodies (50 g/ml). Negative controls were obtained by coating antigen alone, without further incubation with antibodies. Oxidative burst (ROS release) and NETosis were measured as previously described (33). Briefly, oxidative burst was measured by chemoluminescence at 37°C for 1 hour after addition of luminol (final concentration, 50 M). Results are expressed as peak luminescence value. NETosis was measured by cell-free DNA release using Sytox Green DNA probe (final concentration, 5 M; Thermo Fisher Scientific) at 37°C for 300 min. Results are expressed as 530-nm fluorescence normalized for baseline and unstimulated controls. Both luminescence and fluorescence were read on a microplate reader (TriStar LB 941, Berthold). Neutrophil activation was also tested after incubation in solution with epinephrine, ephedrine, methylprednisolone, atropine, and various resuscitation fluids using serial dilutions from drugs vials obtained from an intensive care unit.

Statistical analyses

Paired comparisons (between patients and matched controls or between inclusion and follow-up visits) were performed with a paired Wilcoxon signed-rank test. Subgroups of patients were compared with a Mann-Whitney U test. Statistical tests were bilateral, and a type I error was fixed at 5%. Statistical analyses were performed with GraphPad Prism versions 5.0 and 7.0 (GraphPad Software Inc.), R version 3.0.2 software (R foundation for Statistical Computing), and SAS 9.2 (SAS Institute). Note: To be considered a potential reversal drug for NMBA in humans, a drug candidate should demonstrate its efficacy in rapidly reversing neuromuscular blockade in preclinical models. These are essentially large animals (non-human primates, pigs), and sometimes rats, but not mice due to their small size leading to inability to record TOF and properly maintain ventilation. This PhD being performed during the COVID-19 pandemic, no study in larger animals than mice could be set-up to test anti-rocuronium antibodies for reversal of neuromuscular blockade. We thus devised a prophylactic model of rocuronium-induced neuromuscular blockade in mice, which does not require intubation, ventilation and TOF measurements. This model represents a first step before attempting a "real" NMBA reversal experiment in a larger animal.

INTRODUCTION

Neuromuscular blocking agents (NMBA) have been widely used in the clinics as muscle relaxant to facilitate endotracheal intubation, improve surgical conditions, and to facilitate mechanical ventilation 1 . Each year, NMBA usage concerns 30-60 % of the ICU patients and 67% elected surgeries, i.e. around 500 million people. 2,3 However, NMBA-induced anaphylaxis and prolonged neuromuscular blockade after the end of surgery are two major adverse effects of NMBA. 4,5 Anaphylaxis is an acute systemic hypersensitivity reaction with multiple clinical manifestations usually involving life-threatening respiratory and/or circulatory system complications. NMBA-induced anaphylaxis is rare (incidence of 1/10,000) but can lead to a fatal outcome. Allergen-specific IgE antibody is classically considered to play a major role in hypersensitivity reactions. Accumulated data from mouse models of anaphylaxis and clinical patients suggest that allergenspecific IgG antibodies also play an important role in anaphylaxis. [6][7][8] So far, the characterization of NMBA-specific antibody responses including the identification of the NMBA substituted ammonium ions as the "allergic epitope" was mainly performed through analysis of patient's serum with various binding assays, including ImmunoCAP. [9][10][11] The NMBA surrogate quaternary ammonium morphine (QAM)-specific IgE detection is since widely used in the diagnosis of NMBAinduced anaphylaxis but with low specificity and sensitivity. [12][13][14][15] Pholcodine, an antitussive agent containing a quaternary ammonium group, as well as other quaternary containing substances were highly suspected to be the sensitive agents but this is still debated. [16][17][18][19] There is speculation about the existence of heterogenicity of NMBA epitopes as some assays using patient serum or skin prick test present reactivity to only one NMBA, whereas other patients to various NMBA, sometimes of different chemical families. Thus, investigation of the NMBAspecific antibody response at the molecular level is needed to reveal the precise NMBA-antibody interactions leading to hypersensitivity and cross-reactivity towards multiple NMBA.

Residual neuromuscular blockade (rNMB) is the residual duration of action of muscle relaxants after the end of the surgery. It has become a well-known problem since it was first described in 1979. 20 Approximately 40% patients in the postanesthesia care unit (PACU) exhibit objective residual neuromuscular blockade. 21 rNMB not only causes unpleasant symptoms of muscle weakness, but also impairs the respiratory systems with sometimes fatal consequences. [22][23][24][25][26] The large absolute number of patients presenting with rNMB, leading to prolonged stays in PACU, is associated to a serious financial burden. Currently, two kinds of NMB reversal drugs are available: anticholinesterases and the selective reversal agent sugammadex. Anticholinesterases are effective only in reversing moderate levels of NMB, but not profound NMB, and can be accompanied by a series of adverse effects including nausea, vomiting, bradycardia, and bronchoconstriction. [27][28][29] Sugammadex, the only NMBA-selective reversal agent can rapidly and completely reverse profound neuromuscular blockade induced by rocuronium and vecuronium, but not any other NMBA. 30 The discovery of sugammadex has been consider a milestone in neuromuscular pharmacology. However, 5% rNMB was still observed after sugammadex administration. 31 The occasional occurrence of sugammadex-induced hypersensitivity and hemorrhagic side effects has also been reported, leading to restrictions of its use in several countries. 32,33 Herein, we identified the first anti-rocuronium antibody repertoires from immunized mice, expressed and characterized high-affinity anti-rocuronium antibodies and demonstrate their efficacy to prevent in vivo rocuronium-induced neuromuscular blockade. This work allows us to suggest the use of anti-NMBA antibodies or antibody fragments as a novel type of neuromuscular blockade reversal agent.

Immunization: Female C57Bl/6J mice were purchased from Charles River (age 6- The superficial cervical lymph node of selected mice was taken to prepare cell suspensions for screening using a microfluidic droplet platform, as we reported recently 34 . The bioassay was modified to detect rocuronium-binding mouse IgG 

Inhibition ELISA test mAbs cross-binding to other NMBA

To test mAbs cross-binding to other different NMBA, a competitive inhibition ELISA was developed: 96-well plates (Costar) were coated with 5g/ml PLL-Roc at 4°C overnight, washed 3 times with PBST, blocked with PBST containing 3% BSA at room temperature for 2 hours. 300ng/mL mAb were pre-incubated at RT for 20min

with 5-fold serial dilution of free NMBA drug (rocuronium, vecuronium, pancuronium, succinylcholine or cisatracurium) from 3000nM to 0.4nM. The mAb-NMBA mixture was added to the ELISA plates and incubate at RT for 2 hours, washed 3 times and revealed with HRP-conjugated goat anti mouse IgG (Bethyl Laboratories) at 1:4,000. Plates were revealed using an OPD substrate (Sigma-Aldrich). Reaction was stopped with 2M H2SO4 and absorbance was subsequently recorded at 490 nm and corrected at 620 nm using a spectrophotometer (Biophotometer, Eppendorff). The inhibitory concentration 50% (IC50) of different NMBA to the mAb was calculated. selection plasmid pCoBlast carrying a gene that confers resistance to puromycin. 37 Effectene transfection kit was used (Qiagen) according to the vendor's protocol.

Forty-eight hours after transfection, the selection process was started by addition of puromycin (Invivogen) to the cells at a final concentration of 7µg/ml. Transfected cells were collected every 4-5 days by centrifugation at 90g for 5 min, and cell pellets were resuspended in fresh medium containing 7µg/ml puromycin. Cell propagation was initiated ∼2 weeks after transfection. Standard growth and maintenance techniques established for S2 cells were applied. 38 In particular, the cells were never allowed to be at a density below 2*10 6 cells/ml. Puromycinselected cells were adapted to serum-free HyClone Insect cell culture media (GE healthcare life science) and were amplified in large volume flasks as needed.

Protein expression was induced with 0.5mM CuSO4 when the cell density reached ∼7.5.10 6 cells/ml. 37 Seven days after induction, S2 cell suspension was centrifuged for 30 min at 15,000g to remove the cells and the supernatant was collected. Avidin was added at 15mg/L to sequester any biotin present in the medium. The supernatant, cleared by centrifugation at 20,000g for 30 min and filtration, was loaded onto a Strep-Tactin Superflow high-capacity 5 mL column (IBA GmbH, Göttingen, Germany) using a peristaltic pump or Akta. The column was washed with 15 mL of 0.1M Tris pH 8, 0.15M NaCl, 1mM EDTA, and the protein was eluted with 8 mL of the same buffer containing 2.5mM desthiobiotin. The purified scFv antibodies were tested for correct size, binding to rocuronium and monomeric state (Supp Fig. 10 B-C).

RESULTS

Identification of rocuronium-specific IgG antibodies and repertoires

Two different methodologies were used to identify anti-roc antibodies from mice immunized with rocuronium-conjugated carrier proteins (Supp To select representative VH-VL pairs from the repertoire for further expression, affinity and binding specificity characterization, the VH-VL sequences from major rearrangement clusters were analyzed within their phylogenic tree. The antibodies located in different branches of the tree were selected as representatives (Figure 1F). In total, 20 Abs were selected as representative Abs of the repertoire. 

DISCUSSION

In this work, we selected rocuronium, one of the most widely used NMBA, to investigate the rocuronium-specific antibody response in immunized mice. A cutting-edge high-throughput microfluidic droplet sorting system 34 and traditional hybridoma generation allowed for the identification of hundreds of rocuroniumspecific IgG antibodies. These were derived from limited V(D)J-VJ rearrangements and showed convergency between two immunized mice. The representative antibodies from different rearrangements show high affinity (KD≤4.10 -9 M) for rocuronium, and some level of cross-binding to rocuronium derivatives vecuronium and pancuronium, but not any other NMBA. Co-crystal structures revealed that multiple ions in rocuronium, but not its ammonium groups, are involved in the binding to these antibodies. Expressed as full IgG antibodies or antibody fragments (ScFv) high-affinity rocuronium-specific antibodies demonstrated in vivo efficacy similar to that of sugammadex in prevention of neuromuscular blockade, suggestive of their potential as therapeutic compounds in reversal of profound residual neuromuscular blockade.

NMBA are small molecules of less than 1kDa (rocuronium: 530 Da) that are considered non immunogenic. The antibody repertoire against low molecular weight drugs (<1 kDa) has never been investigated which may be due to the technical difficulty in identifying the scarce drug-specific B cells. In our work, the microfluidic droplet system for identification and sorting of cell based on what they secrete (here anti-rocuronium IgG) makes the sorting of antibody-secreting plasma cells possible. After bioinformatic analyses and removal of non-specific VH-VL pairs, we obtained over 100 VH-VL paired sequences from each immunized mouse that we consider rocuronium-specific, as at least one representative of each rearrangement binds rocuronium when expressed as a recombinant mAb.

Through analysis of the repertoire, we found that over 90% of the sequences were derived from only three VH-VL germline sequences, thus an oligoclonal repertoire.

Using the exact same method, we previously reported on anti-tetanus toxoid and anti-glucose-6-phsphate isomerase IgG-secreting plasma cells repertoires from immunized mice that show a high diversity of VH-VL germline sequence usage, covering multiple V-gene families. 36 The oligoclonal nature of the anti-Roc repertoire is thus due to the antigen nature rather than to the method used to generate the repertoires.

A major rearrangement convergency was observed between the two mouse repertoires in this study. Convergent (or public) clonotypes (identical rearrangements with similar/identical CDR3 size and sequence) in unrelated individuals with viral infection or vaccination has been reported which is usually common in IGK and IGL light chains due to the lack of combination diversity and junction diversity 39,40 but show low-frequency in IGH. 41,42 Thus, the public VLs were able to pair with multiple VHs in multiple donors. 43 As we observed in the rocuronium IgG repertoire, two VL sequences paired with over 90% of VH sequences in two mice. One previous study indicated that anti-hapten (a target of usually small size, similar to the size of a NMBA) responses of different mice often include the expression of shared antibodies encoded by particular V(D)J rearrangements. 44,45 The proportion of public clonotypes in mice has been reported much higher compared to humans. Especially, the public clonotype is usually present at a high copy number compare to the private repertoire in an individual mouse. 46,47 The abundance of public clonotypes in the mouse could help explain these observations of the shared antibody response to the simple chemical hapten, as well as our observation of rocuronium-specific public clonotype. The three co-crystal structures of antibody fragments in complex with rocuronium we reported herein propose for the first time a rocuronium-antibody interface description. In those three different structures, deriving for the three major VH families of the mouse#1 repertoire, the rocuronium ammonium groups are systematically excluded from the interactions with the antibody amino acids. At least during the immunization process of mouse#1, the ammonium groups did thus not represent the immunogenic portion of rocuronium. This result is in apparent contradiction with the finding that substituted ammonium groups are central to NMBA hypersensitivity and IgE binding to NMBA 9 , and rather supports the speculation about the existence of multiple epitopes in rocuronium that may be directed by various B cells and thus of an heterogeneity in anti-NMBA antibody responses. 18 If our results are predictive of antibodies involved in NMBA hypersensitivity remains to be clarified, and an investigation into the human repertoire of anti-NMBA antibodies is therefore required.

