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ACRONYMS

AHR: Acute Hypersensitive Reaction

AID: Activation-Induced Cytidine Deaminase
AIRR: Adaptive Immune Receptor Repertoire
ASC: Antibody Secreting Cells

BCR: B Cell Receptor

Bmem: memory B cells

BSA: Bovine Serum Albumin

CD-: Cluster of Differentiation-

CDA40L: CD40 Ligand

CDR: Complementarity-Determining Region
CFA: Complete Freund’s Adjuvant

DNP: 2,4-dinitrophenyl

EDC: 1-Ethyl-3-(3-dimethyl aminopropyl) carbodiimide
ELISA: Enzyme-Linked Immunosorbent Assay
Fab: Fragment antigen binding

Fc: Fragment crystallizable

FceR: Fragment crystallizable epsilon Receptor
FcyR: Fc gamma Receptors

FR: Framework Regions

HSA: Human Serum Albumin

IFA: Incomplete Freund’s Adjuvant
Ig(A/G/D/E/M): Immunoglobulin (A/G/D/E/M):
IL-: interleukin -

KLH: Keyhole Limpet Hemocyanin

NHS: N-Hydroxysuccinimide

NP: 4-hydroxy-3-nitrophenyl)acetyl

mAb: monoclonal Antibody

MRGPRX2: Mas-Related G-Protein coupled Receptor member X2 on mast cells
NMBA: Neuromuscular Blocking Agent

PAF: Platelet-Activating Factor

PBMC: Peripheral Blood Mononuclear Cells
QA: Quaternary Ammonium

RAG: Recombination-Activating Gene

scFvs: Single-Chain Fragment Variable

sIgE: specific IgE

SPT: Skin Prick Test

TCR: Tell Cell Receptor

TdT: Terminal deoxynucleotidyl Transferase
TFA: Trifluoroacetic acid

Th: T helper

TOF: Train of Four

Tregs: regulatory T cells

VDJ: Variable (V), Diversity (D), and Joining (J) gene fragments
VH: Variable Heavy

VHH: Variable Heavy chain antibodies

VL: Variable Light
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THESIS SUMMARIES

French Summary

Le rocuronium est un curare de 530Da utilisé lors des interventions chirurgicales afin de bloquer
la jonction neuromusculaire des muscles striés squelettiques, facilitant ainsi l'intubation et la chirurgie. Les
curares ont deux effets secondaires graves : I'hypersensibilité aigué (1:10,000 procédures d'anesthésie) et
la curarisation résiduelle aprés la fin de l'intervention chirurgicale en I'absence de suivi adapté. Le
rocuronium est un curare non dépolarisant largement utilisé, induisant un blocage neuromusculaire de
durée intermédiaire et possédant l'incidence d'anaphylaxie la plus élevée. La cause la plus plausible
d’anaphylaxie aux curares demeure I'existence d’anticorps anti-curares chez les patients, impliquant des
lymphocytes B spécifiques. Cependant, aucun anticorps spécifique anti-rocuronium n'a été décrit et aucun
outil biologique n'existe pour les détecter. Un seul médicament approuvé, le sugammadex, peut inverser
le blocage neuromusculaire profond induit par le rocuronium, mais ce médicament provoque aussi des
effets secondaires allergiques. Ce travail a donc étudié les répertoires d’anticorps I1gG des patients
allergiques aux curares afin de comprendre leurs (poly)clonalités et d’identifier des anticorps susceptibles
d'antagoniser le blocage neuromusculaire profond.

Le rocuronium étant une petite molécule non immunogene et dépourvue de groupements
chimiques réactifs, de nouveaux bioconjugués de rocuronium ont d'abord été produits par couplage sur
une protéine porteuse (phénomeéne d'hapténisation). Le répertoire d’anticorps des lymphocytes B de
patients présentant une hypersensibilité suspectée au rocuronium a ensuite été étudié a I'aide d’un
systeme de culture cellulaire différenciant les lymphocytes B mémoires spécifiques en cellules B
sécrétrices d'anticorps. Les anticorps ont été caractérisés par mesures d'affinité et de spécificité et, a l'aide
d'outils bioinformatiques, les répertoires d'anticorps ont été analysés chez trois patients. Des anticorps
spécifiques au rocuronium provenant de souris immunisées ont également été générés par des méthodes
distinctes: hybridomes et tri microfluidique.

Les résultats montrent que les répertoires d'anticorps IgG anti-rocuronium des patients
allergiques sont polyclonaux, avec une grande diversité parmi les genes V(D)) codant pour les régions
variables sans preuve d’existence de groupes clonaux. Les anticorps montrent une affinité moyenne a
faible, mais celui ayant la plus forte affinité est parvenu a activer les mastocytes et a déclencher une
anaphylaxie passive chez des souris transgéniques sous forme d'isotype IgE. Les anticorps isolés de souris
immunisées étaient cependant d'une meilleure affinité et les répertoires oligoclonaux avec des familles
V(D)J prédominantes. Exprimés sous forme d'IgE humains, les anticorps ont déclenché la dégranulation

des mastocytes, des basophiles et ont induit une anaphylaxie systémique passive avec de tres faibles doses
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d'anticorps et d'antigene. Leurs modes de fixation avec le rocuronium ont été décryptés par
cristallographie, permettant d'identifier I'ammonium quaternaire comme I'épitope allergénique potentiel.
Un modeéle prophylactique de prévention du blocage neuromusculaire a été établi chez la souris pour
tester la capacité des anticorps a capturer le rocuronium in vivo. L'anticorps avec la plus grande affinité
pour le rocuronium a réussi a inhiber le blocage neuromusculaire profond dans un modéle de primates
avec un temps d'antagonisation compétitif avec le sugammadex.

Nous rapportons pour la premiere fois les répertoires humains d'anticorps dirigés contre un curare
et décrivons les premiers anticorps monoclonaux anti-rocuronium en termes de spécificité, d'affinité, de
structure et d'efficacité thérapeutique. Ce travail devrait permettre d'élucider les causes sous-jacentes des
réactions d'hypersensibilités aigues aux curares, d'améliorer les outils de diagnostic et d'étudier de

nouvelles stratégies thérapeutiques pour I'antagonisation du blocage neuromusculaire.

English Summary

Rocuronium is a 530 Da Neuromuscular Blocking Agent (NMBA) used to paralyze skeletal muscles
during surgery, hence facilitating surgery and permitting intubation. NMBAs have two severe side effects:
rare cases of Acute Hypersensitivity Reactions (AHR) caused by anti-NMBA antibodies in patients (1:10,000
anesthesia procedures), and residual neuromuscular blockade after the end of surgery. Rocuronium is a
common non-depolarizing NMBA, inducing among the longest residual neuromuscular blockade and the
highest anaphylaxis incidence. The most probable cause of anaphylaxis to NMBA remains the existence of
anti-NMBA antibodies in patients, implying NMBA-specific B cells. However, no anti-rocuronium-specific
antibodies have ever been described, and no biological tool is available. Only one approved drug, the
cyclodextrin sugammadex, can reverse rocuronium-induced deep neuromuscular blockade but also cause
allergic side effects. This work therefore investigated the 1gG antibody repertoires of NMBA-allergic
patients to understand their (poly)clonality and identify high-affinity antibodies that could reverse deep
neuromuscular blockade.

Since rocuronium is non-immunogenic, small, and does not possess chemically reactive groups,
novel rocuronium bioconjugates were first produced by haptenization on a carrier protein to perform
downstream experiments. Then, the memory B cell antibody repertoires of patients with suspected
hypersensitivity to rocuronium were investigated using a cell culture system differentiating rocuronium-
specific memory B cells in antibody-secreting cells. The human rocuronium-specific IgG antibodies were
characterized by affinity and specificity measurements and using bioinformatic tools, the repertoires of B

cell receptors were analyzed in three patients, including one sample with nine years interval. Rocuronium-
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specific antibodies from immunized mice were also generated with distinct methods: hybridoma
technology and microfluidic sorting.

The results showed that the anti-rocuronium IgG antibody repertoires of AHR patients were
polyclonal, with a high diversity among V(D)) genes coding for the antibodies' variable regions without
evidence of clonal groups. The human rocuronium-specific IgG antibodies had medium to low affinity but
the one with the highest affinity could activate human mast cells and trigger passive systemic anaphylaxis
in transgenic mice, once switched to a human IgE antibody isotype. The antibodies isolated from
immunized mice were, however, of higher affinity and the I1gG antibody repertoires were oligoclonal with
identical predominant V(D)J families represented in the repertoires of distinct mice. Expressed as human
IgE antibodies, the antibodies isolated from immunized mice triggered mast cell, and basophil
degranulation, and induced passive systemic anaphylaxis in transgenic mice with very low doses of
antibody and antigen. Their binding modes with rocuronium were deciphered by X-ray crystallography,
allowing the identification of the quaternary ammonium as the potential allergenic epitope. A prophylactic
model of prevention of neuromuscular blockade was established in mice to test the ability of the
antibodies to capture rocuronium in vivo. The antibody with the highest affinity for rocuronium could
reverse rocuronium-induced deep neuromuscular blockade in non-human primates in vivo with a reversal
time competitive with sugammadex.

We reported for the first time antibody repertoires to an NMBA in humans and mice, and
described the first anti-rocuronium mAbs in terms of specificity, affinity, structure, and therapeutic
efficacy. This work should help to elucidate the underlying causes of AHR reactions to NMBAs, to improve
diagnostic tools following NMBA-mediated allergy, and to validate novel potential therapeutic strategies

for the reversal of neuromuscular blockade.
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Lay Summary (French)

Le rocuronium est un curare, médicament administré lors des anesthésies générales afin d’inhiber Ia
contraction musculaire, permettant ainsi I'intubation avant la chirurgie. Il existe deux effets secondaires
trés graves : 1) la forme la plus sévére de réaction allergique, un choc anaphylactique souvent chez des
patients n’ayant jamais été exposés a cette molécule, 2) un effet résiduel qui perdure 30-90 minutes apres
I'injection, conduisant a des risques de dommages de la trachée et d’infections. Ces travaux ont pour
objectif de comprendre |'origine de ces allergies qui demeure inconnue et de trouver un anticorps
thérapeutique qui pourrait capturer le rocuronium tel un antidote. Les premiers anticorps humains anti-
rocuronium ont été isolés a partir du sang de patients allergiques. Nous avons aussi généré des anticorps
de fortes affinités en immunisant des souris et révélé leurs structures cristallographiques. Un de ces
anticorps a réussi a capturer le rocuronium en moins d’une minute dans des modeles de primates, offrant

de nouvelles perspectives aux pistes d'immunothérapies.

Lay Summary (English)

Rocuronium is a neuromuscular blocking agent, which are drugs administered during general anesthesia
to inhibit muscle contraction, thus allowing intubation before surgery. Rocuronium causes two severe side
effects: 1) the most severe form of allergic reaction (anaphylaxis) often in patients who have never been
exposed to the molecule, and 2) a residual action that lasts 30-90 minutes after the injection, leading to
risks of tracheal damage and infections. This work aims to understand the origin of these allergies, which
remains unknown, and to find a therapeutic antibody that could capture rocuronium as an antidote. The
first human anti-rocuronium antibodies were isolated from the blood of allergic patients. By immunizing
mice, we also generated high-affinity antibodies and revealed their crystallographic structures. One of
these antibodies was able to capture rocuronium in less than a minute in non-human primates, opening

novel perspectives for immunotherapy.
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1. NMBAs and their use in perioperative care

1.1 The origin and mode of action of NMBAs
1.1.1 Why and when are NMBAs used in

perioperative care?

The use of Neuromuscular Blocking agents (NMBAs) in

the clinical context has revolutionized the practice of

anesthesia and improved the success rate of emergency

3

medicines’? 3. By triggering muscle paralysis of the

skeletal striated muscles (but not of the smooth and

cardiac muscles), NMBAs help to assist mechanical
intubation, facilitate endotracheal intubation, and
perform surgery. They are administered with a cocktail of
narcosis and analgesia to also induce sleep and ease pain. The choice of the NMBA varies according to the
type of procedure and the profile of the patient. Indeed, for a patient requiring rapid sequence induction,
a fast-acting NMBA such as suxamethonium (Celocurine®) or rocuronium (Esmeron®) might be preferred
while for a patient without any risk of tracheal inhalation, a long-lasting drug like atracurium (Tracrium®)
or cisatracurium (Nimbex®) should be favored. NMBAs are administered intravenously either in controlled
boluses or with continuous infusion with a dose depending on the NMBA used: either with the real body
weight of the patient for suxamethonium, atracurium, or cisatracurium or with the ideal body weight
(theoretical weight calculated according to the height of the patient). Each NMBA possesses distinct

features with a different onset time, duration of action, and mode of elimination (Table 1).
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Onset time | Recovery Dose

NMBA (min) time (min) | (mg/kg)

Elimination mode Side effects

. . . Muscle pain, malignant
. Hydrolysis by cholinesterase in . .
Suxamethonium <1 ~10 1.5 Hyperthermia, Hyperkalemia

lasma/liver
P / Bradycardia, Renal failure

) Liver uptake (70%)
Rocuronium 1-2 ~45 0.6 . X
Kidney excretion (30%)
) Metabolization in the liver and
Vecuronium 3-4 ~45 0.08 . . .
Non excreted in the bile Bradycardia, Bronchospasm,
Dyspnea, Hypotension,
Depolarizing ysp yp .
Laryngospasm, Tachycardia
Atracurium 2 ~40 0.6
Hofmann degradation to laudanosine
Ester hydrolysis (80%)
Renal elimination (20%)
Cisatracurium 5 ~40 0.15

Table 1: Summary table of the key features of NMBAs from different families including onset time,
recovery time, dose, elimination route, and side effects*>.

Hyperthermia refers to an increase in body temperature, Hyperkalemia to the increase of potassium
levels, Bradycardia to a decrease in heart rate contraction, Dyspnea to a shortness of breath,
Laryngospasm to spams in the vocal cords and tachycardia to an increase in heart rate contraction.

1.1.2 The evolution of NMBA synthesis

The earliest record of NMBAs goes back to the XVI™ century when European explorers discovered a
poisoned arrow used for hunting by South Americans®. In 1850, Claude Bernard showed that this poison
caused muscle paralysis by inhibiting the activity at the neuromuscular junction, and in 1942,
tubocurarine, isolated from the plant Chondodendron tomentosum was the first NMBA used in the clinics
to treat tetanus’® (Fig 1. A). Since then, other synthetic blockers have been designed by modifying the
original structure such as the distance between the ammonium pharmacophore or the hydrophobicity?.
Even though in 2011 NMBAs were published as essential medicines by the World Health Organization, the
optimal NMBA (rapid onset, existence of a reversal agent, and absence of side effects) does not exist yet®.
Therefore, patients are often exposed to several NMBAs, either during the same surgery, for example with
the co-administration of suxamethonium for rapid intubation followed by a long-lasting NMBA such as

atracurium/cisatracurium®, or months/years apart for distinct procedures.
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1.1.3 The mode of action at NMBAs at the neuromuscular junction

NMBAs inhibit muscle contraction by operating at the neuromuscular junction by competing with a
neurotransmitter, acetylcholine. In the absence of NMBAs, skeletal muscle contraction is induced by the
transmission of an action potential from the axon of a neuron to muscle fibers. The neuromuscular
junction is composed of 1) a presynaptic membrane located at the axon terminal of the neuron, 2) a
postsynaptic membrane found at skeletal muscle fibers, and 3) a synaptic cleft (Fig 1.B). The presence of
an action potential stimulates the production of calcium ions on the axon terminal. The binding of calcium
ions to vesicles enables the release of acetylcholine in the synaptic cleft. Two acetylcholine molecules are
required to activate a nicotinic receptor, a ligand-gated ion channel that allows sodium ions to enter the
skeletal muscle fiber once opened. When this increase of positive charges, also called depolarization,
reaches a threshold of -60mV (resting potential of -100mV) it causes the muscle fiber to contract (Fig 1.D).
This process is cyclic since molecules of acetylcholine remaining in the synaptic cleft are degraded
(hydrolyzed) by an enzyme (acetylcholinesterase) in choline and acetate. The choline produced from the

hydrolysis process is recycled in the axon terminal to generate new acetylcholine molecules.

Nicotinic acetylcholine receptors belong to the Cys-loop superfamily of cell surface receptors. This
pentameric ligand-gated ion channel is composed of five subunits symmetrical around the central channel
axis: a, y, a, B, 6. Each subunit is divided into three domains: an extracellular ligand binding domain, a
membrane binding pore, and an intracellular domain**? (Fig 1.C). Nicotinic receptors are cationic
members of the family and exist in two types: muscle-type receptors located at the motor located at the
neuromuscular junction and neuronal nicotinic receptors expressed in the central and nervous systems 3.
This work will focus only on the acetylcholine receptors present at the skeletal neuromuscular junction,
and not in the central nervous system, since they are the ones responsible for muscle contraction. The
existence of this receptor in natural sources can be found by purifying the electrolytes of electric fish such

as Torpedo californica which allowed its extensive study and the determination of its structure* 1>,

To compete with acetylcholine at the neuromuscular junction, NMBAs possess a chemical structure that
mimics the acetylcholine molecule, all having in common a charged Quaternary Ammonium (QA) at
physiological pH, the critical pharmacophore responsible for the binding of the NMBAs to the nicotinic
receptors'®?’. NMBAs fall into two categories according to their mode of action: depolarizing and non-

depolarizing.

Depolarizing NMBAs are agonists because they stimulate the nicotinic receptors thus holding open the

ion-gated channels which causes first muscle contraction and second, muscle paralysis. The muscle fiber
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is then resistant to further stimulation by acetylcholine and they can bind only to the post-synaptic
receptors. The only depolarizing NMBA is suxamethonium, which has a rapid onset (~1 minute) and short
duration (~10 minutes). Suxamethonium is metabolized by enzymes named plasma pseudocholinesterase
in the bloodstream, which explains its short-acting block!®'°. Due to their short duration of action,
depolarizing NMBAs are favored when the patient displays an elevated risk of pulmonary inhalation, such
as for emergency surgeries when fasting rules were not followed, and for patients with special risks, such
as previous bariatric surgeries or gastric reflux. In this setting, an immediate blockade is required to
prevent any mechanical ventilation before intubation. Nonetheless, the use of suxamethonium has been
decreasing dramatically in the past years and is even counter-indicated or banned from certain countries
because of several factors®. First, it is associated with hyperkaliemia (high level of potassium in the
plasma), because of the generalized muscle contraction induced, which can be of major issue, especially
for septic patients or patients with kidney failure. The other explanations (allergic reactions and the lack

of antagonist) will be explained in more detail in section §2 of the introduction.