The two anti-rocuronium mAbs Roc#2 (VH1-55_J2/VK4-68_J5) and Roc#11 (VH1-81_J2/ VK2-112_J2) derive from two different V(D)J recombinations and display major differences in the CDRs in terms of sequence and length. They however both cross-bind vecuronium and pancuronium, whereas anti-rocuronium mAb Roc#8 (VH1-7_J2/VK2-1128_J2) does not. The co-crystal structures of these 3 prototypic mAbs representing all the V(D)J rearrangements of both repertoires, except those using VH3-6_J3, provide structural and spatial constrains explaining the capacity to cross-bind or not vecuronium and pancuronium. Cross-binding of anti-NMBA antibodies in humans to various NMBA is the basis of the current anti-NMBA IgE screening using the morphine antigen. Cross-binding has already been reported for IgE antibodies in the serum of patients with NMBA hypersensitivity to alcuronium: their binding to alcuronium was inhibited strongly by tubocurarine, modestly by pancuronium and weakly by decamethonium and gallamine, and even less by succinylcholine. 9,18 If these types of cross-binding represent the property of a single mAb in each patient sera or that of different populations of antibodies within each sera that each recognize a different NMBA with little or no crossreactivity with other NMBA remains to be explored.

Compared to the affinity for rocuronium of the rocuronium/vecuronium-specific neuromuscular reversal drug sugammadex (KD=10 -7 M), the anti-rocuronium mAbs we identified have a 100 to 1,000-fold better affinity (10 -10 M<KD≤10 -9 M). This translates into a stronger protection at a lower molar ratio between rocuronium and the reversal agent. However, the production cost of a cyclodextrin (sugammadex) compared to an IgG or ScFv (anti-roc antibodies) is far in favor of sugammadex.

Nevertheless, reversing drugs by encapsulation carries the risk of non-specific binding to biologically relevant plasma molecules or medications the patients may also have taken. The experience with sugammadex showed dose-dependent side effects (inhibition of coagulation) and even hypersensitivity reactions 30,48 that have limited their use in some countries. ScFv, unlike classical therapeutic antibodies, can be produced in high amounts in bacteria or insect cells, have a rapid blood clearance and better tissue penetration [49][50][51] , which may place anti-rocuronium ScFv as competitors for sugammadex. Future neuromuscular blockade reversal amide bond between the carboxyl group and the amine groups on proteins, via a reactive o-Acylisourea intermediate, stabilized in the presence of sNHS. This protocol was used to generate KLH-Roc, for mouse immunizations, or HSA-Roc, for use in bioassay to detect rocspecific antibody. B, Example of Maldi-TOF mass spectrometry quantification of the number of rocuronium conjugate to carrier protein HSA after the process described in A. 

DISCUSSION Part 1 Characterization of NMBA-specific IgG derived from anaphylaxis patients

In this clinical study, we described the IgG-FcγR-neutrophil pathway contribution in NMBA-induced anaphylaxis. A multicentric study was conducted and enrolled 86 patients with suspected anaphylaxis to NMBAs and 86 matched controls. We found that the concentrations of anti-NMBA IgG and markers of FcγR activation, PAF release, and neutrophil activation correlated with anaphylaxis severity. I have contributed to this project through the characterization of the anti-NMBA IgGs obtained in a selected patient. I purified the rocuronium-specific antibodies from patient#0716 serum, tested the antibodies cross-binding to other NMBAs, and evidenced that the soluble immune complex anti-NMBA IgG/NMBA had the capacity to activate healthy control neutrophils ex vivo. This study raised a number of reflexions concerning these anti-NMBA IgG and their fonctions that are developed below.

Patient anti-NMBA IgG cross-binding to various NMBAs

In this study, anti-rocuronium IgG purified from the selected patient was confirmed to bind to rocuronium but also cross-reacted with some other QA-containing molecules by ELISA, (morphine antigen bioconjugates and suxamethonium bioconjugates coated plates), but not other NMBAs or unrelated antigens or allergens. Moreover, the binding of these purified IgGs could be dose-dependently inhibited using free rocuronium or suxamethonium in solution but not by the rocuronium-analog molecule 5-αdihydrotestosterone that lacks quaternary ammonium groups nor by atracurium, cisatracurium, pancuronium, or vecuronium. This confirms a binding preference of these purified IgGs from one single patient to rocuronium and suxamethonium, but with no cross-reactivity to the other four NMBAs tested.

Previous studies have already indicated that the serum of such patients generally shows widely cross-binding to various NMBAs, even with a variability in binding efficacy. 432 Here, as patient#0716 experienced anaphylaxis after infusion of suxamethonium, we purified the rocuronium-specific antibodies with BSA-Rocsepharose from its serum. The purified polyclonal antibodies could bind rocuronium, morphine, and suxamethonium bioconjugates but did not cross-reacted with vecuronium, pancuronium and cisatracurium even if the rocuronium shares a high similarity in chemical structure with vecuronium and pancuronium. Interestingly, in the identified rocuronium-specific antibody repertoire in mice, we observed more than half of the monoclonal Abs showing a cross-binding to vecuronium and pancuronium but not to other NMBAs. One possible explanation might be due to the patient interindividual variability which has been reported before. [432][433][434][435] On the other hand, this result also suggests that the substituted ammonium group might not be the only allergic epitope recognized by the antibodies in humans.

Neutrophil activation by soluble immune complex

Human neutrophils from healthy controls produce reactive oxygen species (ROS) and release NETs when incubated on plate-bound rocuronium immune complexes. In this study, we also found that the soluble rocuronium/anti-rocuroniumIgG immune complex activated neutrophils in vitro. Soluble immune complexes are more likely to mimic the in vivo conditions of neutrophil activation. In the absence of an identified protein partner in human serum for rocuronium haptenization, the rocuronium-albumin conjugates were developed to form the immune complex. The soluble anti-rocuronium Ig/HSA-Rocuronium immune complex induced the up-regulation of CD11b and CD66b expression and produced ROS .Thus, anti-rocuronium IgG isolated from anaphylaxis patients can directly activate human neutrophils in the presence of the culprit NMBAs, highly suggesting their role in the neutrophil activation observed during anaphylaxis.

First of all, the antigen/allergen chemical feature might be the main factor influence the antibody repertoire diversity. Currently, very few research is performed to illustrate the small molecule specific antibody repertoire. One previous research that identified eight monoclonal Abs has indicated that anti-hapten responses (a target of usually small size like NMBA) of different mice often include the expression of shared antibodies encoded by particular V(D)J rearrangements. 442,443 Especially, our lab previously identified anti-tetanus toxoid (TT) and anti-glucose-6-phosphate isomerase (GPI) IgGsecreting plasma cells repertoires from GPI or TT immunized mice. The GPI-and TTspecific antibody repertoires show a high diversity of VH-VL germline sequence usage, IgGs covering multiple V-gene families. 305 The same microfluidic droplet platform was applied to identify those specific antibody repertoires. Thus, the oligoclonal nature of the anti-rocuronium repertoire is due to the antigen nature rather than to the method used to generate the repertoires.

Second, in terms of species, the mice antibody repertoire show much less diversity and mutation frequency compared to humans. 444 One study compared the mice antibody repertoire diversity under different immunization protocols with different target proteins(PD1 and CTLA-4), included B cells isolated different tissue sites like bone marrow, spleen, and lymph node. 445 The results indicated that all immunization methods and both target proteins yielded similar diversity of oligoclonality, variable (V) and joining (J) gene usage, and the divergence from the germline of enriched libraries.

The overall clonal counts were different between target proteins and immunization protocols.

Public clonotype

When sequences from two or more individuals with a common exposure share the same inferred germline VH and JH gene segments and have identical length CDR3s with identical or very similar CDR3 sequences, we can term these sequences to be members of a "public clonotype". The public antibody clonotypes that are shared among multiple individuals have been observed previously for dengue infection 446 , after influenza vaccination 447 , and in other many different chronic disorders ranging from infections, autoimmunity to cancer. [448][449][450][451] . However, in the context of allergy, the potential for public antibodies to the specific allergen has not been explored in immunized mice or humans. Here, we surprisingly found the rocuronium-specific major clonotypes were shared by two individual mice.

Currently, studies of public clonotypes mostly focus on either heavy chains, or light chains, even though a true public clonotype must share both chains. Native pairings are important in creating accurate models that represent the repertoire and will affect the properties of the antibody, such as its folding, stability, expression, and binding.

Antibodies with high affinity and specificity are identified more often when the true VH/VL pairings are known. 452 Here, we have identified the VH-VLparied antibody repertoire against rocuronium.

The public clonotype in unrelated individuals with viral infection or vaccination has been reported which is usually common in IGK and IGL light chain due to the lack of combination diversity and junction diversity 453,454 but usually show low-frequency in IGH. 446,447 The public VLs were able to pair with multiple VH in multiple donors also identified in other single-cell sequencing research. 455 We have the same observation that several major VL sequences are shared by most of the antibody clonotypes.

The proportion of public clonotype in mice has been reported much higher compared to humans. Analysis of hundreds of thousands of human VDJ rearrangements from four human individuals found that just 1 in 4000 sequences shared CDR3s 456 . By contrast, a study involving relatively small samplings of the repertoires of C57BL/6 and BALB/c mice shows that 4-6% of sequences included CDR3 sequences shared by two or more mice from the same strain 444 . Another study with a much larger sampling of the expressed repertoire reported that 14% of CDR3 sequences were shared by individuals from the same strain 457 . Previous reports found that the anti-hapten responses of different mice often include the expression of shared antibodies encoded by particular V(D)J rearrangements. 442,443 Especially, the public clonotype often be present at a high copy number in an individual mouse. 451,458 The abundance of public clonotypes in the mouse helps explain these observations of the shared antibody response to the simple chemical hapten, as well as our observation of rocuroniumspecific public clonotype. Considering the antibody repertoire different features between mouse and human, we assume that the identification of the rocuroniumspecific antibody repertoire from patients is necessary to better understand the human humoral immune response.

Why are these rocuronium-specific antibodies of high-affinity?

In this work, almost all of the selected representative rocuronium-specific mAbs exhibit a high affinity against rocuronium with Kd at nanomolar. With the microfluidic droplet platform Celligo, our lab has previously identified the anti-TT and the anti-GPI antibody repertoires and the expressed antibodies had in general high affinities, with median KDs of 0.8 nM for TT and 0.4 nM for GPI. The previous data suggested that the Celligo platform might have a preference for high-affinity antibodies. Here, the rocuroniumspecific mAbs have been identified with the Celligo platform and hybridoma technique in parallel, all of them show high affinity which indicates the high-affinity is not related to antibody screening technology.

In principle, the antibody acquires affinity maturation through somatic hypermutation and clonal selection. Here, mice have been immunized for multiple times with the adjuvant alum and pertussis toxin which assist the antibody affinity maturation. This might be a different situation in NMBA allergic patients because the drug exposition is 

NMBA allergic epitope: is it the substituted ammonium group?

In this work, we characterized the rocuronium interaction with its complementary mAbs at precisely molecule level. The co-crystal structure of mAb(Roc#2, Roc#8, and Roc#11) in complex with rocuronium indicated that not only the ammonium group but also other ions are involved in the interaction with the Ab with different conformations.

However, this result is in apparent contradiction with the finding that substituted ammonium groups are central to NMBA hypersensitivity and IgE binding to NMBA. 432 In 1983, Baldo and Fisher identified substituted quaternary ammonium ions as the allergenic determinants of alcuronium, a bis-quaternary NMBA. 432 Specifically, they applied alcuronium-carrier complex based radioimmunoassay to analyze drug-specific IgE antibodies from six drug-sensitive patients' sera. Alcuronium-reactive antibodies were found in 6 subjects and most of the antibodies cross-reacted with other muscle relaxants and a variety of apparently structurally unrelated drugs containing quaternary or tertiary ammonium group. Thus, they got the conclusion that the tertiary or quaternary ammonium group were the complementary allergenic sites of NMBAs.

However, it should be noted that the six patients' sera showed a large discrepancy in inhibitory potency with different NMBAs. Especially one serum, Wa, reacted strongly with alcuronium but inhibition studies revealed no cross-reactivity with other NMBAs.

Circulating specific IgE detection is one of the major diagnosis approaches in allergic or anaphylaxis reactions. However, there is currently no NMBA-specific IgE assay readily available to document allergy from NMBAs except IgE for suxamethonium and rocuronium (Phadia AB, Uppsala, Sweden). This is mainly due to the difficulty to conjugate them to a solid phase or a carrier protein. 459,460 The morphine-based assay has been widely used to quantify various NMBA-specific IgE, because of the QA shared structure with NMBA. Unfortunately, quantification of IgE to suxamethonium and morphine has repeatedly been reported to be not sensitive enough to make a good diagnosis of NMBA allergy (sensitivity varying between 50 and 60%). 461,462 The potential identification of patients at risk of NMBA hypersensitivity by quantifying anti-QA IgE could reveal false-positive results because these IgE are present in the general population. 462,463 . Moreover, we interestingly found that there were no difference in the level of anti-QA IgG between the control group and the mild symptom group. 68 One explanation is that the substituted ammonium group is shared not only by the NMBAs but also widely present in many other drugs such as pholcodine, foods, cosmetics, household disinfectants, and industrial materials. 432,434 The mechanisms of the immune response against those various products is under investigation by Marine Peyneau, PhD student in our group.

There has been speculation that the structures adjacent to the substituted ammonium groups are almost involved in the antibody recognition from allergic patients, and the interaction between NMBAs and complementary antibodies is heterogeneous. 464 Our results are more likely to support this speculation about the existence of multiple epitopes in rocuronium targeted by various B cells and the existence of heterogeneity in anti-NMBA antibody responses. However, whether our results are predictive of antibodies involved in the antibody derived from NMBAs hypersensitivity remains to be clarified, and an investigation into the human repertoire of anti-NMBA antibodies is still required.

NMBAs-specific mAb: a new concept to reverse neuromuscular blockade?

Currently, two kinds of neuromuscular reversal agents are widely used in the clinics including anticholinesterase (AChE) inhibitors and selective reversal agent sugammadex to reverse neuromuscular blockade (NMB). AChE inhibitors cannot reverse deep NMB, cause a serial of side effects, and may even induce muscle weakness when administered in large doses following recovery from NMBAs. 431,465 Sugammadex, an anionic γ-cyclodextrin derivative, reverses NMB by binding and thereby inactivating steroidal NMBAs. Hypersensitivity to sugammadex as well as dose-dependent sugammadex-induced anti-coagulation (increase activated partial thromboplastin time and prothrombin time) were reported. 425,466 Another new class of selective reagent calabadion2 has been developed recently and shows good efficacy in reversing rocuronium-, vecuronium-, and cisatracurium-induced neuromuscular blockade in rats, while studies on humans are awaited . 430 We thus hypothesized that our NMBA-specific antibodies could represent a new kind of neuromuscular blockade reversal drug. Here, we evaluated the rocuronium-specific antibody (full IgG and ScFv) efficacy in preventing rocuronium-induced neuromuscular blockade in mice in vivo, taking care of avoiding any Fc-related effector function that may be detrimental (leading to neutrophil activation in particular).

To be considered a potential reversal drug for NMBA in humans, a drug candidate should demonstrate its efficacy in rapidly reversing neuromuscular blockade in preclinical models. These are essentially large animals (non-human primates, pigs), and sometimes rats, but not mice due to their small size leading to inability to record TOF and properly maintain ventilation. This PhD being performed during the COVID-19 pandemic, no study in larger animals than mice could be set-up to test antirocuronium antibodies for reversal of neuromuscular blockade. We thus devised a prophylactic model of rocuronium-induced neuromuscular blockade in mice, which does not require intubation, ventilation and TOF measurements. This model represents a first step before attempting a "real" NMBA reversal experiment in a larger animal.

In this prophylaxis setting, we observed that the anti-rocuronium mAbs could offer protection of mice from a lethal dose of rocuronium and a lower molar ratio compared to sugammadex. Notably, the anti-rocuronium mAbs have a 100 ~ 1,000-fold better affinity (10 -10 M<KD ≤ 10 -9 M) than sugammadex (KD=10 -7 M). This translates into stronger protection at a lower molar ratio between rocuronium and the reversal agent.

Even though, the production cost of a cyclodextrin (sugammadex) compared to an ScFv (anti-roc antibodies) seems to be in favor of sugammadex. Nevertheless, reversing drugs by encapsulation carries the risk of non-specific binding to biologically relevant plasma molecules or other medications of the patients. Sugammadex treatment have shown dose-dependent side effects (inhibition of coagulation) and even hypersensitivity reactions, that have limited its use in some countries, in particular in the USA. This led us to propose our mAbs as new therapeutic tool. Indeed, mAbs express a high-specificity and high-affinity to their antigen, and have proven safety in various clinical applications. The ScFv, unlike classical therapeutic antibodies, can be produced in high amounts in bacteria or insect cells, have a rapid blood clearance, and better tissue penetration [467][468][469] , which may place anti-rocuronium ScFv as competitors for sugammadex. Future neuromuscular blockade reversal experiments will have to be performed, preferentially on non-human primates that have similar sensibility to NMBAs than humans.

The selective reversal agent has a common limitation on the binding spectrum to various NMBAs. Sugammadex can only reverse rocuronium-and vecuronium-induced NMB, calabadion2 can reverse rocuronium-, vecuronium-and cisatracurium-induced NMB but with a large discrepancy in efficacy. Optimization of the chemical drug to improve their efficacy without bringing other unwanted features seems not easy and needs to take lots of effort. Notably, we observed rocuronium mAbs cross-binding to vecuronium and pancuronium but with lower efficacy compared to free rocuronium. Rocuronium, vecuronium, and pancuronium are steroid neuromuscular blocking agents sharing very similar chemical structures. Optimizing the antibody by mutation of critical amino acid predicted through computer calculation to improve antibody affinity has been reported. 470 It's promising to obtain an antibody with higher affinity against vecuronium and pancuronium through optimization of the current antibody; these future new antibodies could efficiently reverse vecuronium and pancuronium-induced neuromuscular blockade.

Cisatracurium, accounting for about one-third of the market volume of NMBAs, can bind to a newly developed reversal drug calabadion 2 with low affinity( Ka = 4.8 × 10 6 M -1 ) 430 but not to sugammadex. Cisatracurium-specific antibodies should be identified to reverse cisatracurium-induced neuromuscular blockade.

We thus assume that NMBA-specific mAbs could be a new concept to develop neuromuscular blockade reversal agents.

human FcεRI receptor was choosen as a source of bone marrow-derived mast cells (BMCMC)(Figure 17). The HSA-Roc could activate mast cell sensitized with the mixture of different clonotype IgE and all monoclonal IgE except the Roc#12 IgE which had a low affinity (Kd=10 -7 M) to rocuronium as compared with to other IgE antibodies (Kd=10 -9 M).

(Figure 18). 

Can high-affinity roc-specific scFv mitigate rocuronium-induced anaphylaxis?

Investigation of the rocuronium-specific scFv capacity to mitigate rocuronium-induced anaphylaxis is the major goal of this perspective. In principle, the rocuronium-scFv complex, without allergic epitope exposure abrogates the rocuronium capacity to crosslink IgE at the surface of mast cell/basophil. Moreover, when compared to the in vivo circulating antibodies, the selected rocuronium scFv (Kd=10 -10 M) has a higher affinity which could competitively capture the rocuronium with much higher efficacy comparing to sugammadex.

We propose to evaluate rocuronium-specific scFv capacity to prevent and block the mediator release from mast cells and basophils activated by free rocuronium or HSA-Roc. We have shown that the rocuronium-specific IgE sensitized basophil/mast cell could be activated by HSA-Roc or free rocuronium. Thus, by adding the high-affinity rocuronium-scFv to the IgE sensitized basophil/mast cell before or after the HAS-Roc/free rocuronium challenge, we will be able to evaluate the scFv capacity to prevent and block the effector cell activation and mediator release.

In summary, we will evaluate the rocuronium-specific scFv capacity to mitigate anaphylaxis with the rocuronium-induced passive systemic anaphylaxis mouse model and may further explore the involved underlying mechanisms. Those experiments are ongoing. 

Identify rocuronium-specific memory B cell from patients

Our lab previously conducted a multicentric study to investigate the contribution of IgGinduced neutrophil activation pathway in anaphylaxis (manuscript 1 of this thesis). In the study, 86 patients with suspected anaphylaxis to neuromuscular-blocking agents (NMBAs) during general anesthesia and 86 matched controls were enrolled. 68 Among the 86 cohorts, the serum of 4 patients had high levels of ocuronium-specific IgG antibody using ELISA. (Figure 5a of manuscript 1 of this thesis). Patient #0716 PBMC was further applied for rocuronium-specific memory B cell screening with flow-cytometry (Figure 23). As indicated in the gating strategy, the healthy donor had 0% rocuroniumspecific memory B cell and patient #0716 had 0.11% rocuronium-specific memory B cell.

The rocuronium-specific memory B cells have been single-cell sorted and single-cell VH-VL PCRs are now ongoing. -The anti-rocuronium mAbs can efficiently prevent neuromuscular blockade in mice, suggesting its great potential as a new neuromuscular blockade reversal drug.

To our knowledge, the NMBA-specific antibody response has never been characterized at single molecule level. Our results reveal the anti-NMBA IgG repertoire feature as well as the mAb-NMBA interactions at precise molecular level which brings a novel view to the field.

We further provide a new concept to develop NMBA-specific mAbs as promising neuromuscular blockade reversal drugs.
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  Les médicaments bloquants la jonction neuromusculaire (NMBAs) sont utilisés comme relaxants musculaires pour aider la ventilation mécanique et optimiser les getses chirurgicaux. Le blocage neuromusculaire résiduel (rNMB) qui repose sur les propriétés intrinsèques des NMBAs, et les réactions allergiques induites par les NMBAs qui reposent principalement sur l'existence d'anticorps anti-NMBA sont deux effets secondaires majeurs des NMBAs. L'existence de cette réponse humorale a été déduite de tests d'activation cellulaires et de l'analyse du sérum des patients, mais jamais un anticorps monoclonal spécifique à aucun NMBA n'a été identifié et caractérisé. Le rNMB est la durée résiduelle d'action de ces médicaments relaxants musculaires au-delà de l'acte chirurgical. Ce rNMB provoque une faiblesse musculaire et altère les fonctions respiratoires. Deux types de médicaments peuvent inverser le blocage neuromusculaire: des anticholinestérases qui sont cependant inefficaces lors d'un blocage profond, et l'agent d'inversion sélectif sugammadex qui est efficace pour inverser rapidement le blocage neuromusculaire profond induit par le rocuronium. Ce travail est axé sur la caractérisation fine d'anticorps anti-rocuronium. Premièrement, des anticorps polyclonaux de nature IgG ont été purifiés à partir d'un patient ayant développé une anaphylaxie induite par NMBA ; cette étude clinique a permis d'identifier une voie IgG-dépendan,te impliquant l'activation des neutrophiles et contribuant à l'anaphylaxie. Deuxièmement, des anticorps IgG monoclonaux (mAbs) isolés de souris immunisées contre le rocuronium ont été aussi générés au cours de ce travail. Le répertoire d'anticorps anti-rocuronium de souris était composé de réarrangements V(D)J-VJ limités et a démontré une convergence entre les répertoires. Les mAbs représentatifs exprimés à partir de chaque réarrangement ont démontré une affinité élevée et certains une réaction croisée uniquement aux NMBAs dérivés du rocuronium. Ces mAbs anti-rocuronium (IgG humaine ou IgE humaine) activent les neutrophiles ou les mastocytes et les basophiles, respectivement, en présence de protéines porteuses conjuguées au rocuronium, soutenant le rôle des IgG et IgE anti-NMBAs dans l'hypersensibilité liée aux NMBAs. Des co-cristaux ont révélé différents modes de liaison des mAbs au rocuronium. Enfin, plusieurs mAbs peuvent prévenir efficacement le blocage neuromusculaire induit par le rocuronium chez la souris in vivo.

Figure 1 .

 1 Figure 1. Structure of neuromuscular junction: The neuromuscular junction is a chemical synapse between the motor neuron and the skeletal muscle fiber. It consists of a presynaptic terminal, synaptic cleft, and a postsynaptic membrane or cell (adapted from ref1)

Figure 2 .