Non-depolarizing NMBAs are antagonists since they block the acetylcholine receptors on the pre- and
post-synaptic receptors. Binding to the post-synaptic receptors on muscle fibers inhibits the binding of
acetylcholine and prevents muscle contraction. This competitive effect relies on the relative affinity and
concentration of NMBAs for each acetylcholine receptor. Two factors favor NMBA binding during this
competition: 1) the cleavage of acetylcholine molecules by acetylcholinesterase in the synaptic cleft, and
2) the binding of a single NMBA molecule on two receptor binding sites unlike, acetylcholine that requires
two molecules to block the receptors. Their long-lasting effect can be explained by 1) their capacity to bind
to the presynaptic receptors on the motor neuron, hence blocking the feedback loop where choline is
recycled, thus reducing the acetylcholine reservoir, 2) the fact that they are not metabolized by

pseudocholinesterase, unlike suxamethonium.
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Figure 1: Mode of action of neuromuscular blocking agents at the neuromuscular junction.

(A) Drawing of the plant Chondodendron tomentosum from which the first NMBA, tubocurarine was
isolated?!. (B) Schematic representation of the neuromuscular junction composed of a presynaptic and a
postsynaptic cleft (Biorender). (C) The co-crystal structure of rocuronium (in orange) bound to nicotinic
receptors®2. (D) Mode of action of NMBAs at the neuromuscular junction that compete with acetylcholine
to bind to nicotinic receptors, hence preventing ionic influx and muscle contraction. NMBA,
Neuromuscular Blocking agents. (Biorender).

Non-depolarizing NMBAs are classified into two distinct families according to their chemical structures:
- Aminosteroids (rocuronium and vecuronium): they possess an amino-substituted steroid scaffold and
)21.

are metabolized in the liver (hepatically Their four steroid rings make the molecules

hydrophobic/lipophilic (Fig 2).

- Benzylisoquinolinium (atracurium, cisatracurium): they possess a benzyl group and an ammonium
derived from a quinoline. They are spontaneously degraded through Hofmann elimination in plasma and
tissues or by ester hydrolysis?2. Hofmann elimination breaks down the reversed ester linkages, hence
removing the ammonium critical moiety and generating two molecules of laudanosine and an acrylate

derivatives from a single molecule of atracurium? (Fig 2).

Of note, the term "QA" that will be used in the rest of the manuscript is a misnomer since it will be used to
also refer to the tertiary ammonium that becomes quaternary at physiological pH. One should keep in mind
that there is a subtle distinction between a "real" QA and a tertiary amine becoming a quaternary

ammonium due to pH change.
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Figure 2: Structural formulas of NMBAs from distinct chemical families, chemical structures of
molecules that mimic NMBAs devoid of the QA (boxed), and other relevant chemical structures

containing a QA.

"Real" quaternary ammonium atoms are colored in red and tertiary amines that become quaternary in

physiological pH are colored in blue.

1.2 The structure-activity relationship of NMBAs from a chemical perspective

1.2.1 The chemical structu

re of NMBAs

Researchers have been trying to design novel curarizing molecules since the discovery of tubocurarine by

modifying the initial chemical structure (the distance between the QA, the substitution of the QA, the

polarity, etc.)’. All these studies on structure-activity relationships led to the identification of several

criteria that need to be respected for NMBAs to possess an optimal effect:

(1) Necessity of having a least one charged QA at a physiological pH since the ammonium mimics the

natural molecule acetylcholine, with a preference for bisquaternary derivatives that are usually

more potent than monoquaternary ones’. An optimal separation length between the charged

guaternary onium heads of 1.4nm which corresponds to a chain length of ~ ten carbon atoms.

(2)

The importance of having at least one methyl group on the quaternary nitrogen for potency whilst

minimizing the steric hindrance since bulkier groups can interfere with the receptor response?*.

The lipophilic-hydrophilic balance in the NMBAs structure needs to be found with lipophilic groups

increasing the affinity to the receptor by favoring Van der Waals bonding but potentially increasing

the steric hindrance.

(3) The presence of the ester bound that plays an important role in their degradation.
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1.2.2 The importance of the stereochemistry: example of atracurium

The 3-dimensional conformation and stereochemistry of NMBAs are critical in the NMBAs potency which
can be illustrated by the family of benzylisoquinolinium possessing 4 asymmetric centers (2 N" and 2 C"),
therefore 16 (42) potential stereoisomers, and finally only 10 due to the symmetry of the molecule®%, For
instance, the benzylisoquinolinium atracurium is a mixture of ten isomers and only six out of the ten
isomers of atracurium have been studied individually since the others could not be isolated from the
mixture. In cats, five among the six isomers had a similar neuromuscular blocking activity to the mixture
except for cisatracurium, the 1R, 2-R cis isomer of atracurium which was more potent than the others?’.
These results were confirmed in patients with cisatracurium having a similar duration of action to
atracurium, but a slower onset time and fewer side effects which can be explained by the fact that it does
not trigger histamine release (unlike atracurium), thus minimizing hypotension and bradycardia?®?’. The
impact of the stereochemistry on the binding to nicotinic receptors can also be observed in rodent models
since atracurium can induce neuromuscular blockade in mice?® whilst no study curarizing mice with

cisatracurium can be found in the literature.

This project investigates two side effects caused by NMBAs that will be the focus of the next sections:

hypersensitivity to NMBAs (§2) and residual neuromuscular blockade (§3).

2 Hypersensitivity reactions in perioperative care and NMBA involvement

2.1 Clinical manifestation and medical management of hypersensitivity reactions
2.1.1 Definition, etiology, and occurrence of perioperative hypersensitivity

reactions

The term “anaphylaxis” was coined by Nobel prizewinner Charles Richet and Paul Portier in 1902 who
were working on the toxicity of jellyfish filaments*®. They found that dogs that recovered from a primer
injection of the toxin experienced fatal reactions after a second injection at a weaker dose. They called
this phenomenon “ana” and “phulaxis”: the contrary of protection in Greek. Nowadays, anaphylaxis is the
most severe form of acute hypersensitive reaction (AHR) and is defined as “a serious allergic reaction that
is rapid in onset and may cause death”3!. In this work, we will refer to the term AHR and not allergy since
the term hypersensitivity implies reactions that can be triggered by different pathways whereas the term
"allergy" is connoted to describe the classical Immunoglobulin E (IgE)-mediated route of activation, which
will be explained in more details in §2.2. The incidence and severity of anaphylaxis have been growing over

the past 20 years. For instance, the incidence rate of anaphylaxis has increased at an average rate of 5%
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annually since 2001 in Taiwan3? and food-induced anaphylaxis increased by 214% in the USA from 2005 to
2014%. More than a third of anaphylaxis occurs during peri-operative care3* with an incidence that usually
varies between 1:5,000 to 1:25,000 anesthetics procedures in Europe but with a huge variability according
to the geography®® 3¢, Indeed, in a hospital in Pamplona (Spain), the incidence of anaphylaxis was 1:385
surgeries, and in Ohio (USA) the incidence was 1:677 surgeries in 2015 whereas, in France and the United
Kingdom, it is estimated around 1: 10,000 anesthesia procedures. The discrepancy between these figures
can be explained by different practices in each country concerning the type of NMBA used and the
methodology to report a peri-operative AHR. The true incidence of perioperative AHR is also potentially
70% higher than the numbers reported due to diverse challenges: reporting delays, incomplete data, and
poor diagnosis *’. Perioperative AHR can lead to a fatal outcome in 4.1% of cases and can generate severe
sequelae®® 3% |n the perioperative context, drug-induced anaphylaxis is responsible for the majority of
anaphylaxis-related deaths and drugs have become an increasingly identified culprit agent*'. NMBAs are
the most common cause of perioperative anaphylaxis in France (58%), followed by latex (20%) and
antibiotics (13%)%¢. These numbers vary in each country with the most common causes of perioperative
allergies being antibiotics in most countries which can be explained by distinct procedures such as the
eviction of latex in certain care units, but mostly because of different anesthesia and/or antibiotic

prophylaxis protocols®2.

Across several studies, suxamethonium and rocuronium have been reported to be the most allergenic
NMBAs whereas pancuronium and cisatracurium have the lowest risk of generating an AHR. In an
Australian cohort that calculated the rate of anaphylaxis by referring to the number of reactions according
to the number of vials sold, the incidence was 1:2079, 1:2498, and 1:7680-109,000 for suxamethonium,
rocuronium, and atracurium, respectively. These results depend on the usage frequency of NMBAs in each
country that administrates more extensively some NMBAS than others. For instance, in the United
Kingdom atracurium is mostly injected (49.1%, followed by rocuronium 40.6%) whereas suxamethonium
and cisatracurium are less frequently used (11.2% and 1.6% respectively)®. Therefore, it is coherent that
in the United Kingdom, the 6" National Audit Project (NAP6) study reported a more even distribution of
the proportion of NMBA being the culprit agent: rocuronium (42% of cases), atracurium (35%),
succinylcholine (22%), and mivacurium (1.5%) compared to other countries using extensively a single
NMBA?. In France, suxamethonium was the most predominantly used NMBA, 98% for rapid sequence
induction in the south-east of France in 2011*, until a pharmacovigilance study was performed in 2012
and this NMBA was advised to be used under limited conditions by the Agence Nationale de sécurité du

médicament (ANSM) in 2018**. In a study performed in Japan, rocuronium was the only culprit NMBA
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which can be explained by its extensive use in this country*®. In Australia as well, rocuronium was
responsible for half (56%) of perioperative anaphylaxis®’. These epidemiological figures, based on vial
usage are fraught with difficulty since vials may be drawn up but never used, or split up between patients,
or might go out of date and never be used. So far, the denominator data is notoriously difficult to obtain

to compare the epidemiological figures varying in each country and hospital.

In the context of anaphylaxis, the main difficulty is to correlate the phenotype (clinical symptoms) to the
biological endotype (underlying pathological mechanism) since several endotypes can share the same

phenotype and vice versa. This difficulty will be elaborated in the following section.

2.1.2 Clinical symptoms and therapeutic care

Since there is no universal agreement on the criteria for diagnosis of anaphylaxis, the National Institute of
Allergy and Infectious Disease and Food Allergy and Anaphylaxis Network proposed an objective
description of the criteria to clearly diagnose an anaphylactic event®®. According to their report,

anaphylaxis is likely when the following criteria are fulfilled:

Acute onset of an illness (minute to hours) with involvement of the skin and/or mucosal tissues and at

least one of the following:

(1) Respiratory compromise (bronchospasm)
(2) Reduced blood pressure

(3) Persistent gastrointestinal symptoms

A grading system was proposed by Ring and Messmer in 1977 to scale the severity of an anaphylactic
reaction from | (low) to IV (severe), this classification is nowadays commonly used to rank the severity of

AHR?® (Table 2).

Grade | Clinical symptoms (adapted from Dewatcher, 2019)>°

| Mucocutaneous signs: generalized erythema, extensive urticaria with or without angioedema

I Moderate multi-visceral signs: mucocutaneous signs, moderate hypotension, tachycardia, or both with or without

moderate bronchospasm or gastrointestinal symptoms

n Life-threatening mono- or multi-visceral signs: life-threatening hypotension, tachycardia or bradycardia with or

without cardiac arrhythmia, mucocutaneous signs, severe bronchospasm or gastrointestinal symptoms

v Cardiac arrest

Table 2: Clinical symptoms used to grade the severity of an AHR according to Ring and Messmer
classification 4950,
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Anaphylaxis diagnosis uncertainty is emphasized by the impossibility of sometimes detecting the
mucocutaneous signs because of the surgical dressing and by the fact that major clinical signs such as
hypotension/tachycardia can also be provoked by the anesthesia and/or the surgery. Therefore, another
criterion has been proposed: a low end-tidal CO2 which has been shown to correlate with the severity of
anaphylaxis®’. This clinically universally available parameter reflects a decrease in cardiac output and can
precede arterial hypotension. So far the use of low end tidal CO2 measurements as a way of detecting
anaphylaxis is still under debate since there is no evidence showing that it is specific for anaphylaxis as
opposed to any cause of low blood pressure. This uncertainty regarding the diagnosis of a perioperative
AHR can have serious consequences on the therapeutic management of the patient and can lead to
incorrect/delayed therapy. In the first review attached at the end of the introduction (Appendix 3) we give
a more thorough update on the current diagnostic tools and we propose a diagnostic work-up to facilitate

clinicians in decision-making following an AHR to NMBAs®>?,

It is sometimes almost impossible to prevent an anaphylactic reaction since some patients have a shock
after the first exposition to the causative agent, which is usually the case with NMBAs. Nonetheless, there
are certain reflexes to acquire when an anaphylactic reaction is suspected in hopes of decreasing the
chances of mortality. If, the suspected culprit agent needs to be removed immediately, even though it is
not always easily identified. When the causative drug has been administered intravenously (such as
NMBAs), it is impossible to eliminate rapidly without a capture molecule. The administration of adrenaline
is the first-in-line approach to rescue the patient. Adrenaline is not curative but acts by thwarting the
symptoms caused by anaphylaxis by provoking bronchodilation, vasoconstriction, reduction of vascular
permeability, and edema reduction, it also induces a down-regulation of mast-cell mediator release. A
rapid administration of adrenaline is essential to improve the outcome of the patient® and a delayed
administration has been associated with enhanced mortality in food allergies. Other treatments can
complement the injection of adrenaline in case of refractory anaphylaxis, depending on the phenotype of

the patient (cardiac failure, vascular failure)>*>>,
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2.1.3 The biological and clinical tests routinely conducted after suspicion of

perioperative AHR

After a suspected AHR, the patient needs to benefit from an immediate investigation in a specialized
center to determine the type of allergic reaction. Since the classical pathway of allergies is commonly
hypothesized to be IgE-mediated, the biomarkers routinely tested are related to the activation of this
pathway. These methods rely on the detection effectors cells responsible for the symptoms of an AHR:

mast cells niching within tissues or basophils circulating in the blood.

First, biomarkers of these effector cells can be measured: they include histamine and tryptase
concentrations. The plasma histamine concentration needs to be measured as quickly as possible since
the histamine peak is observed within the first minutes following the AHR and their elimination half-life is
15-20 minutes. High levels of histamine (>10nmol/L) often correlate with the severity of the symptoms>®
but routine histamine measurements are not widely available. Then, the serum tryptase is usually
controlled by sampling 30-120 minutes (to measure the concentration at the peak) and 12-24 hours after
the shock (to determine the baseline level) since the tryptase half-life is 2 hours. Then, the tryptase
threshold is calculated using the formula: 2pg/mL + 1.2 x baseline level, which is compared to the peak

concentration.>” (Table 3).

Since the total IgE level has no diagnostic value, the presence of allergen-specific IgE (sIgE) antibodies is
confirmed in vitro and in vivo. Concerning NMBAs, the most used in vitro diagnosis approach consists of
detecting sIgE antibodies against morphine. Indeed, tests routinely available to detect anti-NMBA IgEs are
available only for suxamethonium, so the tests for the other NMBAs rely on the detection of the tertiary
ammonium of morphine that becomes tertiary at physiological pH, the QA being hypothesized to be the
allergenic epitope of NMBA-induced anaphylaxis®. These tests using morphine grafted on a solid phase
ImmunoCAP or enzyme-linked immunosorbent assay (ELISA) are nonetheless unreliable to diagnose
anaphylaxis to benzylisoquinolinium® and should be complemented with a specific inhibition test with the
full NMBA molecule to ensure the specificity of the antibodies. The timing of blood sampling is important
since blood taken shortly after anaphylaxis might be negative for sIgE due to their consumption during the
event. Ideally, investigations need to be done within 4-8 weeks after the event but can be undertaken later
in time since anti-NMBA slgE can also be detected years after the reaction. The most frequently used in
vivo methods to detect sIgE antibodies are the skin prick test (SPT) and intradermal tests with SPT having
)60

a lower sensitivity (49%) than the intradermal one (73%)°. During a SPT, a drop of the allergen extract is

introduced in the upper layers of the skin using a needle whereas an intradermal test consists of injecting
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a 1/1000 dilution of the NMBA in the dermis®’. After 20 minutes, the diameter of the wheal is measured
and if the diameter is 3mm greater than the negative control, the test is considered positive. Another
method to detect the activation of effector cells is the basophil activation test. This method, not
commercially available neither in every country nor in every center, should not replace skin tests and
should only be used as an additional tool®?. It has been shown to be a useful technique to detect cross-
reactivity among different NMBAs. This test relies on the quantification of basophil activation markers, the
cluster of differentiation (CD)63 upon its activation using flow cytometry. It has shown promising results
for the diagnosis of atracurium-mediated AHR with a sensitivity of 63%, an absolute positive predictive
value, and a negative predictive value of 70%°. The final method often used to investigate an IgE-mediated
AHR is the drug provocation test that consists of injecting an increasing dose of the NMBA that can reach
1/10 of the therapeutical dose to prevent respiratory paralysis that would necessitate an intubation. This
test is controversial in the field of allergy and anesthetics and must be performed at least one month after
the AHR. It is carried out under strict supervision in specialized centers with resuscitation facilities due to
the associated risk. Despite the potential risk for the patient, they are sometimes the only source available

to draw conclusions when all the previous tests are negative (Table 3).