 2 Figure 2. Principle for measurement of train of four ratio (TOF).
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 1 Acute onset of an illness (minutes to several hours) with involvement of the skin, mucosal tissue, or both (eg, generalized hives, pruritus or flushing, swollen lips-tongue-uvula) AND AT LEAST ONE OF THE FOLLOWING a. Respiratory compromise (eg, dyspnea, wheeze-bronchospasm, stridor, reduced PEF, hypoxemia) b. Reduced BP or associated symptoms of end-organ dysfunction (eg, hypotonia [collapse], syncope, incontinence) 2. Two or more of the following that occur rapidly after exposure to a likely allergen for that patient (minutes to several hours): a. Involvement of the skin-mucosal tissue (eg, generalized hives, itch-flush, swollen lips-tongue-uvula) b. Respiratory compromise (eg, dyspnea, wheeze-bronchospasm, stridor, reduced PEF, hypoxemia) c. Reduced BP or associated symptoms (eg, hypotonia [collapse], syncope, incontinence) d. Persistent gastrointestinal symptoms (eg, crampy abdominal pain, vomiting) 3. Reduced BP after exposure to known allergen for that patient (minutes to several hours): a. Infants and children: low systolic BP (age specific) or greater than 30% decrease in systolic BP * b. Adults: systolic BP of less than 90 mm Hg or greater than 30% decrease from that person's baseline PEF, Peak expiratory flow; BP, blood pressure. * Low systolic blood pressure for children is defined as less than 70 mm Hg from 1 month to 1 year, less than (70 mm Hg + [2 × age]) from 1 to 10 years, and less than 90 mm Hg from 11 to 17 years.

Figure 3 .

 3 Figure 3. Multiple potential pathways in antibody (Ab)-mediated anaphylaxis. (Adapted from reference 38 )

Figure 4 :

 4 Figure 4: Mouse and human IgE and IgG receptors. Schematic representation of mouse and human FcRs at the cell membrane (gray bar) and their association or not to the FcR-chain dimer (black). ITAMs are represented by green boxes and ITIMs by a white box. (adapted from reference 133 )

  FcγRI is found on cultured human MCs upon interferon- stimulation 144 or on MC from skin lesions in patients with psoriasis in which interferon- is enriched 145 . Expression of FcγRIIA and FcγRIIB in human MCs differs depending on tissue location. The engagement of mast cell IgG receptors by immune complexes may or may not trigger cell activation, depending on the type of mast cell. The co-engagement of IgG and IgE receptors can results in inhibition of mast cell activation. 146

Figure 5

 5 Figure 5 Immunologically and non-immunologically -induced mast cell degranulation (adapted from Hannino et al. 181 ).

Figure 6 .

 6 Figure 6. Stages of B-cell development. B-cell development (adapted from reference 226 )

Figure 7 .

 7 Figure 7. Antibody structure and sequence diversification mechanisms (adapted from reference 233 )

Figure 8 :

 8 Figure 8: Key steps in the development of antigen-specific B cells in germinal center. (adapted from reference 233 )

Figure9.

  Figure9. Schematic of hybridoma technology illustrating steps involved in the generation of a monoclonal antibody producing hybridoma cell line.(Adapted from reference 262 )

10 11 B

 11 cells in the human body are present in peripheral blood, compared with almost 28% in lymph nodes, 23% in the spleen and on mucosal surfaces, and 17% in the red bone marrow. 229 Thus, the antibody repertoire in peripheral B cells provides a narrow view of the humoral response to antigen challenge. The source of B cells should be one important consideration in the research. Currently, two major techniques are generally used to identify the target B cells. Here I briefly introduce the critical points of the flow cytometry and microfluidics droplet assay. Flow Cytometry: A well established and validated single cell screening method used today is fluorescence activated cell sorting (FACS). FACS is a modified version of flow cytometry, developed, in Stanford University by Leonard Herzenberg and his research group, in the 1960's.268,269 

Figure 10 .

 10 Figure 10. Schematics of microfluidics platform for screening single-cells. A mixture of cells is loaded into droplets together with assay reagents and beads carrying capture probe (antigen). The cells secreting antigen specific Ab will be detected by fluorescent sandwich assay on bead surface and sorted. The sorted cells will be lysed and mRNA encoding heavy and light chains are captured and sequenced. (Adapted from reference. 279 )

Figure 11 .

 11 Figure 11. Methods for high-throughput sequencing of the Ig sequence repertoire. Schematic of single-cell immunoglobulin repertoire sequencing method. Left panel: B-cell lysis and mRNA capture in picoliter well arrays. Middle panel: single-cell PCR following limited B-cell dilution and amplification using barcoded primers. Right panel: microfluidic barcoding of VH and VL cDNA.(adapted from 233 )

Figure 12 .

 12 Figure 12. The CelliGO process. a, Schematic of sorting on the basis of IgG binding to the soluble antigens TT and GPI (top panel) or to the membrane antigen TSPAN8 (middle panel), followed by paired VH-VL sequencing of the sorted cells (bottom panel). b, Images of microfluidic operations. From left to right: droplet production, droplet sorting and cocompartmentalization of single cells with single beads in droplets CelliGO timeline. The total time for the entire process from cell harvesting to antibody validation takes 20 d, including only 12 h from cell harvesting to NGS. c, CelliGO timeline (Adapted from reference 305 )

4. 1

 1 Clinical general situation • Definition and measurement of neuromuscular blockadeIn a landmark investigation examining mortality rates in 599,548 surgical patients undergoing procedures between the years 1948 and 1952 observed that the use of neuromuscular blocking agents (NMBAs) was associated with a 6-fold increased risk of death in the perioperative period.333 In 2017, a retrospective study assessed the association between inter-mediating non-depolarizing NMBAs use with or without neostigmine reversal and postoperative morbidity and mortality in 11,355 patients. The use of NMBAs without neostigmine reversal was associated with increased odds of composite respiratory outcome and a marginal increase in 30-day mortality compared with patients reversed with neostigmine.334 The non-depolarizing muscle relaxants have very few adverse effects (mostly allergic reactions) during anesthesia, a residual duration of action of muscle relaxants beyond the end of the operation, also referred to as postoperative residual curarization (PORC), has been a well-known problem since it was first described in 1979 by 

Figure13:

  Figure13 : Mechanisms of reversing non-depolarizing neuromuscular blocking agents. (A) Mechanism of action of non-depolarizing neuromuscular blocking agents (NMBAs).(B) Reversal of shallow levels of block by acetylcholineseterase (AChE) inhibitors(C) Rapid reversal of all levels of NMB by molecular encapsulators(Adapted from reference 341 )

Figure 14 A

 14 Figure 14 A. Structure of synthetic sugammadex; B, Complex formation of sugammadex and rocuronium as obtained by X-ray diffraction. The rocuronium molecule (model with spheres) is completely encapsulated by sugammadex (model with sticks).(adapted from reference 2)

Figure15.

  Figure15. Chemical structure of calabadion (A) chemical structure of calabadion 1 429 (B) chemical structure of calabadion 2 (C) encapsulation process of calabadion 2 and rocuronium. Adapted from ref 352. 376

Aim 1 :Aim 2 :Aim 3 :

 123 Characterize purified polyclonal anti-rocuronium IgG from a NMBAhypersensitive patient. I contributed to a collaborative clinical study to investigate the IgG-FcγR-neutrophil-PAF pathway contribution to NMBA-induced anaphylaxis. A prospective multicentric study was conducted and found that the concentrations of anti-NMBA IgG and markers of FcγR activation, PAF release, and neutrophil activation correlated with anaphylaxis severity. My contribution was to characterize the rocuronium-specific IgG purified from one patient's serum: their cross-reactivity to various NMBAs and their ability as soluble NMBA-anti-NMBA IgG immune complexes to activate neutrophils ex vivo. Identify and characterize (affinity, cross-reactivity, co-crystal structures) antirocuronium IgG isolated from rocuronium-immunized mice. My goal was to contribute to the analysis of two anti-rocuronium VH-VL repertoires obtained by my laboratory before the start of my PhD, and express selected representative VH-VL pairs as human IgG and IgE. To enrich these repertoires, I generated novel anti-rocuronium IgG hybridomas from immunized mice. Identify among these anti-rocuronium mAbs those with potential to interfere with rocuronium-induced neuromuscular blockade, and propose different antibody formats devoid of cell-activation property as a potential therapeutic drug.

  86 patients with suspected anaphylaxis to neuromuscular-blocking agents (NMBAs) during general anesthesia and 86 matched controls. Finally, the results support the existence of an IgG-neutrophil pathway in human NMBA-induced anaphylaxis may aggravate anaphylaxis in combination with the IgE pathway or underlie anaphylaxis in the absence of specific IgE. This manuscript was in revision at Science Translational Medicine when I started my PhD and I was asked to purify rocuronium-specific IgG from one patient's serum to characterize their cross-binding capacity to various NMBAs and their ability to activate healthy donor-derived neutrophil ex vivo in the presence of rocuronium-antirocuronium IgG immune complexes. I am 6 th author of the published manuscript (Jonsson et al. 2019).
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 114 Fig. 1. NMBA-specific antibodies concentrations are elevated in severe AHR. (A to D) Schematic representation of (A) quaternary ammonium morphine (QAM) antigen, (B) suxamethonium, (C) atracurium, and (D) rocuronium. (E and F) Measurements of (E) IgE and (F) IgG against QAM in patients presenting with mild AHR (n = 43), severe AHR (n = 43), and matched controls (n = 86). Wilcoxon signed-rank test, ****P < 0.0001, **P < 0.01, *P < 0.05. Mann-Whitney U test, ####P < 0.0001, ###P < 0.001. (D and E) Results are represented as boxplots; whiskers indicate the 10th and 90th percentiles. (G) Plotting of individual data of anti-QAM IgE and IgG concentrations for controls (orange triangles) and patients (blue diamonds). Inset: Correlation plot including only patients and controls with anti-QAM IgE of >0.3 kU/liter. Spearman's correlation, ***P < 0.001.

Fig. 2 .

 2 Fig. 2. Modulation of IgE and IgG receptor expression on myeloid cells during AHR. (A and B) FcRI, (C and D) CD64 (FcRI), (E to H) CD32A (FcRIIA), (I and J) CD32B (FcRIIB), and (K and L) CD16 (FcRIII) expression on circulating basophils (A, G, and I), eosinophils (B and F), neutrophils (C, E, and K), and monocytes (D, H, J, and L) in the blood from patients 30 min after onset of AHR during the follow-up visit (V2) or from matched controls. Values represent the delta geometric mean (GeoMean) between specific staining and corresponding isotype or fluorescence-minus-one control. Wilcoxon signed-rank test, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. Mann-Whitney U test, ####P < 0.0001, ###P < 0.001, #P < 0.05. All boxplot whiskers represent 5th and 95th percentiles.

FFig. 3 .

 3 Fig. 3. Circulating neutrophils are activated during AHR. (A to C) Surface expression on circulating neutrophils of activation markers (A) CD11b, (B) CD18, and (C) CD66b expressed as geometric mean of fluorescence intensity after subtraction of isotype control. (D) Neutrophil elastase in the plasma of patients 30 min after AHR occurrence in patients with mild (n = 37) or severe (n = 32) AHR, at V2 (n = 69) or in healthy controls (n = 30). (E) Circulating NETs measured as DNA-MPO complexes in the serum of patients 30 min after AHR occurrence in patients with mild (n = 43) or severe (n = 43) AHR, at V2 (n = 86) or in matched controls (n = 86). OD, optical density. (F) Activity of PAF-AH in the plasma of patients 30 min after AHR occurrence in patients with mild (n = 42) or severe (n = 42) AHR or of healthy controls (n = 33). Wilcoxon signed-rank test, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. Mann-Whitney U test, ####P < 0.0001, ###P < 0.001, ##P < 0.01, #P < 0.05. All boxplot whiskers represent 10th and 90th percentiles.

Fig. 4 .

 4 Fig. 4. Evidence of an IgG-neutrophil-PAF pathway in the presence or absence of IgE-mediated anaphylaxis markers. Evidence for IgE-dependent anaphylaxis was classified as absent (n = 27), equivocal (n = 19), or strong (n = 40) for each patient of the NASA cohort. Data from Figs. 1 to 3 were reanalyzed on the basis of these criteria, and (A) FcRI expression on basophils, (B) anti-NMBA IgG, (C) CD32B expression on basophils, (D) CD32A expression on monocytes, (E) CD32A, (F) CD16 expression on neutrophils, circulating (G) neutrophil elastase, (H) NETs (DNA-MPO complexes), (I) CD11b, (J) CD18, (K) CD66b expression on neutrophils, and (L) plasma PAF-AH activity were compared between controls and patients with absent, equivocal, or strong evidence for IgE-dependent anaphylaxis. Wilcoxon signed-rank test, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. Mann-Whitney U test, ####P < 0.0001, ###P < 0.001, ##P < 0.01, #P < 0.05. All boxplot whiskers represent 10th and 90th percentiles.

Fig. 5 .

 5 Fig.5. NMBA-anti-NMBA IgG complexes activate neutrophils ex vivo. (A) Anti-rocuronium ELISA; four patients with high rocuronium-specific IgG antibody indicated with colored lines. (B) Specificity of purified anti-rocuronium IgG from patient #7016 measured by ELISA against indicated protein antigens and their morphine (Morph), suxamethonium (Suxa), and rocuronium (Roc) derivatives or against common allergens: amoxicillin, peanut extract, Bet v 1 (the major birch pollen antigen, Betula verrucosa) and ovalbumin (OVA). One of two independent experiments is shown. (C) Flow cytometry analysis of the binding of (anti-rocuronium IgG + rocuronium-HSA) ICs to CHO cell transfectants expressing human CD16A/FcRIIIA variant V 176 (blue line), compared to rocuronium-HSA alone (black line), and unstained cells (gray-shaded histogram), one of three independent experiments. (D and E) Fluorescent-based measurement of (D) ROS or (E) cell-free DNA (NETs) released by purified neutrophils from healthy donors (n = 4), either left untreated (media) or incubated with control ICs (OVA IC), rocuronium-HSA, or (anti-rocuronium IgG + rocuronium-HSA) complexes (Roc IC). Error bars represent SD. Mann-Whitney U test, *P < 0.01. AU, arbitrary units.

anaphylaxis

  An IgG-induced neutrophil activation pathway contributes to human drug-induced Neukirch, Florence Tubach, Dan Longrois, Sylvie Chollet-Martin and Pierre Bruhns Fischler, Caroline Sauvan, Marie-Thérèse Guinnepain, Philippe Montravers, Michel Aubier, Sylvie Bay, Catherine Necib, Hawa Keita-Meyer, Matthieu Le Dorze, Bernard Cholley, Olivier Langeron, Laurent Jacob, Benoit Plaud, Marc Fadia Dib, Pascale Nicaise-Roland, Christelle Ganneau, Maria Hurtado-Nedelec, Catherine Paugam-Burtz, Skander Friederike Jönsson, Luc de Chaisemartin, Vanessa Granger, Aurélie Gouel-Chéron, Caitlin M. Gillis, Qianqian Zhu, DOI: 10.1126/scitranslmed.aat1479 , eaat1479. 11 Sci Transl Med alternative pathways may be at play and could help develop tests to reduce risk in anesthetic drug administration.circulating activated neutrophils. Not all of the patients had detectable antidrug IgE. Their results reveal that that drug-specific IgG complexes could trigger neutrophils ex vivo and anaphylactic patients had increased samples from people that experienced anaphylaxis after neuromuscular-blocking agent administration. They found but allergen-specific IgE is not always present. To resolve this conundrum, Jönsson and colleagues studied Classic anaphylaxis is thought to depend on IgE engagement of Fc receptors on mast cells and basophils,

Fig. S9 .

 S9 Fig. S9. Human neutrophil activation by soluble NMBA-anti-NMBA IgG ICs. (A,B) Flow

  values of QAM IgE (kilounits per liter) and QAM IgG (micrograms per milliliter) for case-control pairs. Data classified by NMBA administered, and sorted by 1) AHR severity, 2) QAM IgE, 3) QAM IgG.
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  Manuscript in preparation: Characterization of rocuronium-specific antibodies and their efficacy to protect from neuromuscular blockade This result part corresponds to Aim 2 and Aim 3 of my thesis. A manuscript draft is included that encompasses the main results obtained from the characterization of anti-rocuronium IgG identified from immunized mice. My goal was to contribute to the analysis of two anti-rocuronium VH-VL repertoires obtained by my laboratory before the start of my PhD, and express selected representative VH-VL pairs as human IgG and IgE. To enrich these repertoires, I generated novel anti-rocuronium IgG hybridomas from immunized mice. I also tested among these anti-rocuronium mAbs a few with potential to interfere with rocuronium-induced neuromuscular blockade and envision different antibody formats as a potential therapeutic drug, either IgG antibodies without effector function or ScFv fragments.

  Fig 2A). Three weeks after the last immunization, a boost was performed by a subcutaneous injection of 10g KLH-Roc without adjuvant. Four days later, the superficial cervical lymph node was removed and cells resuspended for screening using the microfluidic droplet assay and sorter, as we reported recently34 or for hybridoma generation using the ClonaCellTM-HY Hybridoma kit (StemCell Technologies).

  secreting cells: Paramagnetic nanoparticles (Strep Plus, 300 nm, Ademtech) coated with biotinylated anti-mouse Igκ VHH (as described35 ), and forming a beadline int he drop, capture secreted kappa light chain antibodies in the droplet that are revealed by 75 nM rabbit F(ab')2 anti-mouse IgG Fc-specific (AlexaFluor647-labeled, Jackson ImmunoResearch) and 50nM HSA-Roc-AF488.Relocation of both AlexaFluor647 and AlexaFluro488 fluorescence onto the beadline triggered sorting of these droplets into a collection tube, followed by cell recovery, re-compartmentalized in droplets with single barcoded hydrogel beads and lysis and reverse transcription reagents using a microfluidic device for subsequent cell lysis and cDNA synthesis. The sequencing library was generated by two-step nested PCR with the barcoded cDNA. Final products were sequenced on an Illumina MiSeq (2x300 bp paired-end reads), which allowed sequencing of the entire VH and VL domain as well as the barcode sequence.34 VH-VL repertoire analysis and selection of representative VH-VL pairsVH and VL sequences have been annotated by MiXCR software to identify germline genes and CDR3 regions. The percentage of a given antibody germline pair (VH-VL, VH-JH, VL-JL) was calculated for each of the samples and plotted using the seaborn python package. In Fig.1, color indicates the abundance of the gene combination within a sample; network analysis represents VH-VL pairs as nodes that are connected by an edge based on a predefined similarity. Here, VH-VL similarity is defined by identical V and J germline in both heavy and light chain as well as Levenshtein distance between VH CDR3 on an amino acid level not greater than 1. Identical germline usage is indicated by the node color. Node size corresponds to the somatic hypermutation events in both heavy and light chains identified by MiXCR alignment 1. Levenshtein distances were calculated by the python-Levenshtein package and the network was plotted using the igraph package.Phylogenetic trees were reconstructed on concatenated heavy and light chain nucleotide sequences using a maximum likelihood method. For each antibody cluster, we constructed a germline sequence by adding reference IMGT sequences of corresponding V, (D), J genes as a control outgroup. Phylogenetic reconstruction was performed and visualized by ETE 3 package 4 that utilized Clustal Omega for multiple sequence alignment and PhyML algorithm for phylogeny.Gene synthesis, cloning and mAbs productionVH and VL gene sequences were codon-optimized for expression in human cells using the GeneArt Strings DNA optimization software, and optimized DNA fragments were synthesized by Synbio Technologies. The synthesized VH sequences were cloned into a human pUC19-Igγ1-expressing vector using SalI and AgeI restriction sites, and VL sequences were cloned into a human Igκexpressing vector using AgeI and BsiWI restriction sites (a gift of Hugo Mouquet, Institut Pasteur, Paris). Antibodies were produced by transient co-transfection of VH-CH and VL-CL expression plasmids into exponentially growing Freestyle TM HEK 293-F that were cultured in serum-free Freestyle TM 293 Expression Medium (Life Technologies) in suspension at 37°C in a humidified 8% CO2 incubator on a shaker platform rotating at 110 rpm. Twenty-four hours before transfection, cells were harvested by centrifugation at 300 x g for 5 min and resuspended in expression medium at a density of 1 x 10 6 cells/ml, and cultured overnight in the same conditions as mentioned above. For the production of mAbs, 40μg of each VH and VL expressing plasmids were diluted in 80l of FectoPRO reagent (Polyplus) at a final DNA concentration of 0.8μg/ml, incubated for 10 minutes at RT before addition to the cells. Twenty-four hours post-transfection, cells were diluted 1:1 with expression medium. Cells were cultured for 6 days after transfection, supernatants were harvested, centrifuged at 1800 x g for 40 min and filtered (0.2μm). Antibodies were purified by affinity chromatography using an AKTA pure FPLC instrument (GE Healthcare) on a HiTrap Protein A Column (GE Healthcare) and desalted on a HiTrap Desalting Column (GE Healthcare).

  scFv production, purification and characterizationRocuronium-specific VH and VL sequences were built into scFvs with a polyglycine-serine linker (GGGGS)4 between the VH and VL sequences. The VHlinker-VL sequences were synthesized at Genscript with codon optimization for expression in Drosophila S2 cells, cloned into pT-350 vector using BglII and BstBI restriction sites (the vector is a gift from Dr. Felix Rey, Institut Pasteur, Paris, France). In the pT-350 vector, the scFv sequence is followed by an enterokinase recognition site and two Strep-tags. The resulting vector is designated pMT-Roc-scFv-Strep.For transfection, 5*10 6 Drosophila S2 cells were seeded in a T25 conical flask containing 5 ml Schneider's Drosophila medium (Gibco) complemented with 10% fetal bovine serum and incubated at 28 °C overnight. Twenty-four hours later 2µg of pMT-Roc-scFv-Strep plasmid were co-transfected with 0.1µg (ratio 20:1) of
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 12 ): lymph nodes of two different mice (mouse#1 and #2) were separately screened and sorted for IgG-secreting B cells encapsulated into microfluidic droplets as we recently reported20 , and one mouse lymph node (mouse#3) was used to generate hybridomas. Both approaches gave positive results.The droplet microfluidic bioassay (Supp Fig 3) allows screening and sorting forIgG secreting cells with affinity for HSA-coupled rocuronium and is immediately followed by single cell barcoded-RNA sequencing to retrieve the VH and VL sequences encoding each IgG variable fragments. As a result, 120 and 130 IgG VH-VL native-paired sequences were obtained from mouse#1 and mouse#2, respectively. In parallel, 5 hybridomas producing roc-binding antibodies were obtained from mouse#3(Supp Fig 4). Surprisingly, for mouse#1, over 90% of sequences derived from only two V(D)J-VJ rearrangements: 59.2% from VH1-55_J2/VK4-68_J5 and 33.3% from VH1-7_J2/VK2-112_J2 (Figure1A-B). For mouse#2, all the sequences derived from only three rearrangements: 82.3% from VH1-55_J2/VK4-68_J5, 10% from VH3-6_J3/VK12-89_J4 and 7.7% from VH3-6_J3/VK10-94_J2 (Figure1C-D). In particular, both repertoires shared the rearrangement VH1-55_J2/VK4-68_J5 as their major rearrangement. Another rearrangement, VH3-6_J3/VK10-94_J2, was also shared by the two mice (0.8% and 7.7%, respectively, for mouse#1 and mouse #2). For mouse#3, three hybridoma mAb VH sequences shared the same V(D)J as mouse#1. In addition, the light chain rearrangements VK4-68_J5 and VK2-112_J2 were preferentially selected as VL rearrangements (accounting for 98.3% and 82.3% of all VL, respectively), for mouse#1 and mouse#2. Altogether, the J2 fragment was preferentially selected in VH sequences, whereas J5 was preferentially selected in VL sequences (Supp Fig5 A-B).Compared to their respective closest germline sequences, the VH nucleic acid sequences showed limited levels of mutations, ranging from 0-13 mutations for mouse#1 VHs and from 0-20 mutations for mouse#2 VHs. VL nucleic acid sequences showed levels of mutations of 0-10 for mouse#1 VLS and 1-13 for mouse#2 VLs. The heavy chain CDR3 (HCDR3) length distributions varied from 11 to 18 amino acids (aa) with an average of 3-4 amino acid mutations compared to germline. The light chain CDR3 (LCDR3) length was generally 11-12 aa with an average of 3 amino acid mutations compared to germline (Supp Fig5 C-D).To better understand the relationship between the VH-VL pairs identified from these 2 rocuronium-immunized mice, a common repertoire network was 123 constructed (Figure1E). Notably, both mouse#1 and mouse#2 VH1-55_J2/VK4-68_J5 sequences (red in Figure1E) form two dominant clusters, with a close proximity, but no overlap. It indicates that even though the same germline sequences were selected in mouse#1 and mouse#2, the mutations were different in each repertoire. The other shared rearrangement VH3-6_J3/VK10-94_J2 (violet in Figure1E) also demonstrated proximity of the sequences between the two repertoires. Noticeably, within the mouse#1 repertoire, VH1-7_J2-VK2-112_J2 sequences (blue in Figure1E) formed 2 separate clusters with different evolution patterns, suggestive of two different B cell clones are the origin of each cluster.