2.2 The Ige-dependent pathway

2.2.1 The mechanism involved in IgE-mediated allergy at the cellular level

IgE antibodies are found in small quantities in the blood (50-200ng/mL) due to their short half-life in
circulation (few days) explained by the fact that they are not recycled by the neonatal Immunoglobulin G

(1gG) recycling receptor FcRn®*. The production of IgE antibodies occurs in two steps (Fig 3):

1) The sensitization phase: the allergen is taken up by antigen-presenting cells (dendritic cells) that
internalize it, digest it into peptides, and present it on their major histocompatibility complex Il
molecule (MHC) (for extracellular antigen, thus allergens) to further interact with specific T-cell
receptor (TCR). In the case of NMBAs, the antigens are very small (<1KDa), also called hapten so
they are hypothesized to be grafted on a carrier protein (a process referred to as haptenization)
to be presented on a MHC Il molecule. Immature dendritic cells patrol the tissues and once they
encounter an antigen and receive a danger signal, they migrate to secondary lymphoid organs
(such as lymph nodes) where they present the antigen to T lymphocytes. In the context of an
allergy, the cytokine environment is T helper (Th) 2 mediated with the presence of interleukin (IL)-
4, IL-5, and IL-13 that allow the differentiation of CD4+ T lymphocytes in auxiliary Th. In the lymph

nodes as well, B cell receptors (BCR) recognize the hapten/protein complex, and can take up and
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process the allergen to present it to its cognate by Th2 lymphocytes, which in turn secrete
cytokines that allow the differentiation of B lymphocytes in plasma cells secreting IgE antibodies®.
The IgE antibodies bind to high-affinity receptors for the fragment crystallizable (Fc) portion of IgE
(FceRl) on effector cells which allows them to remain months and years, even though their half-
life as free circulating molecules is only a few days. The effector cells include tissue-resident mast

cells and blood basophils, and other cell types involving neutrophils, eosinophils, and platelets®®

67

2) The effector phase: The second phase occurs when the allergen is reintroduced. During this
second exposure, the antigen will rapidly be recognized by slIgE already fixed on the surface of
effector cells. The cross-linking of two FceRI-bound IgEs by the allergen will allow the activation of
effector cells, provoke their degranulation and synthesis of inflammatory mediators including
histamine, tryptase, platelet-activating factor (PAF), prostaglandin D2 and leukotrienes. These
mediators are responsible for the symptoms of anaphylaxis such as vasodilatation and
bronchoconstriction by increasing vascular permeability, and heart rate and by promoting airway

remodeling.

Evidence supporting the role of sIgE antibodies in anaphylaxis has been demonstrated by several studies
showing that the transfer of purified antigen-specific IgE from a sensitized patient to a naive host could
induce skin reactivity®. It has also been shown that following bone marrow transplantation from allergic
donors to non-allergic recipients, drug hypersensitivity was transferred from the donor to the recipient
with an increase in total IgE levels®. In rodent models, it has been proven that in mice lacking FceRI or
mast-cell deficient mice, IgE-mediated anaphylaxis was abolished’® 7%, This work is also supported by the
development of an anti-IgE therapeutic antibody, omalizumab, a humanized murine monoclonal antibody
(mADb) that forms complexes with free IgE in the serum. Omalizumab has been shown to reduce the risk of

anaphylaxis in clinical trials’? 73

and can be used to treat unprovoked anaphylaxis in patients with
mastocytosis, a disease associated with an increase in mast cell number and activity’*. The origin of IgE-
producing B cells in humans remains speculative, as most of the work has been performed on animal
models. Even though it has been shown that IgE antibodies are derived from previously antigen-experience
B cells rather than naive B cells, there are still a lot of open questions concerning the type of B cells: if they
are circulating and none-secreting memory B cells (Bmem) or non-circulating and secreting (plasma cells).

In Appendix 4, we propose to discuss the current use and limitations of animal models in IgE-mediated

anaphylaxis”.
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Figure 3: Mechanisms of sensitization and effector phases in anaphylaxis.

During the sensitization phase, the individual is exposed for the first time to the allergen that is captured
by dendritic cells. The dendritic cells migrate to the lymph nodes where they mature and process the
antigen to expose it to a naive T cell with a MHC molecule. The T cell differentiates in a T helper cell, upon
interaction with a B cell, it activates it, leading to its proliferation and differentiation either in a Bmem or
an antibody-secreting cell such as a plasmocyte. During the second antigen exposure, the effector phase
is initiated. Through the canonical IgE-dependent pathway, the sIgE pre-bound on effector cells (mast cells
or basophils) cross-link FcreRI in the presence of the antigen which leads to the degranulation of the
effector cells and mediator release (histamine, tryptase, PAF) responsible for the clinical symptoms. The
IgG-dependent pathway is activated through the formation of antigen-antibody aggregates termed
"immune complexes" that can activate FcyR expressed on myeloid cells: macrophages, neutrophils, and
basophils, in turn producing PAF. The antibody-independent pathway is activated through the receptors
MRGPRX2 expressed on mast cells. Bmem, memory B cells; MRGPRX2, Mas-related G-protein coupled
receptor member X2; PAF, platelet-activating Factor; PC, plasma cells. (Biorender).
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2.2.2 The diagnosis of the IgE-mediated pathway and its limitations in the clinics

The gold standard to validate an IgE-mediated AHR relies on positive skin tests and/or sIgE antibody assay
consistent with the clinical history of the reaction and the anesthetic protocol. In this ideal case when the
pathway and culprit agent have been identified, the strategy is straightforward. The difficulty lies when
the routine clinical diagnostic results are incoherent with the phenotype and when the results are

discordant/negative.

All these methods face various limitations as data on the predictive value of SPT, basophil activation test,
and slgE are limited or non-available. The drug provocation test is highly debated among allergists since
there is no consensus on the dose that should be administered, it is uncertain if it could sensitize the
patient and potentially be responsible for a future AHR, and if is insecure to administer drugs that require
general anesthesia with no chirurgical purpose. Skin tests and basophil activation tests have excellent
negative predictive values, but some argue that the sIgE serology is less clinically predictive than the
functional investigations relying upon the activation of mast cells or basophils. Indeed, a positive sIgE to
rocuronium with negative skin tests/basophil activation test does not necessarily reflect a rocuronium
IgE-mediated allergy according to certain studies’®. False positives in the sIgE detection test are also biased
by the fact that the prevalence of QA sIgE antibodies is detected in 10% of the population”’. False positive
tryptase levels or skin test can also be generated by patients with a non-diagnosed mast cell disorder such
as mastocytosis which is characterized by a massive and systemic activation of mast cells’®. The sensitivity
and specificity of the skin tests are also limited by false positives that can be triggered by skin trauma,
dermographism, contaminated allergen extract, or false negatives if the dose is too low. Overall, there is
also a huge variability across countries, hospitals, and professionals on the technical methodology and
interpretation of these results’® even though some methodological standardization and strategies are
proposed by a consortium of experts®’. In up to 30% of cases, the results of those tests remain inconclusive
due to all the limitations stated above®? but this incoherency also hints that by searching for sIgE antibodies

solely, clinicians might be overlooking another biological mechanism: the IgG-mediated pathway.
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Test Markers detected

Plasma histamine concentration Histamine levels produced by mast cells/basophils
Serum tryptase concentration Tryptase levels produced by mast cells/basophils
ImmunoCAP slgE antibodies against morphine

Skin Prick Test
Intradermal Test
Basophil activation test Quantification of basophil activation markers
Reproduction of the allergic symptoms regardless of the
underlying mechanism

slgE bound to the surface receptors on mast cells

Drug provocation test

Table 3: Current diagnostic tools routinely used after a peri-operative AHR and markers detected.

2.3 The alternative pathways

2.3.1 The IgG-dependent pathway

The existence of an alternative pathway was supported by the evidence that anaphylaxis can occur in mice
in the absence of IgE, FceRl, or mast cells®®8!, In humans, intravenous administration of histamine in
volunteers reproduces most signs and symptoms of anaphylaxis but anti-histamines are not efficient in
controlling anaphylaxis in humans so histamine release might not be the sole mediator®?. IgG antibodies
are the most abundant immunoglobulins in serum (concentration = 10mg/mL) with the longest biological
half-life (14-21 days). They exist under 4 subclasses differing in their heavy chains and based on their
relative concentration in the serum: 1gG1 (65%), 1gG2 (25%), 1gG3 (6%) and 1gG4 (4%)%. Humans express
nine IgG Fc receptors named Fc gamma Receptors (FcyR): 7 activators (FcyRI, FcyRlla, FeyRllc, FcyRllla,
FcyRlllb, TRIM21, and FcRL5), one inhibitor (FcyRIIb) and the FcRn, the latter being responsible for the
recycling of 1gG thus increasing their half-life. The receptors all bind the constant region of the antibody
heavy chain on the cell surface except TRIM21 and FcRn which bind internalized IgG. The receptors express
differential affinities for antibody binding and their expression varies for each cell type®* (Fig 4). The main
IgG subclasses predominantly depicted in anaphylaxis are 18G4 and IgG1. The IgG4 subclass is commonly
described as the “protective” antibody since it has been shown that successful allergen-specific
immunotherapy (also called desensitization) correlates with the induction of allergen-specific 1gG4%. This
therapy consists of exposing the patient to low doses of allergen and the method was discovered by
passively transferring blood from a patient exposed to ragweed extract to a naive recipient, which
improved the latter's sensitivity to the allergen®. 1gG4 antibodies are hypothesized to compete with IgE,
thus inhibiting the formation of allergen-IgE complexes by neutralizing the antigen and engaging the
inhibitory receptor FcyRIlb. Nonetheless, a more recent study has shown that IgG1 had a comparable role
to 1gG4 in blocking human basophil activation in allergies®’. The role of the I1gG subclasses in the pathways

of anaphylaxis has only been shown in mice where it was demonstrated that three IgG subclasses (IgG1,
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IgG2a, and IgG2b) induce three different pathways of anaphylaxis that are all primarily activated by a single

low-affinity IgG receptor (murine FcgRII)®,
Human lgG receptors
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Figure 4: Human IgG receptor expression pattern.
+, indicates expression; (+) inducible expression; %, very low percentages; -, no expression; and NA, not
analyzed. Mono/macro, monocytes/macrophages. Extracted from Gillis et al.,?

The alternate mechanism relies on allergen-specific IgG antibodies binding to an allergen, forming IgG-
allergen immune complexes that can activate FcyR expressed on myeloid cells: macrophages, neutrophils,
and basophils, in turn producing PAF. The existence of this pathway has been extensively shown in mice
models in which IgG-induced anaphylaxis was elicited by intravenous injection of allergen-specific IgG
following antigen challenge and monitoring of rectal temperature drop, termed passive systemic
anaphylaxis®. It was also reported that histamine and PAF could reproduce the symptoms of anaphylaxis
when injected in mice®. This pathway has also been validated in mice using active systemic anaphylaxis
(direct immunization of the mice before challenging them with the same antigen) and this method was
not affected in mice deficient in IgE8°° 9!, |gG-dependent anaphylaxis in mice models has been reported
to rely on PAF mediator® and high PAF concentrations can be observed in the serum of patients after
anaphylaxis®2. Passive and active systemic anaphylaxis in mice was also validated on a novel mouse strain
expressing the low-affinity human FcyRs: 3 activating (hFcgRIIA, hFcgRIIIA, and hFcgRIIIB) and one

inhibitory (hFcgRIIB). In this knock-in mice model, neutrophils were shown to contribute to anaphylaxis
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and basophils to a lesser extent and anaphylaxis was inhibited by PAF receptor or histamine receptor

blockade®? (Fig 3).

My laboratory has shown for the first time that the IgG-dependent pathway is also activated in NMBA-
allergic patients. A study with 86 allergic patients was conducted and revealed that the severity of
anaphylaxis correlated with anti-NMBA IgG, FcyR activation, PAF release, and neutrophil activation®. It is
still unclear if both pathways are activated in parallel or not since some patients displayed the IgE and IgG
endotypes whereas others showed activation of only one pathway. Nonetheless, both pathways were

concomitantly activated in the most severe patients.

2.3.2 Activation of the MRGPRX2

An entirely different, antibody-independent pathway of anaphylaxis has also been reported involving
Mas-related G-protein coupled receptor member X2 on mast cells (MRGPRX2) (Fig 3). The existence of
MRGPRX2 was first established in human mast cells® and further characterized in mice using its mouse
orthologue (Mrgprb2) which had a higher affinity for the drugs tested®. In mice, it was shown that this
pathway was mostly activated by cationic small-molecule drugs and they found that all NMBA families
except suxamethonium could activate Mrgprb2 at concentrations as low as 0.5% of the clinical injection
concentration®. These results were also confirmed in human skin using dermal micro-dialysis to deliver
the relaxants to the skin®®. The study showed that suxamethonium and cisatracurium had the lowest
potency of mast cell activation whereas atracurium was very potent. Concerning NMBAs from the
aminosteroid family, the activation of mast cells was less pronounced with a delayed release of tryptase
compared to histamine®. The activation of MRGPRX2 in human blood gave similar results where it was
demonstrated that atracurium but not suxamethonium could induce activation and degranulation of
human peripheral blood mononuclear cells (PBMCs) via MRGPRX2 activation. Concerning rocuronium, the
mast cell MRGXPRX2 expression and function were similar in patients with an IgE-dependent or
independent anaphylaxis and the activation of this receptor by rocuronium is unlikely, given its low-affinity

for the receptor %7,

Even though this pathway is considered as pseudo-allergic (or anaphylactoid reaction) since it is antibody-
independent, in the case of NMBA-mediated reactions it should not be overlooked, and it is potentially
activated for some NMBAs (very likely atracurium) despite tangible evidence lacking so far. One important
question remains: how do individuals become sensitized by NMBAs and produce IgE and/or IgG against

NMBA?
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2.4 The hypothesized allergenic epitopes of NMBAs

Given that some patients who experience an NMBA-mediated AHR have never been exposed to NMBAs
previously (40-50% in Australia and 19% in France), the route of sensitization is hypothesized to be induced
through environmental factors®®-%°, The main hypothesis supported today was established by Baldo and
Fisher in 1983 who showed that alcuronium-specific IgE in patient serum could cross-react with other
NMBAs, having only in common the QA, They replicated these results with other molecules containing
a quaternary or tertiary amine and they could all inhibit the binding to alcuronium-sepharose!®.
Therefore, they hypothesized the QA to be the allergenic epitope of NMBAs. This hypothesis could also
explain the cross-reactivity among different NMBAs since up to 44% of patients are sensitized by at least
one other NMBA than the one provoking the AHR®!, Only 50% of the patients are mono-sensitized*’?, The
cross-reactivity between different NMBAs is more important between NMBAs of the same chemical
family, especially aminosteroid with patients who did a rocuronium-induced AHR cross-reacting with

vecuronium in 81.6% of cases'®.

In 2005, an epidemiological survey was undertaken in Sweden and Norway since the incidence of
anaphylaxis to NMBAs was six times higher in Norway than in Sweden. A comparison of environmental
factors containing QA was undertaken (household and hair care products, skincare ointments, toothpaste,
and cough syrup). Interestingly, most of these products inhibited binding to IgE anti-suxamethonium or
IgE-morphine but no difference in exposure was found between the two countries except for cough syrop
containing a QA molecule, pholcodine (Fig 2). In the same cohort, it was shown that in Norway 64.5% of
patients with NMBA-mediated AHR were sensitized to pholcodine and none of the Swedish patients
possessed anti-pholcodine IgE'®. These findings were supported by an additional study showing thatin 17
patients sensitized during one week to pholcodine, their IgE levels specific to pholcodine, morphine, and
suxamethonium were highly boosted but also slightly increased for inhalants and food allergens which
points out the production of non-specific IgEs'®. Following these studies, pholcodine was withdrawn from
the Norwegian market in 2007, and the reporting of perioperative allergy in which NMBA was used
decreased from 66.2% * 7.4 to 43.8% + 9.9 in eight years'%. In France, a similar study on pholcodine named
the ALPHO” multicenter national survey was undertaken from 2014 until 2020 including 167 patients
who experienced an NMBA-induced AHR and one-year exposure to pholcodine with their matching
controls without perioperative anaphylaxis. This analysis revealed that pholcodine consumption and
professional exposure to QA (cleaning professionals and hairdressers) were associated with NMBA-
related anaphylaxis, which suggests that other environmental factors play a role in NMBA sensitization.

Nonetheless, the low predictive value of QA-sIg and pholcodine-sIgE preclude them from identifying a
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risk population to NMBA-related AHR. As a result, cough syrups were withdrawn in France from sale since

September 20221% and in the European market since December 2022.

The hypothesis that other environmental factors might be involved is supported by the fact that in some
countries where pholcodine is not sold (the United States and the Netherlands), there is also a high
incidence of NMBA-mediated AHR and a prevalence of IgE antibodies to pholcodine of 2% and 4.9%
respectively. Furthermore, the incidence of NMBA-mediated AHR is more elevated among females than
males, a population more frequently exposed to compounds containing QA (cosmetics, households,
cleaning products)®. Hairdressers, a population professionally exposed to QA ions were shown to possess
a 4.6-fold higher frequency of positive IgE against QA ions compared to baker/pastry makers and control
groups. The results were not biased by the higher predominance of women in the exposed group since the
frequency remained higher when comparing females from both groups. A main limitation of the study was
the lack of evidence that these sIgE imply an AHR to NMBAs since no skin test/challenge was performed

on these populations to evaluate the risk 1.