Specifically, 5

 5 representatives among the major shared rearrangements VH1-55_J2/VK4-68_J5 of each mouse, 4 among mouse#1 rearrangements VH1-7_J2/VK2-112_J2, 2 among mouse#1 VH1-81_J2 using different VL germline sequences VK2-112_J2 or VK4-68_J5, and 2 among mouse#2 VH3-6_J3 using different VL germline sequences VK12-89_J4 or VK10-94_J2 (Supp Fig 6).Specificity and affinity towards rocuronium of recombinant antibodiesAll selected VH-VL pairs were expressed as chimeric human IgG1,  mAbs (Roc#1-Roc#12 from mouse#1; Roc#21-Roc#29 from mouse#2) and tested for binding specificity towards major NMBA (Figure2A). All these mAbs demonstrated binding to rocuronium, compared to a control human IgG1, with mAb Roc#12 showing the lowest binding capacity (Figure2Band SuppFig 7). As only rocuronium could be coupled to carrier proteins, we used inhibition ELISA to test cross-binding to other NMBA. None cross-bound succinylcholine or cisatracurium,

  Surprisingly, the selected representative Roc-specific antibodies only demonstrated high affinity against rocuronium with most KD≤ 1 nM. mAb Roc#11 (KD= 0.53 nM) and mAb Roc#12 (KD= 220 nM) display a 400-fold difference in affinity. They share the same VDJ rearrangement of the VH with identical CDRH1 and CDRH3, and only 2 amino acid mutations in the CDRH2, but they have very different VJ rearrangements of the VL, with consequently very different CDRs in the light chain that may explain the dramatic loss of affinity of Roc#12 mAb compared to Roc#11 mAb. Variants of these antibodies were produced using the VH of one mAb and the VL of the other: Roc#11-VH and Roc#12-VL demonstrated poor binding equivalent to that of Roc#12, whereas Roc#11-VL and Roc#12-VH demonstrated high binding equivalent to Roc#11 (data not shown). The light chain may thus be considered as a predominant factor in these rocuronium-mAb interactions when the IGHV1-81_J2 is involved. It remains possible that the initial identification of Roc#12 VH-VL may be a consequence of a bioinformatic mispairing of the extremely dominant IGVK4-68_J5 VL in this repertoire of mouse#1 to the IGHV1-81_J2 of mAb#12: thus Roc#12 may be a Roc#11 clonotype member bioinformatically mispaired to the dominant VL of this repertoire.

Figure 1

 1 Figure 1 Rocuronium-specific VH-VL repertoire analysis. A and C. Pie charts indicate the mouse#1 (A) and mouse#2 (C) V(D)J-VJ rearrangement distribution. Slices are proportional to clone size and colors indicate the rearrangement (refer to Supp.Fig.6). The number in the center of the pies indicates the number of VH-VL pairs. B and D. Heatmap indicating the mouse#1(B) and mouse#2 (D) paired VH and VL incidence as a color code. E. Network analysis to reveal the connection of those antibodies. Circle dots represent mouse#1 derived VH-VL, triangle dots represent mouse#2 derived VH-VL. The sequences within a cluster are defined by the same V(D)J-VJ recombination and CDR3 amino acid differences of less than 2. The size of dots is proportionate to the percentage of mutation. Dot colors correspond to the clonotypes of panel A and C. F, Phylogenic tree of the predominant clonotype from both

Figure 2 .

 2 Figure 2. Binding specificity and affinity of recombinant mAbs. A, Chemical structure of indicated NMBA. B. anti-rocuronium ELISA results using representative mAbs from mouse#1, #2 and #3. mAbs belonging to the same clonotype are represented in the same color. C. Crossbinding of mAb Roc#2 to different NMBA. D. Summary of rocuronium mAb affinity and crossbinding efficacy to other NMBA. KD for rocuronium was measured on an Octet 384, and IC50 using inhibition ELISA.

Figure 3

 3 Figure 3 Co-crystal structure of Roc#8-scFv in complex with rocuronium. A, Surface representation of the co-crystal structure of Roc#8-scFv in complex with rocuronium reconstructed at 1.95 Å overall resolution. Antibody heavy chain VH (green) and light chain VL (light blue) are indicated. For the rocuronium molecule, different atoms are indicated in different colors: C (yellow), O (red) and N (dark blue). B, Ribbon representation of the co-crystal structure of Roc#8-scFv in complex with rocuronium. The figure on the right is a 90° horizonal rotation of the figure on the left. C, Electron density representation of the interface interaction of Roc#8-scFv and rocuronium.

Figure 4 .

 4 Figure 4. In vivo prophylaxis of rocuronium-induced neuromuscular blockade in mice. A, Experiment outline. Mice are injected intravenously with sugammadex or different rocuronium-specific antibodies (Roc#8 human IgG1, Roc#8-scFv or mouse IgG1 clone 2B1) (or PBS or human IgG1 Herceptin as controls). 10min later, mice are intravenously injected with a lethal dose of rocuronium, and the vitality score defined for each mouse. B, Prophylaxis of rocuronium-induced neuromuscular blockade in FcγRnull mice. Mouse vitality was scored from 1 to 5 as indicated. Each test group contains 3-4 mice. Data are represented as mean ± SD, and p values calculated by the one-way ANOVA test are indicated (*, p<0.05; ** p<0.005; ***, p<0.0001) for comparisons with the "Roc only" group. Brakets indicate statistical comparisons between the two groups.

  not frequent. Interestingly, around 25% of the patients experienced anaphylaxis on their first exposure to NMBAs. The affinity of the NMBAs-specific antibody identified from the human patient might be different. The analysis of rocuronium antibody repertoire VH-VL somatic hypermutation and CDR3-length show that those antibodies show generally low mutation frequency. It might indicate that the high-affinity of antibodies against simple small-molecule does not require multiple rounds of clonal selection and accumulated hypermutation. Notably, we found two mAb Roc#11 (Kd= 0.53 nM) and mAb Roc#12 (Kd= 220 nM) displayed a 400-fold difference in affinity. They nevertheless share the same VDJ rearrangement of the VH with identical CDRH1 and CDRH3, and only 2 amino acid mutations in the CDRH2. They also have very different VJ rearrangements of the VL, with consequently very different CDRs in the light chain. Variants of these antibodies were produced using the VH of one mAb and the VL of the other: Roc#11-VH and Roc#12-VL demonstrated low binding equivalent to Roc#12, whereas Roc#11-VL and Roc#12-VH demonstrated high binding equivalent to Roc#11 (data not shown). The light chain may thus be considered as a predominant factor in these rocuronium-mAb interactions when the IGHV1-81_J2 is involved, or it may be a consequence of a bioinformatic mispairing of the extremely dominant IGVK4-68_J5 VL in this repertoire of mouse#1 to the IGHV1-81_J2 of mAb#12.

Figure 17 .Figure 18 .

 1718 Figure 17. Bone marrow derived-cultured mast cell(BMCMC)A, bone marrow derivedmast cell culture from Eddy mice (hFcεRI)(adapted from Gaudenzio et al.). B, Flow cytometry quantification of mast cell surface maker c-kit and cell surface human FcεRI expression.

Figure 19 .Figure 20 :

 1920 Figure 19. Chimeric rocuronium-IgE and rocuronium activate human basophil (preliminary data). A. Basophil activation gating strategy. CCR3 is taken as basophil specific cell surface marker. Increased CD63 expression is taken as the basophil activation marker. B, The percentage of basophil with increased CD63 expression with different rocuronium challenge.The basis is buffer, STCON is anti-FcεRI antibody as a positive control here. fMLP (bacterial peptide formyl-methionyl-leucyl-phenylalanine) can induce basophil activation.

Figure 22 .

 22 Figure 22. Phenotypic based plasma B cell screening and sorting. A, Principle of microfluidic droplet assay sorting roc-specific plasma cell. In the droplet, magnetic beads are immobilized with antigen HSA-Roc-Biotin to capture the Roc-specific antibody. F(ab')2 antimouse IgG Fc Alexa Fluro 647 relocate to the beads line will give a strong(positive) signal. There are 3 droplet conditions (top, from left to right). No cell encapsulated into the droplet(top, left) gives no signal for cell(CFSE) and antibody(AF647). Non-specific B cell encapsulated into the droplet (top, middle) only gives B cell signal but no antibody signal. Roc-specific plasma cell encapsulate into the droplet(top, right) gives double-positive signals. Droplets are scanned one-by-one as they pass the laser line to produce the fluorescence signals. The recorded experiment droplets corresponding signals are listed below as an example. B, KoKLiKo337 Roc-specific B cell sorted with the microfluidic droplet assay C, FACs sorting single B cell into 96 well plates for further plate-based single-cell PCR to amplify the antibody sequences. Jurkat cell(violet405) as the background cell to minimize the loss of target B cell when recovery from sorted droplets.

Figure 23 .

 23 Figure 23. Roc-specific memory B cell gating and sorting by flow cytometry A, Healthy donor PBMC rocuronium-specific plasma cell gating. B Patient#0716 PBMC rocuronium-specific plasma cell gating

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 Classification and characteriation of neuromuscular blocking agents Aminosteroid Nondepolarizer Benzylisoquinolinium

 1 

  282,283 , electrocoalescence284 , picoinjection 285 and other techniques.286 Droplets are then sorted by Fluorescence Activated Droplet Sorting (FADS),[287][288][289] FADS works on the same principle as FACS but overcomes the limitation of detection of secreted product, as secreted products are also contained within the droplet.

Droplet-based microfluidic systems are becoming established as valuable tools for various applications, such as single-cell analysis, complex multistep biological and chemical assays, diagnostics, drug screening and directed evolution experiments. A particular advantage of droplet microfluidics when compared with conventional screening techniques is that droplets provide a unique tool to link genotype with phenotype through compartmentalization.

279 

Table 3 . Pooled estimated incidence of PORC by muscle relaxant type and TOF ratio Sub-population Pooled rate of PORC § Confidence interval Heterogeneity

 3 

	P-value	Inconsistency † (%)

MR, muscle relaxant; PORC, postoperative residual curarisation; TOF, train-of-four. §Pooled rate of PORC is the weighted average. The weight in the random-effect model takes into account both between and within studies variation. †Inconsistency is the proportion of between studies variability that cannot be explained by chance

Naguib M,et al. Br J Anaesthesia. 2007;98:306-316. 

  377,378 

  Sugammadex is the first clinical representative of a new class of drugs called selective relaxant binding agents. It has revolutionized the way anesthesiologists think about drug reversal. Sugammadex selectively binds rocuronium or vecuronium, thereby reversing their neuromuscular blocking action. Due to its 1:1 binding of rocuronium or vecuronium, it is able to reverse any depth of neuromuscular block.2,379 In 2002, de Boer and colleagues found that Org 25969 (sugammadex) could effectively reverse neuromuscular blockade.2 Subsequent animal studies demonstrated the efficiency of sugammadex as a reliable reversal agent of steroidal NMBAs in mouse hemidiaphragm 380 , guinea pigs 381 , monkeys 344 , and cats.

• Sugammadex 379

Sugammadex is a cyclodextrin consisting of eight oligosaccharides attached by a 1-4 linkages into a circular arrangement to create a hollow toroid. A toroid is a geometric figure that can rotate around its axis without crossing the axis path. Cyclodextrins are hydrophilic on the outer surface because of tails of negatively charged hydroxyl groups and lipophilic on the inner surface. Lipophilic substances such as aminosteroidal

Table 4

 4 listed the sugammadex and neostigmine doses in clinical use:

Table 4 . Reversal Agent and Dose after Rocuronium and Vecuronium injection

 4 sugammadex to 2015 because of occasional occurrence of histaminoid reactions and hemorrhagic side effects in conscious volunteers. Due to its pharmacodynamic profile, sugammadex, in combination with rocuronium, may have the potential to displace succinylcholine as the widely used muscle relaxant for rapid sequence induction. Sugammadex seems thus to be an agent that has the potential for 1) significantly reduce the risk of postoperative residual block, 2) better manage the neuromuscular blockade in the operating room.394,395 Sugammadex has been widely used since it was released. In Japan, sugammadex use has continued to grow with a total of 11,053,680 vials sold over the seven years since its release (© 2018 IQVIA/IMS-JPN (Japan) JPM (Japan Pharmaceutical Market); this calculation is based on JPM from April 2010 to June 2017.396 

(adapted from UCSF department of Anesthesia & Perioperative care unit-NMB Drug Reversal Guide)

Sugammadex has demonstrated efficacy in various special patient populations, including patients with pulmonary disease, cardiac disease, hepatic dysfunction or myasthenia gravis and morbidly obese patients. Intravenous sugammadex is generally well tolerated. The incidence of residual neuromuscular block in the recovery room is much lower if sugammadex rather than neostigmine has been used.