The main limitation of all these studies that could explain that QA slIgE levels do not always correlate in
patients who did an NMBA-mediated AHR could be explained by the fact that the IgG-dependent
mechanism was neglected and that the tests are based on NMBA mimics. Despite all the evidence that
supports the hypothesis that the allergenic epitope of NMBAs is the QA, reasonable doubt remains since
it may not be the only molecular moiety involved such as the adjacent scaffold that could play a role. To

date, there is no structural evidence that proves the QA allergenic epitope hypothesis.
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3 Residual Neuromuscular Blockade in perioperative care

3.1 Monitoring and clinical management of neuromuscular blockade

A second side-effect associated with the use of perioperative NMBAs is residual neuromuscular blockade
which consists of prolonged symptoms of muscle weakness after the administration of NMBAs, which
reflects the incapacity of the body to naturally eliminate the NMBAs in the absence of an antagonist
capture molecule. This side effect was first reported in 1953 in a randomized study over 6 years which
showed that the use of NMBAs was associated with a 6-fold increase of anaesthesia-related mortality*°,
The symptoms associated with residual blockade include postoperative pulmonary complications,
unpleasant symptoms of muscle weakness, longer postanesthesia care unit stays, increased risk of
infection, and delayed tracheal extubation with rare fatal consequences . The incidence of residual
paralysis is estimated to occur in 40%-60% of patients with variations according to the type of NMBA
administered, in the absence of neuromuscular blockade monitoring. For instance, according to a study
the incidence is slightly lower with rocuronium (44%) than with cisatracurium (57%)!'? and patients
receiving pancuronium have higher risks of facing postoperative pulmonary complications than those
intubated with vecuronium or atracurium?®®. This large proportion of patients presenting residual
neuromuscular blockade comes with a serious financial burden for the hospitals. Indeed, a recent study

performed in the United States demonstrated that if the residual neuromuscular blocks were eliminated,

postoperative complications would be reduced by 66%, hence saving $4.6 million annually for the hospital

114-115

Monitoring neuromuscular blockade is a useful tool used during an anesthetic procedure to determine
the depth of muscle relaxation and, therefore, to decrease the risks of the associated adverse clinical
outcomes mentioned above. Monitoring of neuromuscular blockade can be qualitative (subjective
assessment by visual or tactile means) or quantitative (objective real-time measurements). Quantitative
measurement is the gold-standard!® and can be monitored using peripheral nerve stimulators (usually the

)117-118 3nd assessing the response of the stimulated muscle. After four

ulnar nerve on the forearm
consecutive 2 Hertz stimuli, the train of four (TOF) ratio is determined by dividing the amplitude of the
fourth twitch (T4) on the first one (T1). In the absence of neuromuscular blockade, the four twitches are
of equal amplitude (TOF ratio between 0.9 and 1), whereas when the neuromuscular blockade is induced,
the TOF ratio is reduced. The accepted TOF ratio at which patients are considered under deep

neuromuscular blockade is 0 and extubation is recommended if this ratio is higher than 0.9*° (Fig 5.C).

Every international guideline recommends the systematic use of neuromuscular blockade monitoring for
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several reasons: to guide the dosing of NMBAs and to know when and how to antagonize them!®. This
monitoring should start at the induction of anesthesia to facilitate tracheal intubation until the end of
recovery and extubation. These recommendations were for example supported by the French Anesthesia
Society in 2020 and the Association of Anaesthetists of Great Britain and Ireland in 202112121, |Indeed,
evidence supports that quantitative monitoring enhances recovery from anesthesia and decreases
postoperative morbidity. For instance, a multicenter study in Spain revealed that in the post-anesthesia
care unit, patients with residual neuromuscular blockade had an increased incidence of respiratory events
and tracheal reintubation %2, Quantitative monitoring also reduces the incidence of airway obstruction
(14% in patients assessed quantitatively compared to 45% for those assessed clinically)*?®* and of muscle
weakness (incidence of 14.5% of muscle with 55% of subjects noted general weakness in the control group

versus 32.6% in the group with quantitative monitoring)*?.

3.2 The existing reversing blocking agents and their limitations

Currently, two types of NMBA reversal drugs are available: anticholinesterases and the selective reversal
agent sugammadex (Bridion®). Anticholinesterases are inhibitory drugs that extend the life span of
acetylcholine at the neuromuscular junction by inactivating cholinesterases (enzymes that metabolize
acetylcholine in choline and acetic acid). The increase in acetylcholine levels displaces NMBA molecules
from the nicotinic receptors, hence reducing neuromuscular blockade. Anticholinesterases are QA
compounds that do not penetrate the blood-brain barrier and reverse non-depolarizing blockers,
depolarizing blockers being more resistant to this drug. The most used anticholinesterase drug is
neostigmine which is reversible since it makes non-covalent bonding with the enzyme
acetylcholinesterase. However, anticholinesterases are not effective in reversing deep neuromuscular
blockade?®, which was nicely demonstrated in several studies such as one with 40 patients showing that
two doses of neostigmine do not hasten recovery from profound-induced neuromuscular blockade®?.
Even more surprising, with atracurium-induced neuromuscular blockade, administration of neostigmine
at profound degrees of blockade extends reversal time!?’. Another striking example is that despite an
accelerated recovery by 40% with the use of neostigmine, the reversal of rocuronium and vecuronium
with neostigmine still remains less rapid (37.1 and 29.7 minutes respectively) than spontaneous recovery
after succinylcholine administration (9.4 minutes)!®®. The limited effect of anticholinesterases can be
explained by their competitive nature with non-depolarizing NMBAs (and not destructive). Indeed, once
anticholinesterases have targeted all the cholinesterase enzymes present at the neuromuscular junction,
administrating more inhibitors has no further effect while the concentration of NMBAs can continue to

increase, depending on the dose administered by the clinicians'?°. Therefore, it is recommended to use
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neostigmine only if the TOF ratio is higher than 0.4, to perform extubation within 10 minutes after
neostigmine administration (the maximal effect of neostigmine occurs within 10 minutes), and with a
single dose lower than 50pg/kg since higher doses are not effective®’. Anticholinesterases are also
associated with various adverse events in multiple organ systems due to their undesired activation of
muscarinic receptors that are found in smooth muscles which which mainly include cardiovascular

complications (bradycardia), bronchoconstriction, nausea, and vomiting®3..

Sugammadex, another reversal neuromuscular agent specific to the family of aminosteroids NMBAs
(rocuronium and vecuronium), was first shown to reverse profound rocuronium-induced blockade in 2006
in rhesus monkeys'? and became commercially available in 2008. This molecule is a modified gamma
cyclodextrin with a lipophilic cavity and a hydrophilic external domain therefore able to encapsulate and
interact with the lipophilic NMBAs™? (Fig 5.A-B). The negatively charged groups of the side chains of
sugammadex also reinforce the strength of the complex by interacting with the positively charged QA.
Once injected, sugammadex binds rocuronium/vecuronium in the plasma with a 1:1 molar ratio; removal
of free NMBA in the plasma actually creates a concentration gradient that draws the NMBAs outside the
neuromuscular junction. Sugammadex competes advantageously with acetylcholinesterase drugs because
it has fewer side effects (due to its absence of activation of the muscarinic receptors) and can reverse
rocuronium/vecuronium moderate blockade in 1.4 min while 17.6 min is required for neostigmine. It can
also be used to reverse deep blockade in 2.7 minutes when 49 minutes are needed with the same dose of
NMBA with neostigmine®*. Several case studies suggest that sugammadex can be used to treat
rocuronium-induced AHR with rapid and selective elimination of circulating rocuronium antigenic
activity®®>13, However, neither the United Kingdom nor France guidelines recommend its use for the
treatment of rocuronium-induced AHR. In fact, it is therefore recommended to use sugammadex over
neostigmine for moderate (TOF ratio<0.4) and deep blockade (TOF=0) induced by

rocuronium/vecuronium?*.

Despite its relatively safe profile and efficacy, sugammadex was reported to induce systemic anaphylactic
reactions, particularly in Japan where this drug is extensively used. Indeed, 44% of the sugammadex-
induced AHR are reported in Japan®®’ a country in which 10% of the total population has been exposed to
sugammadex’3®. These cases of anaphylaxis remain rare with an incidence varying between 0.7-10%
according to the dose of sugammadex®391%, Very surprisingly, after a rocuronium-sugammadex-induced
AHR, the clinical tests cannot identify anti-sugammadex 1gG/IgE antibodies, basophil, and mast cells do

not seem activated and the skin tests are very predominantly negative*’. Ebo et al. described a clinical
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case of a patient with a sugammadex-rocuronium-induced AHR who experienced an IgE-mediated
anaphylaxis to the complex sugammadex-rocuronium with the lack of evidence of an IgE-mediated AHR
to sugammadex or rocuronium alone using basophil activation tests!*!. This change in IgE recognition can
be explained by a shape alteration of sugammadex during the complex formation, hence creating a

neoepitope responsible for the AHR!,

Since the perfect drug to reverse rocuronium-induced neuromuscular blockade does not exist, how could
we identify novel drugs? Could biologics, like antibodies found in allergic patients, be used for this
purpose? The first therapeutic mAb Orthoclone OKT3 was approved in 1986 and is currently used to reduce
the risks of organ transplant rejection by targeting a T cell receptor *2. Since then, more than 100 mAbs
have been used as therapeutics. Indeed, the very high specificity and affinity of antibodies for their target
(dissociation constants ranging in the femto/picomolar) combined with the progress made regarding their
engineering, position them as very interesting therapeutic candidates. First, they possess few off-target
effects and reduced immunogenicity with the development of chimeric, humanized, or fully human
mAbs!*. Moreover, their half-life can be adapted (extended or shortened) by mutating residues in their
constant regions. For example, in the context of a capture molecule to reverse neuromuscular blockade,
a short half-life is required if the patient needs a prompt re-administration of an NMBA, which is possible
by generating mutants that do not bind to FcRn with the following mutations: 1253A, H310A, H435A-.
Finally, antibody fragments, such as variable heavy-chain antibodies (VHH) or single-chain fragment
variables (scFvs) can be engineered, facilitating their penetration into tissues and elimination. Research to
improve antibody affinities through mutagenesis combined with machine learning continues to advance,
making these approaches even more attractive'**. The final section of the introduction will focus on the

identification of antibodies to develop a therapeutic antibody as an effective NMBA capture molecule.
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Figure 5: Monitoring reversal of rocuronium-induced neuromuscular blockade using sugammadex.

(A) Structure of sugammadex sodium**. (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 in green)!*¢. (C) Monitoring of neuromuscular blockade using TOF.
Muscles on the ulnar nerve are electrically stimulated 4 times (twitches). The amplitude of the muscular
responses is monitored and the ratio of the fourth response divided by the amplitude of the first response
is measured and referred to as the TOF ratio. A TOF ratio lower than 0.9 is a reference threshold of
neuromuscular blockade. TOF, Train of Four. (Biorender)
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4 Identification of antibodies of interest from B cells

4.1 What are antibodies?

Antibody production by B cells and the mechanisms involved in increasing their affinity and specificity

require complex steps that will be presented in this section.

First, it is important to note that antibodies exist in two forms: either they are found anchored to the B
cell membrane as BCRs or they are water soluble proteins secreted by the B cells and patrolling in
extracellular fluids such as the bloodstream, lymph nodes, skin, lungs, saliva, breast milk... Antibodies are
180,000 dalton symmetrical proteins composed of two identical heavy and a light chain connected by
disulfide bonds possessing a variable (at their N-terminal) and the constant region (at their C-terminal).
The variable regions are responsible for antigen recognition and are composed of hyper-variable
subregions named complementarity-determining regions (CDR1, CDR2, and CDR3) flanked by less variable
subregions referred to as framework regions (FR1, FR2, FR3, and FR4). The six CDRs (three in the heavy
and three in the light chains) are polypeptide loops with hypervariability anchored in the framework's
beta-sheets (Fig 6). The light chain in human and mice falls in two classes: kappa or lambda, with a higher

ratio of kappa versus lambda (kappa: lambda ratio of 60:40 in humans and 95:5 in mice)*.

CDR3
CDR1 CDR2 N-D-N

Fab FR1 FR2 FR3 FR4 Cyl
————1
\") D J
CDR1 CDR2 CDR3
FR1 FR2 FR3 FR4 C.1
Fc =
\'} J

Figure 6: Antibody structure and variable chains genetic coding.

Antibodies are composed of two identical heavy and light chains (kappa or lambda) connected by covalent
disulfide bridges. The lower region is the Fc fragment and the upper is the Fab fragment. Each chain is
composed of a variable and constant region. The variable region binds the antigen and is coded by V(D)J
gene segments that encode the CDR3 loop which is the region with the highest diversity. The constant
region confers the function of the antibody by allowing its binding to receptors on effector cells. CDR,
Complement Determining Regions; CL, Constant Light; Fab, Fragment antigen binding; Fc, Fragment
crystallizable; FR, Framework; S, sulfide; VH, Variable heavy; VL, Variable Light. (Biorender).
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The constant region of the heavy chain confers its effector function to the antibody by binding to receptors
on white blood cells and complement. This constant region also defines the class of the antibody: IgM, IgD,
IgA, 1gG, and IgE with IgG, IgA, and IgD possessing three constant domains (Cx1, Cu2, and Cu3) whereas IgE
and IgM have four (Fig 7B). The light chain also possesses a constant region and the association of the
Variable heavy (VH), variable light (VL) and CH1 forms two identical fragment antigen binding (Fab) regions
that can recognize an antigen. Each antibody class possesses distinct roles and is mainly located in different
regions of the body. Briefly, IgM have generally a low-affinity but their ability to form pentameric
structures confers them high avidity. Their multimeric structure facilitates their ability to activate the
complement and to bind to multivalent pathogens such as bacteria'®®. IgG is the most predominant isotype
in the blood and extracellular fluids, representing up to 75% of the antibodies class'*’. They are mostly
present as monomers but their ability to form immune complexes when binding to multivalent antigens
allows them to bind with avidity to FcyRs™*. IgA can form dimers and are mostly present in the epithelium
of the intestinal and respiratory tracts®?. IgE antibodies are present at the lowest concentration of the five
isotypes in circulation in the blood but can remain bound to effector cells such as mast cells under the skin
or mucosa, and basophils. Finally, IgD isotypes are less characterized but are suspected to play a role in
the initiation of the immune response. They are of low-affinity and found in higher concentrations than
IgE but lower than the other isotypes because they are mainly attached to B cells and rarely found in their

soluble form®*2, In the next section, we will explain the antibody formation process.

4.2 The antibody repertoire formation

Ideally, we would need 100 million different antibodies to protect us against the wide range of potential
pathogens. However, there are 25,000 genes in human cells, and even by combining the genetic diversity
of the VH and VL, not enough combinations could be generated. Therefore, another mechanism different
from the classical genetic information transmitted from one mother cell to two daughters needs to exist.

3 consists of somatic recombination of the genes coding for the

This process discovered by Tonegawa®
variable region of a naive B cell. The entire scope of BCRs in an individual will be referred to as the antibody
repertoire and the mechanism to generate this variety of antibodies will be depicted in the following

paragraphs.

Indeed, the VH and VL present on the BCRs of human B cells are coded by three chromosomes
(chromosome 14 for the VH, 2 for the VL of the kappa chain, and 22 for the VL of lambda)*** that possess
copies of DNA modules, called gene segments: one Variable (V), one Diversity (D) and one Joining (J) for

the heavy chain, only VJ for the light one. The first two hypervariable loops of the heavy chain (CDR1 and

43



CDR2) are encoded by the Vi gene segment. The CDR3 is the most diverse since it is formed by amino acids
coded by the Vy, D, and Ju4 gene segments, thus additional insertions of random nucleotides are required
to make the Vy-D and D-Ju junction®. The Vy -D and D-Ju junctions can also be nibbled away and
replacement nucleotides named N-nucleotide can be inserted, hence increasing the diversity (Fig 6). The
D gene segment is present only on the VH locus and is lacking in the VL. In humans, there are about 50
gene fragments for the V segment, 27 for the D, and 6 for the J segment®®. To assemble in a mature heavy
and light chain, the B cells select randomly these gene segments and assemble them together, a process
termed V(D)J recombination monitored by Recombination activating genes (RAG) proteins®>’. V(D))
recombination occurs in an early differentiation stage of B cells in the bone marrow therefore all the
progeny of a B cell expresses the same V genes. It is important to note that each B cell has identical BCRs

expressed on its surface (approximately 50 000-100 000).

The BCR of a naive B cell that did not encounter an antigen is referred to be in its germline configuration
but to increase the genetical diversity, the variable regions of the Ig can be later modified in the germinal
centers (GC). Upon contact with its cognate antigen, the variable region of the immunoglobulin undergoes
mutations in a relatively stochastic manner since this process is biased by some DNA motifs. Indeed, in
the process of joining the V(D)J gene segments together, additional DNA bases are replaced, added, or
deleted by enzymes, a mechanism called somatic hyper-mutation. With this sophisticated "lottery-like"
process, a small amount of genetic information is required to create a broad antibody diversity. During
this operation, single strands of DNA are broken and repaired by random nucleotide additions at the end
of the gene segments, a process referred to as non-homologous end joining that increases the junctional
diversity'*®. Non-homologous end joining can happen in the bone marrow on naive B cells and in the GC,
and for each location, different enzymes are involved. In the bone marrow, this process depends on RAG
proteins that induce the single-strand breaks while terminal deoxynucleotidyl transferase (TdT) randomly
adds nucleotides. In the GC, this mechanism involves the enzyme activation-induced cytidine deaminase
(AID) that converts cytosines in uracil bases which introduces single-strand DNA breaks at the end of the
selected V, D, and J gene segments'®. Nonetheless, it has been shown that mutations are not fully random
and appear to be more frequent on certain DNA motifs, named hotspots that are predominant in the V
region of Ig genes. Indeed, hypermutations are preferentially found in the DGYW/WRCH motif (G:C is the
mutable position; D=A/G/T, H=T/C/A)*°. The CDR3 is notable for its high diversity, thus considered to
determine the antibody specificity since it is coded by the junctional random mutations from associating
the V and J gene segments. The recombination of the heavy chain is performed before the one of the light

chains and the isotype kappa of the light chain before the lambda. At each step, the recombined heavy
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and light chains undergo a selection process to ensure the functionality of the antibody since non-
functional BCRs are eliminated. Even though the relative abundance of kappa and lambda light chains is
66% versus 34% in humans (whereas 95% kappa versus 5% lambda in mice), some antigens such as the
human immunodeficiency virus have been shown to trigger a biased selection towards lambda light chains

161-162 Al in all, this mechanism allows the generation of approximately 10! antibody recombination®,

The antibody class that depends on the constant region of the heavy chain of the antibody can also be
modified during B cell maturation and proliferation. A B cell always starts by expressing an IgM and/or IgD
on its surface that can later switch in the GC as an IgG, IgA, or IgE once the B cell has been stimulated by
an antigen. The IgH locus first expresses the exon 6 (for IgD), followed by u (for IgM), y (for 1gG), a (for
IgA), and or € (for IgE). A naive B cell can co-express IgM and IgD due to the alternative splicing on the
exons of the wand 6 heavy chains. Unlike the & gene fragment, the other isotypes possess a switch region
that explains that this mechanism happens in a unilateral direction (an antibody cannot switch back to its
precedent isotype). Indeed, isotype switching consists of replacing the exon 6 and p of the constant heavy
chain regions with the exon y, a, or € using double-strand DNA breaks in the switch region located
upstream of each constant heavy gene region (except for the IgD constant region) by the same enzyme as
the one involved in somatic hypermutation: AID*®* (Fig 7.A). The cytokine environment favors certain
isotype switches. For instance, the presence of IL-4 / IL-13 and the reduction of interferon-gamma
facilitates the switch to IgE antibodies'®. The cytokines are produced by Th cells that recognize the antigen
exposed on the B cell surface and are presented to the T cell via an MHC molecule. During anaphylaxis,
Th2 response and IL-4 stimulate the isotypes to switch to IgG1, IgG2, IgG4, and IgE. It was also shown that
the IgE isotype switch is enhanced by the absence of IL-21 in mice®®®. In humans, the switch to an IgE can
happen via two routes: either a direct switch from IgM to an IgE or the indirect route from an IgM to an
IgG switching in an IgE. In the first route, the IgM+ precursor B cell is immature whereas, with the indirect
switch, the IgG+ B cells can experience the GC process (somatic hypermutation, affinity maturation, and

Bmem development)*®’.
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Figure 7: Generation and structure of the different classes of antibodies.