392 

There are few reports about clinical usage of sugammadex in children 393 but it has not been approved to be used in neonates. Sugammadex (Bridion ® ) is approved in more than 50 countries as an encapsulating agent that reverses NMB. Sugammadex has been approved for clinical use in Europe in 2008, and in Japan in 2010. The US Food and Drug Administration (FDA) delayed the approval of
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Table 1 .

 1 Characteristics of the patients. Values are expressed as percentages or as median [25th to 75th percentile]. ACEI, angiotensinconverting enzyme inhibitor; ARA, angiotensin II receptor antagonist; BB, beta blocker; CI, calcium channel inhibitor.

	Variable	Cases (n = 86) Controls (n = 86)	P	
	Female gender	62%	62%	1*	
	Age (years)	57 [40;66]	58 [42;66]	0.66 †	
	Previous general anesthesia	84%	87%	0.66*	
	Medication (ACEI/ ARA/BB/CI)	38%	29%	<0.0001*	
	History of allergy				
	Drugs Latex Food Hymenoptera venom Pollen/moth/ Asthma Atopy Type of surgery Cardiothoracic, vascular Maxillofacial Orthopedic Visceral, urologic, gynecologic Scheduled surgery Surgery with a context of infection NMBA used during surgery Suxamethonium Atracurium Rocuronium *Fisher's exact test. neurosurgery animals/mold	13% 2% 7% 3% 12% 21% 20% 8% 52% 92% 2.3% 56% 51% 3% †Student's t test. 20% 15%	13% 8% 0% 0% 5% 19% 20% 8% 52% 98% 2.3% 56% 51% 3% 20% 13%	1* 0.17* 0.03* 0.09* 0.16* 0.85* 1* 1* 1* 0.17* 1* 1* 1* 1* 1* 0.83*	at INSTITUT PASTEUR on December 18, 2020 http://stm.sciencemag.org/ Downloaded from

Jönsson et al., Sci. Transl. Med. 11, eaat1479 (2019) 10 July 2019

Table 2 . Clinical signs and therapeutic interventions during AHRs, according to severity grade.

 2 Values are expressed as percentages or as median [25th to 75th percentile] when appropriate. The numbers of observations and missing values varied according to the numeric value analyzed: maximum heart rate (HR)(43/17), minimum HR (14/6), minimum PAS (70/21), minimum SpO 2(24/9), and minimum end-tidal CO 2 (etCO 2 ) (33/7). ICU, intensive care unit; IV, intravenous; NA, not available; SAP, systolic arterial pressure; SpO 2 , photoplethysmographic oxygen saturation.

	Clinical/hemodynamic signs

Table S2 . Tryptase and histamine measurements.

 S2 

		Anaphylaxis grade	
		Mild (n=43)	Severe (n=43)	P
	Histamine (nmol/L)	13.5 [7.6-61.5]	100.0 [39.0-100.0]	<0.0001*
	Tryptase (µg/L)	5.8 [3.2-14.0]	59.4 [19.3-109.0]	<0.0001*
	Results are expressed as median [interquartile range]	
	Reference interval: histamine < 20 nmol.L -1 ; tryptase < 11.4 µg.L -1	
	*: Wilcoxon signed-rank test		

Table S3 . Flow cytometry antibodies.

 S3 IgM,κ BD Biosciences * expressed in an aglycosylated human IgG1 kappa format (mutation N297D) to avoid non-specific binding to FcRs.

	Antigen	Clone	Isotype control	Provider
			Cell population markers	
	CD3	BW264/56	mouse IgG2a,κ	Miltenyi Biotec
	CD14	TÜK4	mouse IgG2a	Miltenyi Biotec
	CD15	VIMC6	mouse IgM	Miltenyi Biotec
	CD19	LT19	mouse IgG1,κ	Miltenyi Biotec
	CD56	AF12-7H3	mouse IgG1,κ	Miltenyi Biotec
	CD193	5E8.4	mouse IgG2b,κ	Miltenyi Biotec
	Antibodies anti-Fc receptors and their isotype controls
	FcRI	AER-37	mouse IgG2b,κ	Biolegend
	CD64	10.1	mouse IgG1,κ	BD Biosciences
	CD32A IV.3	mouse IgG2b,κ	Stemcell Technologies
	CD32B 2B6*	-	MacroGenics
	CD16	3G8	mouse IgG1,κ	BD Biosciences
	mIgG1	MOPC-21	-	BD Biosciences
	mIgG2b MPC-11	-	Biolegend
			Activation markers	
	CD11b	M1/70.15.11.5 rat IgG2b,κ	Miltenyi Biotec
	CD18	BP368	mouse IgG1,κ	BD Biosciences
	CD66b	G10F5	mouse BALB/c	

Table S4 . Nuclear magnetic resonance data of carboxylated rocuronium in D 2 O. Assignment 1 H chemical shift (ppm) 13 C chemical shift (ppm) Multiplicity (coupling constant in Hz)

 S4 # L. Fielding Magn. Reson. Chem. 36. 387-397 (1998) (80) 

	1	1.78 (α)-1.86 (β)	36.3	m
	2α	3.83	66.1	m
	3β	5.21	70.4	m
	4	1.56 (α)-2.06 (β)	34.5	m
	5α	1.61	40.7	m
	6	1.42 (α) -1.21(β)	29.5	m
	7	0.93 (α) -1.69 (β)	33.2	m
	8β	1.54	35.8	m
	9α	0.9	56.9	m
	10		38.0	
	11	1.53 (α)-1.38 (β)	23.1	m
	12	1.37 (α) -1.79 (β)	40.1	m
	13		47.8	
	14α	1.11	49.0	m
	15	2.15(α) -1.82 (β)	30.0	m
	16α	4.15	Non visible #	m
	17α	5.12	81.3	d (9.5)
	18	0.83	15.2	s
	19	0.93	17.9	s
	2' -6'	4.10 -3.81	66.3	m
	3' -5'	3.28 -3.34	49.6 -53.1	m
	CH3CO		175.0	
	CH3CO	2.23	23.2	s
	2'' -5''	3.68	65.8 -63.8	m
	3'' -4''	2.14	26.1 -25.2	m
	CH2-N+	4.00	67.6	m
	CH=	6.05	128.0	m
	CH2=	5.64	130.7	dd (10.3 ; 21.7)
	CO (A)		176.5	
	CH2 (B)	2.71	31.4	m
	CH2 (C)	2.71	31.7	m
	COOH (D)		179.4	

Table 1 .

 1 The structures of Fab and scFv in complex rocuronium were solved by molecular replacement with Phaser using the Fab structures from pdb 6ev2 as a search model for Fab Roc#2 and scFv Roc#11, and pdb 5kvf as a search model for scFv Rock#8. The complete models of the complexes were obtained through interactive cycles of manual model building with Coot and reciprocal space refinement with Buster. X-ray data collection and model refinement statistics are summarized in Figures showing the crystallographic model were generated and rendered with Pymol.

Table 1

 1 

	Resolution, Å	Refinement	Multiplicity	% Completeness,	Mn(I) half-set correlation	<I/sigma(I)>	Unique reflections	Rpim	Rmerge	Resolution, Å	a,b,c (°)	a,b,c (Å)	Unit cell dimensions,	Space group	Synchrotron beamline	Data collection	Protein concentration, mg/ml			Reservoir solution	Crystal	: Crystallization conditions,
	28.0-1.90 (2.00-1.90)		11.3 (10.7)	99.4 (88.5)	0.999 (0.424)	12.1 (0.7)	93815 (4304)	0.034 (0.997)	0.105 (3.014)	57.5-1.90 (1.93-1.90)	90, 90, 90	131.63, 131.63, 118.43		P31211	PROXIMA 2		10		4.6 0.1 M Na Acetate pH	3.5 M Na Formate	ScFv#8 + Rocuronium	data collection and refinement
	113.9-2.41 (2.65-2.41)		8.1 (6.6)	47.1 (6.9)	0.994 (0.725)	7.7 (2.0)	7378 (871)	0.087 (0.409)	0.233 (0.977)	113.9-2.41 (2.78-2.43)	90, 90, 90	131.56, 131.56, 95.16		P31211	PROXIMA 2		12	0.1 M HEPES pH7.5	5 %w/v 2-PropOH	10 % (w/v) PEG 4K	Fab#2 + Rocuronium	statistics. (Values in parentheses
	43.0-1.20 (1.21-1.20)		7.2 (5.8)	99.2 (97.8)	0.998 (0.668)	12.1 (1.8)	81866 (3978)	0.029 (0.430)	0.069 (0.864)	50.8-1.20 (1.22-1.20)	90, 90, 90	50.89, 63.69, 80.61		P212121	PROXIMA 2		10	pH 0.1 M HEPES pH 7.5	10 % (v/v) 2-PropOH	20 % (w/v) PEG 4K	ScFv#11 + Rocuronium	are for the highest resolution
																					shell)
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Materials and Methods

Complement measurements

Complement hemolysis 50% (CH50) activity and complement fractions C3 and C4 were determined by turbidimetry on a SPA + analyzer (Binding Site) according to the manufacturer's instructions and standard practice of the laboratory.

Elastase quantification

Plasma concentrations of human elastase were measured using a commercial ELISA kit (Abcam)

according to the manufacturer's instructions.

PAF-acetyl hydrolase quantification

The activity of the enzyme that hydrolyzes and inactivates PAF (PAF-acetyl-hydrolase, PAF-AH) inversely correlates with PAF concentrations in human serum (31, 32), so PAF-AH was used as a proxy for PAF. Extracellular enzymatic activity of PAF-AH was measured in plasma samples using a commercial chromogenic kinetic kit (Cayman Chemical) according to the manufacturer's instructions. Briefly, hydrolysis of a modified substrate (2-thio-PAF) by the PAF-AH contained in plasma released a colored product after conjugation with 5,5'-dithiobis-2nitrobenzoic acid (DTNB). Optical absorbance at 405 nm was measured once every minute to obtain 8 time-points. Results are expressed in µmol/min/mL; calculated using the following formula: [PAF-AH (µmol/min/mL) = ∆A405 min-1/ 10 mM-1 X 0.225 ml /0.01ml X sample dilution].

Affinity purification on rocuronium of human polyclonal IgG

Rocuronium, but not atracurium nor suxamethonium, possesses chemical groups that can be targeted for chemical coupling to carrier molecules. Rocuronium was thus the only NMBA that could be coupled in vitro as a whole molecule, and we therefore chose to use rocuronium ELISA: Maxisorp 96-well plates were coated with 5g/mL of carrier proteins, NMBAconjugated carrier protein or allergens, incubated with serial dilutions of human antibodies purified on rocuronium affinity columns, and revealed with HRP-conjugated anti-human IgG secondary antibodies (Jackson Immunoresearch) and OPD (Sigma).

Competition ELISA: 96-well plates were coated with 5-10g/mL of rocuronium-(20)-HSA.

Human antibodies purified on rocuronium affinity columns were mixed at 0.9µg/mL with serial dilutions (starting at 5mM) of different NMBAs or chemical analogs. Binding of human IgG was revealed with HRP-conjugated anti-human IgG secondary antibodies (Jackson Immunoresearch) and OPD (Sigma).

Supplementary Figure 1 QAM IgE kU/L Supplementary Figure 1 A B mg/mL 

Characterization of rocuronium-specific antibodies

and their efficacy to protect from neuromuscular blockade

MANUSCRIPT IN PREPARATION

Qianqian ZHU 1,2 , et al. 

METHODS

Rocuronium-Carrier protein preparation

The rocuronium molecule possesses a hydroxyl group linked to the third carbon of the steroid architecture. 

Mouse experimentation

Affinity measurements of mAb-rocuronium interactions

Bio-layer interferometry was performed on Octet RED 384 system (ForteBio) to measure affinities of the recombinant mouse-human chimeric anti-rocuronium antibodies towards rocuronium. Specifically, the biosensors were covalently immobilized with 1g/mL HSA-Roc (or HSA as control), association (60 mins) signals were measured for 8 serial dilutions of mAbs as indicated in the curves..

Curves were fitted and analyzed with Octet Data analysis software and KD values were obtained using the 1:1 Langmuir model.