(A) Antibody class switch. Different classes of antibodies are generated with identical variable regions and
distinct constant domains with the class switch recombination mechanism. Double strand breaks are
generated in DNA at conserved nucleotide motifs called switch regions (in green) located upstream of a
gene fragment (in red). IgM antibodies are the first ones to be produced, followed by IgD, IgG that can be
subdivided into four subclasses, IgE and IgA. (B) The five main classes of antibodies are classified according
to the type of heavy chain constant region. IgM antibodies have a pentameric structure, hence a high
avidity for antigens, IgA form dimers, and the other classes of monomers. (Biorender).
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4.3 B cells activation and differentiation in antibody-secreting cells

B cells are produced during hematopoiesis in the bone marrow where V(D)) rearrangement occurs.
Following the Ig gene rearrangement, immature B cells undergo negative selection to confirm self-
tolerance, therefore to delete auto-reactive B cells with the help of follicular dendritic cells presenting
self-antigens and regulatory T cells'®8,

Then, naive B cells migrate to secondary lymphoid organs (lymph nodes, spleen, and mucosal tissue)
where they can encounter an antigen presented by dendritic cells. Some B cells can directly secrete low-
affinity IgM and IgA after this presentation, they are called short-lived T-independent antibody-secreting
cells (ASCs). Other subsets of the B cell can interact with a T cell via important molecular players: 1)
presentation of antigen on an MHC class Il from the B cell to the T cell; 2) co-stimulation of CD40 on B cells
that binds CD40 Ligand (CD40L) and the T cell; 3) T cell cytokine expression of cytokines such as IL-4 and
IL-21. During this T cell:B cell interaction, the Ig class-switch recombination occurs'® and leads to the
proliferation and differentiation of the B cells in 3 subtypes: GC-independent Bmems, GC B cells, or short-
lived plasma cells'’°. This non-canonical pathway occurring outside the GC is referred to as extrafollicular
response and tends to generate predominantly lower affinity IgM+ Bmems'’*'72, Alternatively, the B cell
can enter a GC, this transient structure is necessary to generate higher affinity B cells since it is the
localization of the highly selective process depicted in the previous paragraph. Indeed, in the GC, the B cell
undergoes proliferation and somatic hypermutation in the dark zone before exiting in the light zone
where they can encounter the antigen presented on dendritic cells and present it to T follicular helper cells
to either differentiate in long-lived Bmems, or long-lived plasma cells or re-enter the dark zone in a
recursive process (Fig 8). Higher affinity BCR mutants capture more antigens, leading to a higher density
of peptide MHC-complexes, resulting in a greater share of Th cells, turning in positive selection. Following
a positive selection, the B cells are expanded whereas B cells with low-affinity BCRs capture less antigen
and go through apoptosis or anergy. This migration from the dark zone to the light zone can be repeated
several times to generate higher affinity of Bmems/plasma cells, a process referred to as affinity

maturation that is made possible with the somatic hypermutation mechanism.
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Figure 8: Affinity maturation of B cells in the GC.

After priming and class-switch recombination occurring outside the GC, naive B cells undergo clonal
expansion and somatic hypermutations in the dark zone of a germinal center before entering the light
zone where they are subjected to selection by follicular T helper cells in the presence of dendritic cells to
improve affinity to the immunizing antigen. Auto-reactive B cells or B cells with unfavorable BCR undergo
apoptosis. Selected B cells either differentiate in Bmem or plasma cells or re-enter the dark zone to repeat
the process. Bmem, memory B cells; GC, Germinal Center. (Biorender)

4.4 How to identify a B cell repertoire: plasmabast/plasma B or Bmems?

To identify a B cell repertoire, i.e. the range of BCRs expressed by an individual B cell population specific
to a given antigen, various subsets of B cells can be investigated: plasmablast, plasma cells, or Bmemes.
Plasmablasts are very short-lived ASC B cells producing low-affinity antibodies that usually arise from an
extrafollicular response. They are dividing cells with high migratory properties and are known to be the
precursors of plasma cells that can secrete antibodies '73. Plasma cells are terminally differentiated ASCs
that cannot divide and are traditionally described as short-lived. Bmems are very long-lived B cells, they
can survive for decades to be easily reactivated to produce ASCs when exposed to an antigen!’®. The
persistence of humoral response in time can be explained by the activation of Bmem or with the presence
of a recently identified subset of ASC, referred to as long-lived plasma cells. These cells have been shown

to survive for long periods in niches located in the bone marrow and are reported to be motile!’*. The
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origin of this cell subset remains elusive and it is still unclear if they preferentially originate either from GC
plasmablast, Bmem, or short-lived plasma cells’*. Bmem and long-lived plasma cells express high-affinity
antibodies that are modified by class-switch recombination and somatic hypermutation, a hallmark of GC

reaction, even though those two mechanisms can occur in B cells activated outside of GC.

A lot of questions remain concerning the persistence of Bmems and the definition of "true" memory.
Indeed, are Bmems conserved for decades after a single antigen-encounter and can be re-activated
activated years later by an intermittent stimulation or does memory require the continuous presence of
antigen or can a Bmem be activated years later by an intermittent stimulation? The concept of vaccination
relies on the second hypothesis stating that consistent antigen exposure is required to maintain memory
since it is necessary to boost several times to obtain long-lasting vaccinal protection. The antigen-
stimulation-dependent memory dogma was also supported by adoptive transfer experiments (transfer of
B and T cells from antigen-primed mice) that showed a memory decay in the antigen-free mice'’®. These
results were reinforced by experiments using different viruses with distinct replication rates, hence
generating different reservoirs of antigens that revealed that memory cytotoxic T lymphocytes were short-
lived and needed stimulation by persisting antigens to confer long-term protection'’®. Nonetheless,
contradictory results reveal that dormant Bmem can persist in the absence follicular of dendritic cells, with
however a reduction of antibody production, hence of plasma cells'”’. Complementary experiments on T
cells deprived mice (before, during, or after immunization) showed that preliminarily established Bmem
can persist for at least 6 weeks in the absence of antigen-mediated T helper cells. A genetically modified
mice model using a genetic switch with Cre recombinase that can induce targeted mutagenesis in the BCR
to generate B cells exposed to an antigen that produces a BCR that does not bind the inducing antigen
elegantly supported the hypothesis that Bmems retain their original antigen-binding specificity and did
not require persistent antigen exposure!’®. Both hypotheses were demonstrated using models with
limitations (artificial systems with genetically modified mice), therefore today it is impossible to state
which mechanism reflects reality, even though both pathways are probably not exclusive. Another
guestion resides: can cross-reactive environmental antigens activate Bmems and, in this case, are the same
Bmem reactivated or do they form new GC? Investigating the evolution of the B cell repertoire upon

antigen re-exposure or not could provide insights into these elusive mechanisms.

The identification of a B cell repertoire requires the isolation of either Bmem or long-lived plasma cells.
Since Bmems express Ig at their surface unlike plasma cells that secrete them, it is easier to identify the

repertoire of Bmem in the first place. Indeed, using flow cytometry these cells can be single-cell sorted
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and sequenced in a relatively simple manner!’®. The BCR repertoire of antigen-specific ASC requires more
advanced technologies such as microfluidic droplets that can entrap a single ASC in an aqueous drop.
Sequencing can be performed after sorting in a multi-well plate or in the presence of bar-coded primers*é°,
Another recent technology to study the antibody repertoire of ASCs in human serum relies on high-
resolution mass spectrometry that consists of the enzymatic digestion of the mAbs into peptides, followed
by liquid chromatography-mass spectrometry analysis and proteogenomic/bioinformatics for
CDR3/VHV/VL identification®®. Great progress has been achieved concerning the sequencing and analysis
of the collection of BCRS in an individual against an antigen (called its adaptive immune receptor repertoire
(AIRR)). Indeed, the AIRR Community proposes bioinformatics tools to describe the BCR repertoire

according to the V-J gene usage, CDR3 length, and CDR3 amino acid sequence®®* 183,
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HYPOTHESIS & AIMS

In this work we aimed to tackle two severe side effects caused by the extensively used NMBA, rocuronium:
1) NMBA-mediated AHR in patients who undergo anesthetic procedures, 2) residual neuromuscular
blockade after the end of surgery. The first side effect is poorly understood since some patients who were
never exposed to the molecule can suffer from an NMBA-mediated AHR and the diagnostic follow-up often
does not permit to elucidate the mechanism with contradictory results in the detection of sIgE antibodies.
Concerning residual neuromuscular blockade, one drug sugammadex can reverse rocuronium-induced

deep neuromuscular blockade but its use is controversial due to the presence of allergic side effects.
Therefore, we hypothesized that:

1) Investigating the Bmem IgG+ repertoires would give us insights into the mechanisms of NMBA-
mediated allergies, based on the previous findings by Jénsson et al.,*® showing that circulating anti-NMBA
IgE and 1gG antibodies were involved in NMBA-mediated AHR, and relying on the immune memory of the
patients. Indeed, the most plausible cause of anaphylaxis to NMBA remains the existence of anti-NMBA

antibodies in patients, implying NMBA-specific B cells.

2) The isolation of rocuronium-specific mAbs either in patients or mice would help us to elucidate the
mechanisms of NMBA-mediated anaphylaxis by performing in vitro and in vivo experiments with the
recombinant mAbs to test their efficacy in activating effector cells and inducing anaphylaxis in their IgE

and IgG isotypes.

3) Establishing a murine model by immunizing mice with rocuronium grafted on an immunogenic carrier

protein, would allow us to generate high-affinity rocuronium-specific IgG antibodies.

4) The generation of high-affinity mAbs would permit the design of a therapeutic molecule that could

capture rocuronium and reverse deep neuromuscular blockade.

Therefore, Aim 1 of my thesis was to mine and profile the rocuronium-specific IgG+ Bmem repertoires of
allergic patients to NMBAs. Three patients with positive levels of rocuronium-specific IgG antibodies in
their serum were sampled and one with a nine-year interval. Using a cell culture system, single cells Bmem
expressing rocuronium-specific 1gG were sorted and differentiated in antibody-secreting cells in vitro. This
allowed the identification of the Bmem rocuronium-specific repertoire by sequencing the variable regions
of the BCRs and performing a bioinformatic analysis. The human antibodies were characterized in terms

of specificity and affinity. Their potency to trigger anaphylaxis was also evaluated by switching them in
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their IgE isotype, by performing experiments on effector cells (mast cells,) and by inducing passive systemic

anaphylaxis in mice expressing a humanized IgE receptor.

Aim 2 was to generate a therapeutic antibody that could reverse rocuronium-induced neuromuscular
blockade. Since the human mAbs isolated were medium to low affinities, we generated high-affinity mAbs
by immunizing mice with rocuronium grafted on the immunogenic keyhole limpet hemocyanin (KLH) and
using the hybridoma technology. Two high-affinity mAbs: 1B6 and 2B1 were characterized (affinity and
specificity) and their crystal structures in complex with rocuronium were revealed. The capture potency
of the mAb with the highest affinity (1B6) was first evaluated using a prophylactic model of prevention of
neuromuscular blockade in mice. Then, the reversal efficacy of 1B6 was validated in non-human primates
for which deep neuromuscular blockade was induced (monitored using a TOF) and reversed by injecting

mAb 1B6 in a competitive timeframe (1-2 minutes) compared to the standard of care, sugammadex.

Aim 1 and 2 are summarized in the article under revision in Science Translation Medicine: Dejoux A

and Qiangian Zhu et al., Drug-specific antibody repertoires unravel mechanisms of perioperative

anaphylaxis and identify novel therapeutics.

Aim 3 was first to study the anti-rocuronium IgG-secreting cell repertoires of two mice using a microfluidic
droplet-based screening, sorting, and sequencing pipeline previously reported!®*. Second, to elucidate the
underlying mechanisms of NMBA-mediated AHR by investigating the IgE and IgG-dependent pathways.
The high-affinity mAbs could activate effectors cells (mast cells and basophils as IgE antibodies and
neutrophils as 1gG) and could induce passive systemic anaphylaxis with very low antibody/antigen doses

in mice expressing humanized IgE receptors.

Aim 3 is gathered in an article in preparation for submission: Dejoux A and Qiangian Zhu et al.,
Plasma cell repertoires identify high-affinity anti-rocuronium antibodies that recapitulate anaphylaxis

in vivo.

Of note, two other projects were undertaken during the PhD, but the data will not be presented in this

manuscript due to confidential issues and for the sake of clarity.
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Article 1: Drug-specific antibody repertoires
unravel mechanisms of perioperative

anaphylaxis and identify novel therapeutics

In this article, under revision in Science Translational
Medicine, we took advantage of the existence of anti-
NMBA antibodies in allergic patients to unravel the
mechanisms of NMBA-mediated AHR. Indeed, NMBA-
mediated AHR is justified by the current dogma that
proposes that IgE antibodies with reactivity towards

NMBAs lead to mast cell and basophil activation in

NMBA-allergic patients, but my team has previously

\, reported that circulating anti-NMBA IgE and 1gG levels

i

correlate with the severity of anaphylaxis®®. However, no anti-NMBA antibody has ever been identified
and described to ascertain this dogma. We also developed an antibody-based reversal drug for residual

neuromuscular blockade, using rocuronium and non-human primates as a proof of concept.

First, we characterized the Bmem antibody repertoires of patients with suspected hypersensitivity to
rocuronium and identified anti-rocuronium mAbs with exquisite specificity for rocuronium and the ability
to induce mast cell activation and passive systemic anaphylaxis in mice. The antibodies isolated in humans
were of too low-affinity for rocuronium to reverse neuromuscular blockade in vivo, therefore we
generated high-affinity antibodies by immunizing mice. We selected the mAb with the highest affinity for
rocuronium, to demonstrate that an anti-rocuronium antibody expressed as an effector-less human IgG
can reverse rocuronium-induced neuromuscular blockade in non-human primates with kinetics
competitive with sugammadex. Additionally, we solved the co-crystal structures of rocuronium in a

complex with two different high-affinity antibodies.

Our work reports on the underlying causes of anaphylactic reactions to NMBAs and paves the way to
improve diagnostic tools for rocuronium hypersensitivity and for developing antibodies as drugs for
neuromuscular blockade reversal. Not only do these findings substantially increase our understanding of
the antibodies in drug allergy, but they also provide a rationale for the design of strategies targeting

NMBAs to reverse neuromuscular blockade.
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Abstract:

NeuroMuscular Blocking Agents (NMBA) relax skeletal muscles to facilitate surgeries and
ease intubation but lead to adverse reactions: in most cases complications due to postoperative
residual NeuroMuscular Blockade (rNMB), and in rare cases severe acute hypersensitivity
reactions (anaphylaxis). Both adverse reactions vary between types of NMBAs with rocuronium,
a widely used non-depolarizing NMBA, inducing among the longest rNMB durations and highest
anaphylaxis incidence. Rocuronium-induced anaphylaxis is proposed to rely on pre-existing
rocuronium-binding antibodies, but no such antibody has ever been identified. Deep blockade
induced by rocuronium can be reversed by the synthetic y-cyclodextrin sugammadex that
provokes however rare anaphylaxis cases. Herein, we investigated the memory B cell antibody
repertoire of patients with suspected hypersensitivity to rocuronium. We identified polyclonal
antibody repertoires with a high diversity among V(D)J genes without evidence of clonal groups.
Recombinantly expressed, these antibodies demonstrated specificity and low affinity for
rocuronium without cross-reactivity for other NMBAs. Expressed as human IgE they triggered
human mast cell activation and passive systemic anaphylaxis in transgenic mice. Their affinities
were insufficient, however, to capture rocuronium in vivo and serve as reversal agents.
Rocuronium-specific, high-affinity antibodies were thus isolated from rocuronium-immunized
mice and their binding modes with rocuronium deciphered by X-ray crystallography. The highest
affinity antibody reversed rocuronium-induced neuromuscular blockade in non-human primates
with kinetics like those of sugammadex. This work reports on the underlying causes of
anaphylactic reactions to NMBAs, and paves the way to improve diagnostic tools for rocuronium

hypersensitivity and for developing antibodies as drugs for neuromuscular blockade reversal.

56



INTRODUCTION

Neuromuscular Blocking agents (NMBAs) are used in the clinic to paralyze skeletal muscles
during surgery conducted under general anesthesia (1, 2). They help to assist airway management
in programmed or emergency anesthesia by facilitating endotracheal intubation. NMBAs operate
at the neuromuscular junction by competing with acetylcholine to bind nicotinic receptors. All
NMBAs possess two tertiary and/or quaternary substituted ammonium groups at physiological
pH that enable NMBAs to compete with the quaternary ammonium group of acetylcholine for
binding to nicotinic receptors. NMBAs have two major side effects: acute hypersensitivity
reactions or anaphylaxis that can be life-threatening (3, 4) and, in the absence of appropriate
monitoring, residual NeuroMuscular Blockade (rNMB) that can lead to tracheal damage and

infections (5).

The most common adverse reaction following NMBA exposure is due to prolonged
presence of NMBA after the end of its infusion, i.e. residual neuromuscular blockade. This
complication is frequent in the absence of appropriate neuromuscular function monitoring that,
despite international recommendations (1, 2), is not applied to more than 20% of the patients.
Residual neuromuscular blockade can lead to postoperative pulmonary events, pharyngeal
dysfunction, urgent tracheal reintubation and prolonged stay in post-anesthesia care units and
hospitals that lead to a high economic burden (6). The first option for pharmacological
neuromuscular blockade reversal, neostigmine (Prostigmine®; used for atracurium reversal), is
restricted to situations where half of the spontaneous reversal is effective — thus inefficient on
deep neuromuscular blockade (7). The second one is the synthetic y-cyclodextrin sugammadex
(Bridion®) (8) that encapsulates the aminosteroid NMBAs rocuronium and vecuronium in vivo
within minutes following injection, and is efficient on deep neuromuscular blockade. Instant
blockade reversal might also be necessary, as in difficult intubation scenarios, explaining that it
has been considered economically advantageous to administer sugammadex despite a cost of
$100-200 per patient, leading to a $400-3,000 economy per patient (6). Yet, multiple cases of
anaphylaxis induced by sugammadex or by the sugammadex-rocuronium inclusion complex (S-R-

Cx) have been reported (9-12) leading to restrictions of its use in several countries (11).
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Rocuronium is the most used NMBA worldwide for full-stomach rapid sequence induction, and
has become almost exclusive in countries like Japan, due to the existence of sugammadex for

deep neuromuscular reversal (13).

The most dramatic adverse event following NMBA exposure is anaphylaxis, the most
severe form of allergic reactions that can lead to fatalities, even after rapid recognition and
correct management. In some countries, half of perioperative anaphylaxis are caused by NMBAs
with a global mortality rate of 4.1% (14). The current dogma proposes that IgE antibodies with
reactivity towards NMBAs lead to mast cell and basophil activation in NMBA-allergic patients (15),
and we reported earlier that, indeed, circulating anti-NMBA IgE levels, but also anti-NMBA IgG
levels, correlate with the severity of anaphylaxis (16). In our view, two pathways are involved in
NMBA-induced anaphylaxis separately or concomitantly depending on the patient: the IgE
pathway leading to mast cell and basophil activation with histamine release as a major mediator,
and the IgG pathway leading to neutrophil and monocyte activation with Platelet-activating
Factor (PAF) release as a major mediator (15, 17). Both histamine and PAF induce vasodilation,
bronchoconstriction, cardiac and pulmonary failure, with probable cumulative or potentiating
effects when both mediators are released (18). Routinely, only anti-NMBA IgEs are quantified in
clinical practice, using a morphine group (termed “Quaternary Ammonium Molecule”; QAM) as a
surrogate for NMBA in ImmunoCAP detection as its molecular structure resembles ammonium
groups present in some aminosteroid NMBAs (19, 20). Morphine ImmunoCAP demonstrates
acceptable specificity and sensitivity for aminosteroids (e.g., rocuronium) and suxamethonium,

but not for benzylisoquinolines (e.g., atracurium) (21).

The tertiary and quaternary substituted ammonium groups present in NMBAs have been
proposed to be part of the epitope recognized by anti-NMBA antibodies in patients, as patient
sera reacting with one or several NMBAs (22) cross-react with unrelated molecules possessing a
guaternary ammonium (23, 24). Since anti-NMBA mAbs have never been identified, neither from
patients nor animals, molecular or structural evidence lacks to ascertain these hypotheses.
Importantly, anaphylaxis occurs at the first exposure to aminosteroid NMBAs in half of the
patients (25), excluding NMBA ammonium groups as primary sensitizing epitopes in the patient’s

history. NMBAs are small compounds (Molecular Weight ~ 300-1,000 Da) with unknown
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properties in terms of immunogenicity; several families of compounds are however considered
to sensitize towards NMBAs, including cosmetics, cleaning and bleaching products, as well as
cough syrups containing morphine-based compounds (22, 26). Among the latter, studies
proposed pholcodine, an opioid cough suppressant with two tertiary ammonium groups at
physiological pH, to be a culprit molecule responsible for NMBA hypersensitivity (27, 28). Large
variations in serum reactivity profile to NMBAs are found between individuals, from a single
NMBA to NMBAs belonging to the same chemical family, and even to all NMBAs in 4% of the cases
(22), suggestive of B cell responses with one or multiple monospecificities each toward a

particular compound, and/or cross-reactive B cell responses towards different NMBAs.

To investigate for the first time the antibody fine specificity and affinity for NMBAs in
patients who experienced NMBA-induced anaphylaxis, we analyzed single memory B cells with
rocuronium reactivity. Antibody repertoires were polyclonal with high V(D)J diversity, exclusive
for rocuronium among NMBAs and anaphylactogenic when expressed as human IgE in vitro and
in vivo in mice. Because patient-derived anti-rocuronium mAbs were of low-to-medium affinity
and incapable to capture clinical doses of rocuronium in vivo, we generated high affinity
rocuronium-specific mAbs from immunized mice that reversed rocuronium-induced
neuromuscular blockade in non-human primates with similar kinetics as sugammadex. These
latter mAbs captured rocuronium in a hydrophobic cleft in which the quaternary ammonium
group is completely buried and involved in the binding. High affinity anti-NMBA mAbs represent

therefore a novel potential therapeutic avenue for the reversal of neuromuscular blockade.
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RESULTS
Identification of rocuronium-specific memory B cells from NMBA allergic patients

Patients with presumed anaphylaxis to NMBAs during general anesthesia were included
in two clinical studies (France, registered under NCT05420935, and Belgium) to obtain large
volumes of blood for PBMC isolation. Among these, three patients experienced fast occurring
symptoms (< 5 min) of anaphylaxis and were admitted to the intensive care unit (ICU) afterwards
(Table 1). Patient#1 developed a mild Ring & Messmer grade 2 anaphylaxis to atracurium in 2012
and was sampled for peripheral blood mononuclear cells (PBMCs) in 2014 and 2023. Patient#2
and Patient#3 developed a severe grade 3 and 4 anaphylaxis, respectively, to rocuronium (Fig.
1A) in 2020, and were sampled a few weeks later. QAM IgE ImmunoCAP were positive only for
Patient#2, although Patient#1 and Patient#3 had been previously exposed to NMBAs (Table 1).
Anti-rocuronium IgE ImmunoCAP was positive only for Patient#3 (Fig. 1B). Skin prick tests and
basophil activation tests with rocuronium were negative for Patient#1 but positive for Patient#2
and Patient#3 (Table 1). Anti-rocuronium 1gG levels were, however, elevated compared to
controls in all three patients, and in both serum samples of Patient#1 at 9 years difference
(Patient#1_2014 and Patient#1_2023) using ELISA (Fig. 1C), LULISA and ImmunoCAP (Supp. Fig.
1). We have previously reported that both IgE and IgG pathways exist with potentially
additive/synergistic effects in human NMBA-induced anaphylaxis, and that Patient#l had
elevated serum anti-rocuronium IgG levels even if presenting with a grade 2 atracurium-induced
anaphylaxis (16). In agreement with these findings, Patient#3 that developed a grade 4
anaphylaxis upon rocuronium infusion presents with elevated levels of both anti-rocuronium IgE

and IgG (Fig.1B-C).

IgE memory B cells remain elusive and their existence is still questioned/disputed (29), as
their survival may be extremely limited (30-33). As it has been proposed that IgE plasmablasts
(and plasma cells) are continuously derived from IgG memory B cells (34), we decided to explore
the 1IgG memory B cell compartment as a surrogate for the IgE B cell compartment to define the
rocuronium-specific antibody repertoire in these patients. We single-sorted CD27* memory B

cells from frozen PBMCs from these three patients based on expression of memory B cell markers
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(gD CD19* CD277) using fluorescently-labeled monomeric human serum albumin-rocuronium
conjugate (HSA-roc) as a bait for B cell receptor (BCR) with affinity for rocuronium, and exclusion
of markers of other immune cells (CD3", CD14°, CD35") and affinity for HSA alone (Fig.1D). The
percentage of HSA-roct HSA- among CD27* IgD" memory B cells varied between patients with a
mean of 4.6% (2.74 and 6.5%) for both sorts of Patient#1_2014, 1% for Patient#1_2023, 2% for
Patient#2 and 3.6% for Patient#3 (Supp. Fig. 2A-B). Of note, the percentage of CD27* cells among
antigen-specific CD3" CD14 CD19* CD38 CD27* IgD" cells varied from 58 to 89% (Supp. Fig. 2C).

Characteristics of anti-rocuronium memory B cell repertoires from NMBA allergic patients

In order to test the specificity towards rocuronium of the antibodies corresponding to the
BCRs expressed by these memory B cells before V(D)J sequencing of their VH-VL, we cultured
these single cells in an optimized in vitro culture assay allowing their differentiation in antibody-
secreting cells (35, 36). After 25 days of culture, supernatants with detectable amounts of IgG
were further tested for rocuronium specificity by ELISA using HSA-rocuronium as an antigen in
the absence or presence of free rocuronium (competitive inhibition ELISA). We obtained 57
supernatants with rocuronium specificity from the CD27* memory B cell cultures of
Patient#1_2014, 128 for Patient#1_2023, 45 for Patient#2 and 23 for Patient#3 (Supp. Table 1).
These represented only a minor fraction of the monoclonal cultures, from 1.3% to 16.7%,
indicating poor selectivity of the allophycocyanin-labeled HSA-roc used as a bait for sorting. This
selectivity did not increase with sorts using antigen labeled with two different fluorophores (HSA-
rocuronium-APC versus HSA-rocuronium-FITC), and/or when selecting atypical CD45RB+ memory
B cells (37) instead of CD27+ memory B cells (Supp. Fig. 3). As expected from serum reactivity to
rocuronium in humans (16), higher numbers of rocuronium-specific memory B cells and stronger
binders were identified when comparing antigen-specific sorts of PBMCs from Patient#1 2023

with PBMCs from a healthy donor (Supp. Fig. 4).

RNA of the 240 monoclonal cell cultures (listed in Supp. Table 2) was extracted to perform
V(D)J sequencing of their VH-VL domains. Using the repertoire-profiler bioinformatic pipeline

(refer to the Methods section) (38), we established the anti-rocuronium antibody repertoire
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profile of the three patients. We obtained a total of 211 VH and 191 VL sequences (Fig. 1E) with
a mutational load compared to germline showing gaussian distributions for Patient#1 and Patient
#2 with an average of ~14 nucleotide mutations in the VH and ~7 in the VL (Supp. Fig. 4). The
distribution of mutations among VH and VL sequences of Patient#3 was not gaussian with a

majority of non- or poorly-mutated sequences.

Analyses of V-J gene usage identified highly diverse and polyclonal repertoires, both intra-
and between patients, for both the VH and VL sequences. Indeed, the proportion of B cells with
VH sequences coded by identical V-J genes was lower than 11% for all patients. The VL sequences
were as diverse, with identical V-J genes lower than 9% except for Patient#3 for whom 23% of the
sequences (5 out of 22) were coded by KV3-20*01_J1*01 (Fig. 1E). The amino acid sequence
alignment of the 211 VH revealed 22 groups of at least 3 members with identical V-J genes but
dissimilarities in their sequences and CDRs (Supp Fig. 5A). Because of this very high diversity,
attempts to identify clonal groups inside a patient defined by at least 3 distinct complementary
determining region 3 (CDR3) of identical length and identical V-J gene usage, failed (Supp Fig. 5B).
We found, however, identical VH sequences in seven instances in Patient#1 2023, one in
Patient#2 and one in Patient#3 (Table 2). As we obtained PBMC samples 9 years apart from
Patient#1, we compared her antibody repertoires over time in the absence of any exposure to
NMBAs between the samplings. Surprisingly, the repertoires of Patient#l 2014 and
Patient#1_2023 were very distinct, with only rare similarities of V-J gene usage, V4-39*01_J4*02
being the most predominant for the VH representing 4 out of 49 (~10%) and 8 out of 98 (~8%) of
the rearrangements, respectively (Fig. 1E), and six clonal groups for the VL were identified with
sequences coming from 2014 and 2023 (KL2-11_KJ1, KV3-20_KJ2, KV1-39 _KJ4 and KV2-28 KJ4).
However, the amino acid sequence alignment of the VH coded by these identical V-J genes

revealed dissimilarities in their sequences and CDRs (Supp Fig. 6).

Among the 211 VH and 191 VL sequences identified (Fig. 1E), 152 were paired VH-VL
sequences, including 25 VH-VL pairs from Patient#1_2014, 76 from Patient#1 2023, 32 from
Patient#2 and 19 from Patient#3 (Supp. Tables 1-2). Amino acid alignments led to the
identification of five B cells clones identified at least twice i.e., with identical VH-VL amino acid

sequences. The sequences of the shared mAbs had a large diversity in mutation load compared
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to the germline (up to 41 amino acid mutations in the VH and 20 in the VL) and some possessed
long CDR3 motifs (Table 2). Only one paired VH-VL with identical V-J usage (V3-7*01-J4*02 and
KV4-1*01_KJ1*01) was identified from the two repertoires of Patient#1 (2014 and 2023). The
amino acid alignment of those two mAbs revealed >80% homology in the VH and in the VL with

mutations in the frameworks and CDRs (Supp. Fig. 7).

Altogether these four anti-rocuronium repertoires are highly diverse, with neither

predominant gene usage nor evidence of clonal groups-

Anti-rocuronium antibodies from patients are highly specific,c low affinity and

anaphylactogenic.

To further characterize the VH-VL pairs identified from single-cell sorting of rocuronium-
binding memory B cells, we recombinantly expressed those corresponding to monoclonal cell
cultures with the highest anti-rocuronium signal as aglycosylated effector-less (Fc engineering
heavy chain mutation N2g7A) human IgG1 mAbs. Anti-rocuronium ELISA using HSA-rocuronium as
antigen enabled a first ranking of the antibodies with mostly poor binding except mAb h1F10
(Fig.2A, Supp. Fig. 8A and Table 3). Competitive inhibition ELISA demonstrated their exquisite
specificity for rocuronium as only free rocuronium, but not by free molecules with the same
aminosteroid scaffold i.e., the closely-related homologue vecuronium, the 5a-
dihydrotestosterone that lacks quaternary ammonium groups, nor pholcodine, or irrelevant
antigens (ovalbumin, amoxicillin, peanut extract) could inhibit their interaction with HSA-
rocuronium (Fig. 2B and Supp. Fig. 8B-C). Of note, from the memory B cells sorted initially based
on their binding to HSA-rocuronium-APC, only 1.3-16% expressed antibodies that proved to bind
free rocuronium, suggesting a frequency of antigen-specific B cells ranging from 0.04-0.2% in
PBMC samples from the three patients (Supp. Tables 1-2). The avidity of the mAbs towards HSA-
rocuronium (molar ratio rocuronium:HSA of 15-1) was measured using Bio-layer interferometry
(BLI) with the conjugate covalently bound to the sensors. All antibodies had similar profiles with
a fast association and a biphasic dissociation. The Dissociation constants (Kp) of these mAbs
ranged from 21 to 922 nM, with half the antibodies in the 21-50 nM range (Table 3 & Supp. Fig.
9A), and mAb h1F10 displaying the best avidity (Fig. 2C). The very small size of rocuronium (530
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Da) is incompatible with the relatively poor sensitivity of BLI, but at the lower limit of detection
for Surface Plasmon Resonance (SPR). Using SPR with the mAbs captured onto the chip, we
confirmed that among the mAbs with the highest avidity for HSA-rocuronium, five mAbs bound
free rocuronium in solution, in a transitory mode with a very fast association and dissociation
(Table 3 and Supp. Fig. 9B), with mAb 1F10 displaying the best affinity for rocuronium with a Kp
of 140 uM (Fig. 2D).

Next, we produced h1F10 as a human IgE to investigate if this VH-VL rearrangement
represents an allergy-related B cell clone in Patient#1 2014 i.e., promote human mast cell
activation and/or induce anaphylaxis in the presence of rocuronium. Human mast cells and
basophils express the high-affinity IgE receptor FceRI that allows them to be sensitized (pre-
armed) with IgE in vivo for immediate cell activation following IgE engagement with allergens,
leading to rapid anaphylactogenic mediator release. Human mast cells derived from PBMCs of
healthy donors sensitized with h1F10 IgE dose-dependently degranulated in the presence of HSA-
rocuronium but not, as expected (39), unsensitized mast cells (Fig. 2E). To test the
anaphylactogenic potential of IgE h1F10, we used mice expressing human FceRl, sensitized them
with h1F10 and challenged them with HSA-rocuronium in a classical model of passive systemic
anaphylaxis. IgE h1F10-senstized mice, but not unsensitized mice, displayed a pronounced drop
in central body temperature (Fig. 2F), a hallmark of anaphylaxis in mice (40). Thus, although
identified from an IgG-expressing memory B cell, the h1F10 VH-VL rearrangement generates a
rocuronium-specific antibody of medium-low affinity that nevertheless demonstrates potential
as a human IgE for human mast cell activation and induction of anaphylaxis in mice humanized

for FceRl.

As h1F10 was of sufficient affinity to measure its interaction with free rocuronium by SPR,
and capable of inducing mast cell activation and passive systemic anaphylaxis when expressed as
an Igk, we wondered if it could also capture circulating rocuronium and promote reversal of
neuromuscular blockade. This possibility would represent an alternative to sugammadex for cases
of sugammadex or sugammadex-rocuronium hypersensitivity (9-12). We first established the
lethal dose of rocuronium in wt C57BL/6 mice at 160 pg/kg (Fig. 2G). established a prophylactic

model to prevent neuromuscular blockade in mice which consists in pre-treatment with a
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rocuronium capture molecule, followed by intravenous injection of a lethal dose of rocuronium
and vitality assessment. In this model, only sugammadex protected mice from rocuronium-
induced neuromuscular blockade, but not h1F10 or any other of the sixteen anti-rocuronium
mAbs (Table 3) that we produced as fully human IgG1 (N297A) antibodies (Fig. 2G). We hypothesize
that the affinity of these antibodies is too weak to exert capture functions in vivo that might lead

to reversal of neuromuscular blockade, as sugammadex does.