Co-crystal structure data collection and processing

Crystallization screening trials were performed following the experimental procedures and equipment available in the crystallography core facility at the Institut Pasteur, Paris 36 . Briefly, with a MosquitoTM nanoliter-dispensing system (TTP Labtech) we set up crystallization sitting drops of 400 nl containing a 1:1 mixture of protein sample (Fab or scFv in complex with 10 mM of rocoronium) and crystallization solutions (672 different commercially available conditions) equilibrated against 150 μl reservoir in multiwell plates (Greiner Bio-One). The crystallization plates were stored at 18°C in a RockImager (Formulatrix) automated imaging system to monitor crystal growth. Manual optimization was performed in Linbro plates with the hanging-drop method by mixing 2 µl of protein with 2 µl of reservoir solution. The best crystals were obtained with the conditions shown in Table 1. For data collection, the crystals were flash-cooled in liquid nitrogen using a mixture of 50% (V/V) paratone/paraffin oils as cryoprotectant solution (except for Fab Rock#8, where the crystallization solution was cryoprotectant).

The X-ray diffraction data were collected on beamline PROXIMA-1 or PROXIMA- 

Structure of the interaction of anti-Roc mAbs with rocuronium

In order to understand how anti-rocuronium mAbs bind rocuronium, and if the rocuronium ammonium groups are involved in the interaction site, we produced 

Prevention of neuromuscular blockade in mice

To test the efficacy of anti-rocuronium mAbs or ScFv fragments of these mAbs, we devised a mouse model of prophylactic prevention of neuromuscular blockade.

Mice were injected intravenously with a rocuronium-capture reagent and 10 min later with a sublethal to lethal dose of rocuronium, and mouse fitness/behavior ("vitality" score) is recorded. To avoid potential antibody receptor-dependent activation pathways that may influence the overall mouse fitness, mice deficient for all IgG receptors (FcγR null mice) were used. Sugammadex, used as a positive control, could significantly protect mice from vitality loss at a rocuronium:sugammadex 1:7 molar ratio (100μg sugammadex per mouse), but not at a 1:3.5 ratio (Figure 4A). mAb Roc#8 injected as a chimeric mouse-human IgG1 fully protected mice from vitality loss after rocuronium injection at 1:0. 

SUPPLEMENTARY FIGURES

Supplementary Figure 1 Another point is that we could not observe neutrophil activation in response to free rocuronium in mix with rocuronium-IgG.(Data not shown). We can suggest that no immune complex could be formed nor bound to the neutrophil FcγR; moreover free rocuronium cannot bind two Abs by itself or cannot be conjugated to any carrier protein in ex vivo test. In our experience, the ratio between Ab : Ag is critical to form different formats of immune complex, especially for small molecules like NMBAs. We can thus assume that it would be necessary to more precisely test the different anti-rocuronium IgG/free rocuronium ratio to confirm or not that free rocuronium can activate neutrophils in vivo.

Altogether, the experiments made using the human isolated anti-rocuronium IgG opened a lot of questions, some of them with clinical implications. This is one of the reasons why we decided to go further into the identification and characterization of anti-NMBA IgG antibodies, using more appropriate tools.

DISCUSSION Part 2

Characterization of NMBA-specific IgG derived from immunized mice

In the second manuscript, we focus on identifying the rocuronium-specific IgG repertoire from immunized mice using microfluidic technology. We could thus precisely describe mAbs features and even obtained the co-crystals in complex with free rocuronium. Finally, we could evidence that they were active in preventing neuromuscular blockade in mouse model. A lot of questions raised from these results, that we are going to discuss here:

Is antibody repertoire features antigen-dependent?

In this work, we identified hundreds of rocuronium-specific antibodies from 3 rocuronium-carrier protein immunized mice. Over 90% of those antibodies were derived from only three clonotypes. In particular, the major clonotype VH1-55_J2VK4-68_J5 shows convergency between different individual mice.

What determines the antigen-specific antibody repertoire diversity?

The antibody repertoire is well-known for its enormous diversity. The rapid development of high throughput sequencing (HTS) and its application to study antibody repertoire help us to understand the humoral response feature at an unprecedented depth 233,438 . The antibody repertoire has been characterized in different species mainly on human and C57BL/6 and BABL/C mice within different situations include native antibody repertoire or under infection/vaccination, autoimmune disease, or cancer. [439][440][441] Generally, the antibody repertoire exhibit high diversity of VH and VL germline gene usage, even some clonotype shows enrichment after vaccination or clonal expansion against specific autoantigens in autoimmune disease. 440 Here, we surprisingly found over 90% of identified hundreds of rocuronium-specific antibodies derived from only 3 different clonotypes.

PERSPECTIVES

Several perspectives of this work can be defined, concerning various parts of the present results. They are described below, together with some preliminary data that will be continued in the following months.

Rocuronium-specific IgE functional characterization

IgE have been considered to play a major role in allergic reactions. However, the identification of allergen-specific IgE has been proven to be extremely difficult due to the scarce of IgE-producing B cells. Here, we chose to document rocuronium-specific IgGs for several reasons. First, accumulated data from murine model 38,64,[START_REF] Beutier | IgG subclasses determine pathways of anaphylaxis in mice[END_REF] and clinical results 68,471 indicated the important role of specific IgGs in anaphylaxis. Second, there is speculation that the IgE B cell is derived from IgG B cell by sequential class switching. 472- 478 The IgH repertoire analysis in the blood of allergic patients showed that IgE B cells may derive from secondary isotype switching of mutated IgG1 expressing cells. 472,473 In this thesis, we identified rocuronium-specific IgG antibodies, then constructed the corresponding rocuronium-specific IgE plasmid by inserting the VH into the plasmid expressing the human ε heavy chain. Thus, the rocuronium-specific IgE were successfully expressed. We further tested their functions including IgE sensitized mast cell/basophil activation/degranulation after challenge with HSA-Roc or free rocuronium.

More importantly, we tried to construct the rocuronium IgE induced passive systemic anaphylaxis (PSA) mouse model. The HSA-Roc or free rocuronium-induced IgEsensitized mast cell basophil degranulation model and the PSA mouse model are useful tools in evaluating the efficacy of anaphylaxis therapeutic approaches, for example the sugammadex capacity to mitigate rocuronium-induced anaphylaxis.

Rocuronium-specific IgE +HSA-Roc activate effector mast cells ex vivo

Here, we evaluated the chimeric rocuronium-specific IgE sensitized mast cell and basophil activation/degranulation after HSA-Roc challenge. The eddy mouse expressing usually considered non-antigenic and become antigenic by combination with a larger macromolecular 'carrier' either endogenous or exogenous. 479,480,481 Furthermore, the conjugation of such small drugs to a carrier protein is usually considered necessary to cross-link basophil/ mast cell-bound IgE and to induce the subsequent release of mediators of allergy.

Here, the substituted ammonium ions of NMBAs are considered to be the functional group in neuromuscular blocking as well as the allergenic determinants. 432 Usually, two substituted ammonium groups are presented in an NMBAs at a distance apart of from 1 to 1.45 nm. 482 There was speculation that the NMBAs elicit allergic mediator release by bridging combining sites of adjacent cell-bound complementary IgE molecules via the two ammonium groups. 483 Some results that appear to support this hypothesis have been presented but indicated the length and the flexibility of the chain between the allergic determinants appear to be important factors in the elicitation of mediator release. 484,485 The steroid NMBAs (such as pancuronium) which contain a rigid backbone seem less active than flexible molecules (such as suxamethonium) in initiating mediator release.

The ongoing question that I did not have the chance to experimentally address is the ability of free NMBA to activate anti-NMBA-IgE-senstitized mast cells or basophils through IgE and its receptor. I propose to use as a preliminary experiment bone marrowcultured mast cell (BMCMC) incubated with different clonotype derived monoclonal IgE for 24h, then wash and remove the free IgE in the culture medium. We could use serial diluted free rocuronium or HSA-Roc as a positive control to activate the IgE sensitized BMCMC.

Can rocuronium-specific mAbs mitigate anaphylaxis?

Can sugammadex mitigate rocuronium-induced anaphylaxis?

The various treatments for anaphylaxis have been described in the introduction part.

Eliminating the causal agent from anaphylaxis ongoing patients is one of the approaches to rescue or ameliorate the anaphylactic reaction. 74 Especially, once the drug has been administered intravenously, it's difficult to eliminate it until metabolism or excretion of the drug occurs, and the remaining drug may continue to sustain the anaphylactic response until its total elimination by the body. In rocuronium-induced anaphylaxis, sugammadex, a rocuronium-specific capture drug, has been reported to contribute to ameliorating the responses in several fatal cases. [75][76][77] However, whether sugammadex can mitigate rocuronium-induced anaphylaxis is still under debate and needs to be verified with more experimental models.

Three criteria were purposed to be fulfilled for sugammadex to be effective in mitigating rocuronium-induced anaphylaxis 76 . First, the allergenic epitope of rocuronium must be hidden from its corresponding paratope of IgE in the encapsulation process. Molecular models have indicated that the rocuronium hypersensitivity determinant group might still be accessible to the binding. Laboratory experiments based on classical antibody directbinding and quantitative hapten inhibition are designed and found that the allergenic structures on the sugammadex-rocuronium inclusion complex are still accessible and react with IgE. 402 Second, the affinity of rocuronium for sugammadex must exceed its affinity for IgE. However, the sugammadex affinity to rocuronium was reported as Ka=10 7 M -1 2 which is much lower comparing to the rocuronium-specific antibody with the Kd=10 -9 M as we reported in the paper(unpublished). Third, the removal of the bound allergen from its corresponding cell-bound specific antibody should attenuate the process of mediator release from the mast cell. There is evidence that the removal of an allergen from its corresponding cell-bound-specific antibody will attenuate the process of mediator release from the mast cell in vitro. 486 The question remains if encapsulation of rocuronium by sugammadex may prevent further mediator release from mast cells or basophils, and thus reduce hyperreactivity symptoms. Leysen et al showed in an in vitro study on human basophils that sugammadex could interfere on basophil activation only if pre-incubated with rocuronium, but not if basophils from rocuronium-allergic patients were exposed to rocuronium for 3 minutes. 403 Similarly, using a cutaneous model of anaphylaxis in rocuronium-sensitized

Identification of Roc-specific antibodies from transgenic mice and human patients

During my thesis, we characterized the rocuronium-specific antibodies that were identified from C57BL/6 wildtype mice immunized with KLH-Roc. In the meantime, identification of the rocuronium-specific antibodies from patients who experienced rocuronium-induced anaphylaxis remains an important quest for us. Usually, antigenspecific memory B cells labeled with fluorescent-antigen are sorted from patient PBMC by flow cytometry. However, the specific antibody-secreting plasma/plasmablast cells which lack cell surface BCR are rarely directly identified due to limitations of the classical method like FACS. Here, the human antibody transgenic mice KoKLiKo expressing the human antibody variable region is applied to explore the rocuronium-specific plasma/plasmablast B cell repertoire with the microfluidic droplet assay.

Human antibody transgenic mouse VelocImmune mouse. In the VelocImmune mouse, only the variable regions of the mouse heavy and light chain Ig loci (heavy chain V-D-J and κ chain V-J) are replaced with the corresponding human sequences. The flanking mouse sequences, including all mouse constant chain genes and locus transcriptional control regions, remain intact and functional within the hybrid loci. 487 Retention of mouse heavy chain constant domains may provide for the formation of more efficient BCRs and may allow them to interact more faithfully with the half dozen mouse Fc receptors (FcRs). 329 Antibody/FcR interactions are thought to be involved in the processes by which B cells expressing the best antibodies are selected in the competitive environment of the germinal center. [330][331][332] VelocImmune mouse is likely to dramatically increase the diversity of fully human antibodies that can feasibly be obtained after immunization with any particular antigen.

In our study, the VelocImmune mouse KoKLiKo has been immunized with 10ug KLHrocuronium or KLH-vecuronium in the adjuvant of Alum and pertussis toxin. Second, monoclonal IgG Abs (mAbs) isolated from rocuronium-immunized mice could be produced. The mouse anti-rocuronium IgG repertoire was comprised of limited V(D)J-VJ rearrangements and demonstrated convergency between repertoires.

Representative mAbs showed high affinity and cross-binding to other NMBAs. Anti-rocuronium human IgG or IgE could activate neutrophils or mast cells and basophils in vitro, respectively, in the presence of rocuronium-conjugated carrier proteins, confirming their role in NMBA-induced anaphylaxis.

Co-crystal structures revealed different modes of mAbs/rocuronium binding. Finally, these mAbs could prevent rocuroniuminduced rNMB in mice in vivo suggesting their potential future use to reverse rNMB in human.