Generation of high-affinity anti-rocuronium mAbs

To investigate the potential use of mAbs as capture reagents for rocuronium, we decided
to immunize mice against rocuronium and identify high-affinity mAbs. As we failed to raise anti-
rocuronium antibody responses in mice using free rocuronium in adjuvant, we immunized mice
with rocuronium coupled to keyhole limpet hemocyanin (KLH), as a large size carrier protein that
favors bystander activation. Hybridomas were generated from the mice displaying the highest
anti-rocuronium titer (Fig. 3A), and their variable domains sequenced, leading to the
identification of only two different VH-VL pairs. Both used KV2-112*KJ2 VLs but different VHs
(mAb m1B6 IGVH1-63*J4; mAb m2B1IGVH1-81*J2). Using ELISA and competitive inhibition ELISA,
we confirmed that mAb m1B6 (IgG1,x) and mAb m2B1 (IgG1,x) bound specifically rocuronium
but not any other NMBA, including analogues vecuronium and pancuronium, suxamethonium,
but also dihydrotestosterone, diisopentyl succinate and pholcodine (Fig. 3B-C). Both mAbs had a
very high avidity for HSA-rocuronium measured by BLI (Supp. Fig. 10A), 800 and 57-times better,
respectively, than mAb 1F10. Whereas mAb m2B1 had only a 140-times better affinity for free
rocuronium measured by SPR than mAb 1F10 (Kp=1 uM versus 140 uM), mAb m1B6 displayed a
25,000-times better affinity (Kp=5.5 nM versus 140 uM) (Supp. Fig. 10B & Table 3).

To understand how anti-rocuronium mAbs m1B6 and m2B1 bind rocuronium, we
produced monovalent formats of mAb m2B1 and m1B6 as Fab fragment and single-chain variable
fragment (scFv), respectively, and generated their co-crystals with rocuronium. We solved the X-
ray structures of Fab-m2B1 and scFV-m1B6 in complex with rocuronium at a 1.65 A and 1.70 A

resolution, respectively, with electron density for rocuronium observed in the binding sites in the
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two solved structures (Fig. 4A, Supp. Fig. 11 and Supp. Table 3). Both antibodies make extensive
hydrophobic interactions i.e., van der Waals bonds, with rocuronium involving the VH and VL in
each antibody. The Fab-m2B1-rocuronium contacts involve residues Glu50, Tyr52, Ser54, Tyr56,
Gly96, Val97, Ans98, and His100 of the antibody heavy chain and Tyr27, Tyr32, Leu91, Val92,
Glu93, Tyr94, and Tyr96 of the light chain (Fig. 4B). The scFv-m1B6-rocuronium contacts involve
residues Trp33, Try52, Ser54, Tyr56, Trp99, Ser100, Tyr100A and Tyr100B of the heavy chain and
Tyr27, Tyr32, Leu91, Val92, Glu93, Tyr94, Tyr96 of the light chain in the crystal structures of
cyclodextrin complexes (Fig. 4B). The ring A of rocuronium has been reported to exist in twist-
boat and chair conformations (41). In the structure of the scFv-m1B6-rocuronium complex,
rocuronium ring A adopts the chair conformation but in the Fab-m2B1-rocuronium complex is not
sufficiently well defined within the electron density maps to be determined. Of note, the
rocuronium hydroxyl group is fully exposed to solvent, in agreement with the use of this group as
attachment point to the rocuronium-carrier proteins used herein forimmunization and screening,
whereas the acetoxyl group is buried inside the binding pocket of both antibodies. Finally, both
co-crystal structures revealed that the allylpyrrolidine substituent containing the quaternary
ammonium is completely buried and makes numerous van der Waals contacts with the antibody
light chain (Fig. 4), emphasizing the important role of this group in the rocuronium binding mode,
in agreement with hypotheses extrapolated from serum cross-reactivity in patients (22, 42). The
specificity for rocuronium and not vecuronium or pancuronium could be explained by the fact
that no space remained in the hydrophobic pocket formed by the VH and the VL of either antibody
to accommodate the methylpiperidine substituent of vecuronium and pancuronium, and by

numerous hydrophobic contacts made by the allyl group of rocuronium.

High-affinity anti-rocuronium antibodies protect from and reverse neuromuscular blockade in

mice and non-human primates.

Rocuronium capture may serve two purposes: (i) binding and sequestration of rocuronium
to prevent interaction with IgE on mast cell and basophil to reduce or stop anaphylaxis, as

suggested by some case reports (43-45), and (ii) reversion of neuromuscular blockade to shorten
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patient’s recovery time and associated complications (6). To test the efficacy of the high affinity
anti-rocuronium mAbs isolated from mice on rocuronium capture, we first used the prophylactic
model of rocuronium-induced neuromuscular blockade (scheme in Fig. 2G) with a fixed dose of
rocuronium of 4 ug per mouse inducing lethality in less than 2 min. Both mAb 1B6 and mAb 2B1
protected mice for neuromuscular blockade in a dose dependent manner. mAb 1B6 was more
efficient at lower antibody doses, as expected when considering the affinities of mAb 1B6 and

mAb 2B1 for free rocuronium (Fig. 5A).

Neuromuscular blockade is monitored in anesthetized and intubated patients in clinical
practice using the Train-Of-Four (TOF) method that compares the twitch response (T1, T2, T3, T4)
to four consecutive electric impulses applied by a TOF apparatus on the ulnar nerve through
electrodes. Deep neuromuscular blockade corresponds to the absence of response at any of the
stimulus, and recovery from neuromuscular blockade to a TOF ratio (T4/T1) >90%. Loss and
recovery of spontaneous ventilation is also recorded to calculate the time to retrieve spontaneous
ventilation. Because of the very small size of mice, TOF devices were not adaptable even using
pediatric equipment, and we moved to non-human primates i.e., cynomolgus macaques, to
evaluate the efficacy of mAb 1B6 to reverse deep neuromuscular blockade induced by
rocuronium in a therapeutic model that closely reflects the clinical setting. We first established
the lowest dose of rocuronium to induce a profound myorelaxation (200 ug/kg) in macaques and
the lowest sugammadex dose for fast recovery (<1 minute; 2 mg/kg) as a control. Animals were
anesthetized, placed under mechanically assisted ventilation and the myorelaxation status was
assessed by TOF monitoring (measured using two TOF instruments, each connected to one upper-
limb) and time to retrieval of spontaneous ventilation (Fig. 5B) (46). At 200 pg/kg rocuronium
injected as a bolus, the spontaneous reversal of neuromuscular blockade happened at 28.5min
when monitoring TOF ratio and spontaneous ventilation at 15.5 min (Fig. 5C). Injecting of mAb
1B6 to macaques under deep neuromuscular blockade induced by rocuronium dose-dependently
decreased the time to complete neuromuscular blockade reversal. 2.5 mg/kg of mAb 1B6 were
sufficient to reduce from 28.5 min to 16 min the recovery of TOF ratio>90% and to reduce from
15.5 min to 5 min recovery of spontaneous ventilation (Fig. 5D). To obtain the same speed of TOF

ratio and spontaneous ventilation recovery than obtained with 1 mg/kg sugammadex, 10 to 15
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mg/kg of mAb 1B6 were required (Fig. 5E and Supp. Fig. 12). Physiological parameters and blood
counts remained unaltered during the experiments (Supp. Fig. 13), indicating that mAb 1B6 does
not induce obvious adverse events, even at high doses. These results validate the therapeutic
effect of rocuronium-specific mAb 1B6 on rocuronium-induced neuromuscular blockade. They
serve as a proof of concept that antibodies or antibody-like molecules may be potential new drugs
for the reversal of neuromuscular blockade of NMBAs that have no reversal agent, and as it has

been suggested for sugammadex (43-45) may mitigate or even reverse anaphylaxis.
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DISCUSSION

This study reports on the first investigation of anti-NMBA antibody repertoires from
NMBA-allergic patients. Memory B cell antibody repertoires of patients with suspected
hypersensitivity to NMBA and evidence of anti-rocuronium antibodies in their serum
demonstrated high polyclonality, with no evidence of clonal groups, suggestive of diverse sources
of immunization against compounds chemically or structurally related to rocuronium.
Surprisingly, no crossreactivity for other NMBAs or structurally related molecules could however
be detected, and the affinities for rocuronium were rather poor with Kp around hundred
micromolar for free rocuronium. These affinities were sufficient to trigger in vitro mast cell
activation and in vivo anaphylaxis, indicating that some of these antibodies may contribute to
rocuronium-induced anaphylaxis in patients. Two high-affinity anti-rocuronium mAbs generated
from rocuronium-immunized mice also demonstrated selectivity for rocuronium, explained by
the structure of their paratope, and demonstrated ability for rocuronium capture in vivo. The
highest affinity mAb provided a proof of concept for antibodies as reversal agents for rocuronium-
induced deep neuromuscular blockade that may provide an option for patients with allergy to

sugammadex.

Rocuronium represents an advantageous study model of NMBA as it is widely used for
standard endotracheal intubation and for rapid sequence induction, although it has one of the
longest residual neuromuscular blockade durations and among the highest anaphylaxis
incidences (4, 47-49). This aminosteroid non-depolarizing NMBA was designed as a mono-
guaternary ammonium compound (allylated pyrrolidinium group attached to the D ring), unlike
its bis-quaternary closely related analog pancuronium (50). It is therefore a weaker antagonist at
the neuromuscular junction than pancuronium, making rocuronium easier to outcompete for
reversal of neuromuscular blockade. With vecuronium, rocuronium is the only NMBA on the
market possessing a reversal reagent for deep neuromuscular blockade (8), and has been adopted
as sole NMBA in countries like Japan due to this drug-antidote pair, despite the cost of the
antidote. How rocuronium induces anaphylaxis remains unclear, as IgE receptors on mast cells

and basophils require aggregation to enable cell activation and degranulation; the most probable
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hypothesis proposes that rocuronium haptenizes onto a large molecule upon infusion (51). A
previous study using IgE-stripped human basophils sensitized with patient serum containing anti-
rocuronium IgE indeed reported that only haptenized rocuronium but not free rocuronium
induced basophil activation in vitro (52). To evaluate IgE-mediated anaphylaxis, allergy work-up
mostly includes degranulated biomarkers from mast cells and basophils, specific IgE
measurements (during the anaphylaxis and later work-up), and skin tests and basophil activation
tests (BAT) to all molecules suspected as the culprit agent (6-8 weeks after the anaphylaxis) (53).
Rocuronium-specific IgEs are still explored with the morphine antigen surrogate in clinical practice
(QAM ImmunoCAP) although anti-rocuronium IgE ImmunoCAP is commercially available, but not
yet validated for clinical practice. Exploration of anti-rocuronium IgE antibodies in patients’ sera
relies on the hypothesis that its quaternary ammonium is part of the epitope bound by anti-QAM
antibodies with, however, poor structural and chemical resemblance between rocuronium and
the morphine antigen. Anti-QAM ImmunoCAP are also used for screening for hypersensitivity
against widely different chemical structures as suxamethonium and atracurium with, however,
poor sensitivity and specificity (21, 24, 54-58). To avoid this caveat, we used in this study
rocuronium derivatives by extending the OH group with a functionalized linker for grafting on
carrier proteins e.g., KLH, BSA, HSA, that were used for memory B cell sorting, ELISA, avidity
measurements and functional assays. This strategy allowed for identification of anti-rocuronium
antibodies with no crossreactivity for other NMBAs, not even vecuronium and pancuronium and
dihydrotestosterone, the rocuronium mimetic devoid of ammonium groups. Validated by other
groups, some of these rocuronium-based assays could become novel diagnostic tools in NMBA-

suspected allergies.

B cells with rocuronium reactivity were sorted from two patients with a history of
rocuronium-induced anaphylaxis and from one with atracurium-induced anaphylaxis. For several
reasons, we chose to sort IgG-expressing memory B cells and not IgE-expressing B cells to identify
anti-rocuronium antibody repertoires: all three patients had evidence of anti-rocuronium IgG in
their sera but only one had anti-rocuronium Igk; IgE-expressing memory B cells elude
identification in blood samples (30, 32); IgE antibody-expressing cells have been reported to result

from an intermediary switch to IgG rather than directly from IgM-expressing B cells (59). Very
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recently, type 2—polarized memory B cells defined either as CD23* I1gG1* (60) or as I1gG1 or IgG4-
expressing CD23", IL-4RaM, and CD32'°" (61) have been identified from allergic patients to hold
the allergen-specific IgE memory. Rocuronium haptenized on HSA allowed for the sorting and
culture of single memory B cells from all three patients into IgG-secreting cells coupled to
screening for both rocuronium reactivity and specificity by competitive ELISA in their culture
supernatant. The latter consideration is primordial as >80% of the cultures were excluded
because of low reactivity and specificity, thereby curating the repertoire data from all its false
positives. The false positive fraction was similar when sorting atypical CD45RB* memory B cells
(37), and when sorting memory B cells binding HSA-rocuronium labeled with two different
fluorochromes. Thus, the highly polyclonal anti-rocuronium antibody repertoires we describe
herein, with a high diversity among V(D)) gene usage, corresponds only to bona fide anti-
rocuronium antibodies. It remains unclear however if the memory B cell sorting method, using
monomeric carrier proteins coupled to ~15 rocuronium molecules, might have biased or not B

cell selection towards higher avidity B cell clones.

Surprisingly no evidence of common gene usage nor of clonal groups could be found
within and between these patients, even between the repertoires of the same patient sampled 9
years apart with no exposure to any NMBA during this period. The underlying reason for the high
polyclonality of anti-rocuronium antibody repertoires might be the absence of exposure to
rocuronium before the initial anaphylactic episode in the perioperative setting in all these
patients, with exposure to other compounds present in cough syrup, cosmetics, hair dyes,
household cleaning products or drugs at the probable initiation of the immune reaction towards
rocuronium (12). One of the most incriminated culprits is pholcodine, an opioid cough
suppressant containing two tertiary ammonium groups, that is now considered a risk factor for
anaphylaxis to NMBA (28) and withdrawn from the European market in December 2022. These
difficult to quantify exposures may have led to a diverse repertoire of memory B cells with cross-
reactivity to rocuronium; if Patient#1 that demonstrated different V(D)J recombination 9 years
apart is representative of rocuronium-allergics, one could hypothesize that their repertoires
would not to be stable over time. Surprisingly, however, none of the mAbs corresponding to these

V(D)J rearrangements demonstrated cross-reactivity for any other NMBA, including vecuronium
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and pancuronium that differ only slightly from rocuronium. This result on monoclonals agrees
with our previous data showing that polyclonal IgG from Patient#1 purified on a rocuronium-
bound column showed exquisite specificity for rocuronium, with no binding to atracurium,
pancuronium or vecuronium, although partial cross-reactivity with suxamethonium was detected
(16). This preference may be the result of (i) a particular exposure of these patients to
rocuronium-resembling molecules, (ii) the stringency of the cell sort using rocuronium-
haptenized HSA, or (iii) the modification (functionalized linker) made to rocuronium to allow
protein engraftment. As a comparison in the rocuronium-immunized mouse, from all hybridomas
analyzed only 2 different Vu-ViL combinations could be identified (mAb m1B6, IGVH1-63*J4 x KV2-
112*KJ2; mAb m2B1, IGVH1-81*)2 x KV2-112*KJ2), suggestive of a very restricted oligoclonal
repertoire. These results agree with the affinity for rocuronium determined for these human or
mouse antibodies: poor affinity when antibodies were isolated from polyclonal repertoires of
cross-reactive BCRs to rocuronium (as none of the patients had been pre-exposed to rocuronium)

and high affinity from oligoclonal repertoires of “antigen-trained” B cells.

The mAb 1F10isolated from patient#1 2014 showed the best affinity towards rocuronium
from all the antibodies identified from humans we studied herein, although this patient had been
included after presenting with a grade 2 hypersensitivity reaction to atracurium (16), with no
previous exposure to rocuronium. This mAb expressed as a human IgE gave positive results in a
mast cell activation test, which has recently been proposed as an alternative for basophil
activation tests (62), and enabled to induce severe hypothermia in a mouse model of rocuronium-
induced anaphylaxis. Even though this mAb was isolated from an IgG-expressing B cell, it may
represent an IgE expressed and/or secreted by a class-switched activated B cell as recently
reported (60, 61) or plasmablast/plasma cell involved in hypersensitivity to rocuronium. Allergy-
related IgE plasma cells have indeed recently been identified in the bone marrow of chronically
exposed mice and allergic individuals (63, 64). From our study, it remains unclear, however, if
such IgE plasma cells exist in patients exposed to a variety of compounds and not chronically to a
given antigen, and will merit further investigation if bone marrow samples from NMBA-allergics

become available.
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The specificity for rocuronium of all the above-mentioned antibodies, with no
crossreactivity for other NMBAs, can be explained for the antibodies raised from immunized mice
by their co-crystal structures with rocuronium. These indicated a similar binding between the two
pairs of V4-V| corresponding to mAbs 1B6 and 2B1, which possess different V-J rearrangements
of the heavy chain but an identical V-J rearrangement of the light chain with only two amino acid
differences). Both antibodies bound rocuronium through a hydrophobic pocket formed by
residues from the Vy and Vi chains, that do directly interact with the ammonium group that had
been hypothesized to be the main epitope involved in NMBA hypersensitivity (22). The
guaternary ammonium group and the uncharged dihydrotestosterone counterpart were required
for binding. The closely related NMBAs vecuronium and pancuronium were also unable to bind
as their side chains differ and cannot fit into the tight hydrophobic binding cleft of these two
antibodies. Indeed, the ring D substituent in vecuronium/pancuronium is a 6-atom piperidinium
cycle instead of a 5-atom pyrrolidinium cycle in rocuronium (cf lack of space). In addition, the
hydrogen bond between rocuronium and the serine residue at position 54 in the antibody heavy-
chain (at least in the chair conformation) cannot be established with vecuronium or with
pancuronium as the rocuronium morpholino heterocycle involved is replaced by a piperidin and
piperidinium (no 0O3) in these compounds, respectively. One could speculate that these
specificities are the result of high selective pressure in rocuronium-immunized mice and that
these may not be present in antibodies generated in humans by exposure to various ammonium-

containing compounds (3).

Ten years ago, almost 40%-60% of patients in post anesthesia care suffered from residual
neuromuscular blockade (5, 30, 65-68). The increased use of neuromuscular monitoring in some
countries allowed for this incidence to drop drastically e.g., to 3-5% in recent years in France and
Portugal (69, 70). It remains an issue and even today it can have major adverse outcomes by
prolonging postoperative recovery, affecting respiratory function, causing muscle weakness with
sometimes fatal outcomes (5, 71). Similarly to the rocuronium-reversal agent sugammadex, both
anti-rocuronium mAbs with high-affinity for rocuronium - identified from immunized mice -
demonstrated ability to capture rocuronium in vivo dose-dependently in a prophylactic model of

rocuronium-induced paralysis in mice. This rodent model, however, does not recapitulate the
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state of deep neuromuscular blockade that is so difficult to reverse in patients. Currently, only
rocuronium- and vecuronium-induced deep neuromuscular blockade can be, almost
immediately, reversed by sugammadex, with no solution available for deep blockade induced by
atracurium, the most used NMBA worldwide, nor pancuronium among many others. This
possibility is of major importance for clinicians, especially for patients with unexpected impossible
mechanical ventilation or tracheal intubation. Importantly, anti-rocuronium mAb m1B6
demonstrated efficiency at reversing deep neuromuscular blockade in cynomolgus macaques in
this study, with similar kinetics at 8x10® M (15 mg/kg) as sugammadex at 4.5x107 M (1 mg/kg).
The costs of production of sugammadex and a monoclonal antibody are incomparably in favor of
sugammadex (72), but we believe this proof-of-concept study provides an alternative for reversal
of deep neuromuscular blockade in patients with hypersensitivity to sugammadex (12, 48) or
sugammadex-rocuronium inclusion complexes (11). Most importantly, it paves the way for the
discovery of mAbs from patients or immunized animals to NMBAs lacking reversal agents i.e.,

atracurium and pancuronium.

In conclusion, this work reports on the underlying causes of anaphylactic reactions to
NMBAs by identifying the first anti-rocuronium antibody repertoires from several patients,
suggests novel diagnostic tools for rocuronium hypersensitivity, and provides a proof-of-concept

for antibodies as drugs for the reversal of neuromuscular blockade.

74



MATERIALS AND METHODS

Clinical study design

Three clinical studies were approved for the recruitment of NMBA-allergic patients. The French
multicentric NASA (“Neutrophil Activation in Systemic Anaphylaxis”) study involved 11
Anaesthesia and Intensive Care departments in the lle-de-France region in France. The study was
approved for all centers by an Institutional Review Board (ethical committee “Comité de
Protection des Personnes lle-de-France 1", reference 2012-avril-12880), and registered before the
first inclusion at ClinicalTrials.gov (ldentifier: NCT0163722). The design of the study and detailed
clinical characteristics of the patients are described elsewhere (16, 73), and its ancillary study
NASAmAbs enabled the collection of 190 mL of blood from Patient#1_2014. The second French
multicentric study was MEDIREP (“Repertoire and Properties of Anti-drug Antibodies Involved in
Immediate Hypersensitivity in the Operating Room”) was approved by an Institutional Review
Board (ethical committee “Comité de Protection des Personnes lle-de-France IV", reference 2022-
A00709-34) on May 2022 and registered before the first inclusion at ClinicalTrials.gov (Identifier:
NCT05420935), allowing for the inclusion of Patient#1 2023. The study “Anesthesia-associated
allergy: from new pathogenic insights to reliable diagnoses” was approved by the Belgian ethical
committee under #8300202042710 and is sponsored by the University of Antwerp, registered
under #8300201316408 in Belgium, and enabled the collection of blood from Patient#2 and
Patient#3. Written informed consent was obtained from the patients or their legal representative

before study inclusion. Patient characteristics are described in Table 1.

Classical anaphylaxis parameters

As part of standard care procedures, the following circulating parameters were assessed as
previously described (55): histamine (EIA, Immunotech, Beckman Coulter, Brea, California, USA)
and tryptase (FEIA, ImmunoCAP 250 Phadia, Thermofisher’, Waltham, Massachusetts, USA) in
plasma and anti-quaternary ammonium-specific Ig (FEIA, ImmunoCAP 250 Phadia,

Thermofisher®, Waltham, Massachusetts, USA) in serum. A value less than 0.35 kU/L of specific
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IgE was considered negative, as recommended (55). Tryptase concentrations two hours following
acute hypersensitivity reaction (AHR) were considered elevated when greater than (1.2 x
[baseline tryptase] + 2 pg/L) as recommended (74). A histamine concentration above 20 nmol/L

30 minutes following AHR was considered elevated. Data is summarized in Table 1.

In addition, specific IgE concentrations for rocuronium were assessed using the non-clinically-
validated rocuronium ImmunoCAP (Phadia AB, Uppsala, Sweden; ImmunCAP#c202) (75) obtained
as experimental prototypes made for research use, and with the LuLISA technique rocusing an

anti-Igk nanobody-luciferase tandem (1:50) as previously described (76).

Mice

C57BL/6J mice were purchased from Charles River, and used for experiments after maintaining
the mice for at least one week in SPF conditions after arrival in Institut Pasteur’s animal facility.
Human FceRI® mouse FceRI7- mice on the C57BL/6 background were described previously (77).
Mice were bred at Institut Pasteur and used for experiments at 7-12 weeks of age. All animal care
and experimentation were conducted in compliance with the guidelines and specific approval of
the Animal Ethics committee CETEA number 89 (Institut Pasteur, Paris, France) registered under
#170043, #2013-0103 and #27465 and by the French Ministry of Research under agreement
#00513.02.

Production and characterization of rocuronium bioconjugates

Hapten-protein couplings were performed using active ester derivatives of rocuronium and KLH
or monomeric HSA as the carrier protein. 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,
resulting in a rocuronium derivative with a carboxylic acid (Roc-COOH) at the 3-position of the

steroid scaffold. The compound was characterized by mass spectrometry and by nuclear magnetic
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resonance analysis. All quantities of products were calculated relative to the carrier protein. The
functionalized rocuronium (300 equivalent) was dissolved in 0.05 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 M NaOH. This solution was progressively added to
the carrier protein dissolved in 100mM PBS (pH7.2). After 3 hours of gentle agitation at room
temperature and buffer exchange in 20mM HEPES et 300mM NaCl with minitrap desalting
columns. The exact measurement of the concentration of the bioconjugates was achieved by
guantitative amino acid analysis. The average density of conjugated rocuronium derivatives was
evaluated by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. The
HSA-rocuronium conjugates used for all experiments were monomeric with a mean engraftment
of 15 rocuronium molecules per HSA molecule, determined with the mean of the gaussian

distribution of the m/z (mass-to-charge ratio) as previously described (16).

Human B cell single-cell culture

Culture supernatants from single-cell cultured memory B cells were generated according to the
protocol previously described by Sokal et al.,*3. After thawing, PBMCs were counted and stained
with antibodies directed against surface markers (CD27-BV421*, CD3/CD14 Cy-7- CD19-PETexas
Red*, CD38-PercP-Cy5.5%, IgD-PE,, HSA-FITC,, HSA-Roc-APC*). HSA and HSA-rocuronium were
conjugated to fluorescent probes using Alexa Fluor 488 and 647 microscale labeling kits
(Invitrogen) following manufacturer’s instructions. Conjugates with a mean of 15 rocuronium
molecules grafted on a HSA carrier were used for the sort. Cells were then sorted using the ultra-
purity mode (single cell) on Aria lll in 96-well plates containing MS40Lo cells expressing CD40L (a
kind gift from Pr Garnett Kelsoe)*. Cells were cultured for 25 days at 37°C with 5% CO2 in RPMI-
1640 (Invitrogen) supplemented with 10% HyClone FBS (Thermo Scientific), 10 mM HEPES, 1 mM
sodium pyruvate, 100 units/mL penicillin, 100 mg/mL streptomycin, and MEM non-essential

amino acids (all Invitrogen) with the addition of recombinant human BAFF (10 ng/ml), IL-2 (50
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ng/ml), IL-4 (10 ng/ml), and IL-21 (10 ng/ml; all Peprotech). The supernatant was removed and

replaced every 3-4 days of the culture and harvested on day 18, 21 and 25 of cell culture.

Clones corresponding to supernatants with the highest ratio of optical density (OD) values from
anti-rocuronium ELISA divided by OD value of the anti-lgG ELISA were considered to possess
reactivity towards rocuronium (at least to HSA-rocuronium) and were selected to be

recombinantly expressed as mAbs.

VH-VL sequencing from monoclonal cell cultures

Clones of interest were sequenced first by RNA extraction using NucleoSpin96 RNA extraction kit
(Macherey-Nagel) according to the manufacturer’s instruction. A reverse transcription step was
then performed using the SuperScript IV enzyme (ThermoFisher) in a 14 ml final volume (42°C 10
min, 25°C 10 min, 50°C 60 min, 94°C 5 min) with 4 ml of RNA and random hexamers (Thermofisher
scientific). A PCR was further performed based on the protocol established by Tiller et al (78).
Briefly, 3.5 ml of cDNA was used as template and amplified in a total volume of 40 ml with a mix
of primers and using the HotStar_Taq DNA polymerase (Qiagen) and 50 cycles of PCR (94°C 30 s,
58°C for VH and kappa/60°C for lambda 30 s, 72°C 60 s). Sanger sequencing was performed by

Eurofins.

Gene synthesis, cloning and mAbs production

VH and VL synthesis in pUC19-Igy1.N297A or pUC-kappachain/pUC-lambdachain-expressing
vectors were performed by Synbio Technologies. Antibodies were produced by transient co-
transfection of VH-CH and VL-CL expression plasmids into exponentially growing Freestyle™ HEK
293-F that were cultured in serum-free Freestyle™ 293 Expression Medium (Life Technologies) in
suspension at 37°C in a humidified 8% CO; 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° cells/ml, and cultured overnight in

the same conditions as mentioned above. To produce mAbs, 40 ug of each VH and VL expressing
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plasmids were diluted in 80 pl of FectoPRO reagent (Polyplus) at a final DNA concentration of 0.8
ug/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 g for 40 min and filtered (0.2 um).
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).

Production of mouse anti-rocuronium hybridomas

Female C57BI/6J were immunized subcutaneously with 10 ug KLH-Rocuronium combined with
adjuvant alum 1:1 (v:v) and 20 ng pertussis toxin in physiological saline 0.9% NaCl for three times
at 3-week intervals. Mice were boosted with 10 ug KLH-Rocuronium without adjuvant three
weeks after the last immunization. Four days later the cervical lymph nodes were removed and
fused with myeloma cells P3X63Ag8.653 for hybridoma generation using the ClonaCell™-HY
Hybridoma kit (StemCell Technologies). After screening, the positive clones were expanded in
T250cm? flasks, cells were introduced in 2L rollers and incubated in rotating rollers at 37°C for 10

days. The supernatant was filtered and purified with Protein A-affinity chromatography columns.

Anti-rocuronium ELISA

96-well plates (Costar) were coated with HSA-rocuronium (mean of 15 rocuronium molecules
grafted on a HSA carrier molecule) or HSA at 1 pg/mLin PBS 1X (Gibco) overnight at 4°C overnight,
washed 3 times with PBS Tween 20 0.5% (PBST), blocked with PBS-3% BSA for mAb detection or
PBS + FBS low IgG to screen human serum, and washed three times with PBST. Mice serum
(diluted 1:250,000-1:5,000-1:100) or pure cell culture supernatant or monoclonal antibodies
were incubated for 2H at room temperature and bound antibodies were detected with HRP-
conjugated goat anti mouse or human IgG (Bethyl Laboratories) at 1:10,000. The secondary was

revealed using OPD substrate (Sigma-Aldrich) and the reaction stopped with 2M H,SO4 and
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absorbance was subsequently recorded at 490 nm and corrected at 620 nm using a
spectrophotometer (Biophotometer, Eppendorff). The final OD reported in all graphs/tables
corresponds to the subtraction of the OD value of the HSA-rocuronium ELISA minus the OD value
of the HSA ELISA: OD values were considered positive if at least three times higher than the OD

value of the negative control.

Cross-reactivity with classical allergens (e.g., peanut extract, amoxicillin and ovalbumin) was
assayed using 1 ug/mL of allergens for coating, and then the same protocol as for the HSA-

rocuronium ELISA.

Competition ELISA

To ascertain antibody reactivity to rocuronium, and not towards the linker employed to attach
rocuronium to HSA, or a neo-epitope formed between rocuronium, the linker and HSA, a
competitive inhibition ELISA was developed. This inhibition ELISA also enabled to detect cross-
binding of antibodies to a panel of different NMBAs. 96-well plates (Costar) were coated with
1ug/ml HSA-rocuronium at 4°C overnight, washed 3 times with PBST, blocked with PBST

containing 3% BSA at room temperature for 2 hours.

- For inhibition ELISA of single B cell culture, supernatant was incubated with 3,000 uM
of free rocuronium at RT for 20min. Note: HSA-rocuronium was coated at 1ug/mL,
thus at 1.54x10-11 moles/mL (MW of HSA is 65 kD). An average of 15 rocuronium
molecules per HSA molecule were present, thus 2.31x10-10 moles/mL (0.231 uM) of
rocuronium. 3000 uM of rocuronium (3x10-3 M) thus corresponds to an excess to
13,000-fold.

- For purified antibodies, 300 ng/mL (for murine mAbs) or 1,500 ng/mL (for human
mAbs) were pre-incubated with 5-fold serial dilution of free NMBA drug (rocuronium,
vecuronium, pancuronium, suxamethonium), NMBA control devoid of the quaternary
ammonium (5a-DHT or diisopentyl succinate) or pholcodine from 15,000 uM to

0.96pM.
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The antibody-NMBA mixture was added to the ELISA plates and incubated at RT for 2 hours,
washed 3 times and revealed with HRP-conjugated goat anti-mouse/human IgG (Bethyl
Laboratories) at 1:10,000 dilution. Plates were revealed using an OPD substrate (Sigma-Aldrich).
The reaction was stopped with 2M H2S04 and absorbance was subsequently recorded at 490 nm

and corrected at 620 nm using a spectrophotometer (Biophotometer, Eppendorff).

- Antibodies in the supernatant of B cell culture were considered rocuronium specific if
more than 50% of the signal was inhibited in presence of free rocuronium.
- For purified mAbs, the IC50 was measured using a non-linear fit [Inhibitor] vs. response

-- Variable slope (four parameters) with GraphPad Prism.

Affinity measurements using Bio-Layer Interferometry (BLI)

Affinity of mAbs for rocuronium was tested using Bio-layer interferometry with the OctetRED 384
system. Amine Reactive Second-Generation (AR2G) biosensors were covalently immobilized with
HSA-rocuronium (mean of 15 rocuronium molecules grafted on a HSA carrier molecule), then
inserted in wells containing different concentrations of antibodies for 1,800 s (association phase).
The antigen-antibody complex was dissociated by introducing the biosensor in the reference
buffer (PBS+BSA). Curves were retrieved as raw data from the Octet Data Analysis software and
processed in the Scrubber2 software prior to analyses with the Biaevaluation software. IgG-free
buffer was used as reference and for background subtraction. Fitting curves and KD values were

obtained using the 1:1 Langmuir model.

Affinity measurements using Surface Plasmon Resonance (SPR)

CM5 chips were primed using PBS, washed 3 times with NaOH (50 mM) and SDS (0.1%)
180seconds each time (5uL/min). At least 5,000 RU of antibody was covalently bound to CM5 chip
by activating using 1:1 NHS:EDC (6,000 s), injecting the antibody (900 s) in acetate buffer pH5.5
and quenching with EtNH2 (600 s). Free rocuronium was injected (30 pL/min) in PBS-BSA (1

mg/mL) at different concentrations. Signal was subtracted to reference canal bound with a non-
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specific antibody. Kp was determined using a kinetic analysis (Rl fixed to 0, model 1:1 binding)

with Biaeval software.

Antibody repertoire analysis and representative mAb selection

Docker (https://www.docker.com) / Apptainer (https://apptainer.org), nextflow

(https://www.nextflow.io) and git (https://about.gitlab.com) were used to better control

reproducibility aspects (79). The Nextflow pipeline developed to analyze batches of nucleotide
sequence fastafiles, representing the raw single cell Sanger sequencing of the VH-VL IgG domains,

is available at https://gitlab.pasteur.fr/gmillot/repertoire profiler, and is detailed below. Most of the

process is based on tools from the immcantation portal

(https://immcantation.readthedocs.io/en/stable/), notably from the change-O toolset (38). VH and

VL sequences, while single cell paired, could only be analyzed independently (VH sequences, then
VL sequences), as no method taking this parameter into account currently exists. First, the
AssignGenes.py igblast tool was run to detect and annotate the V, D, J, CDR and FWR domains in

each sequence, using the imgt database (https://www.imgt.org/). Then, MakeDb.py igblast

converted the result into a readable tsv file. The ParseDb.py select tool kept productive
sequences, i.e., those for which: (1) the coding region has an open reading frame, (2) no defect
are present in the start codon, splicing sites or regulatory elements, (3) no internal stop codons
were found, and (4) junction regions are in frame. The clustering of sequences into clonal groups
was performed as follows: (1) grouping of the sequences according to same V and J genes (allelic
variation not considered) and same length of the CDR3, (2) for each group, computation of the
distance score D = (Hamming distance) / (CDR3 length) between each 2 x 2 sequences, (3)
determination of the D threshold, that determine whether 2 sequences derive from the same
germline cell sequence or not, using the distToNearest() function of the shazam R package, (4)
clone assignment for each sequence, i.e., same ID for sequences belonging to a same clonal group,
using the DefineClones.py tool. Of note: a few sequences could be lost at that stage, as they did
not fit the criteria required by this tool. Then, the putative germline sequence of each clonal group
was inferred using the CreateGermlines.py tool. Finally, a single all passed _seq.tsv file was
obtained for each batch of VH or VL initial fasta files, containing notably, for each sequence, the

V, D, J gene and allelic names returned by the AssignGenes.py igblast tool, the clone ID, the

82


https://www.docker.com/
https://apptainer.org/
https://www.nextflow.io/
https://about.gitlab.com/
https://gitlab.pasteur.fr/gmillot/repertoire_profiler
https://immcantation.readthedocs.io/en/stable/
https://www.imgt.org/

putative germline sequence before somatic hypermutations, and the putative V, D, J gene and

allelic names of the germline sequence returned by the CreateGermlines.py tool.

Donut plots in Fig. 1E, Supp. Fig. 5A and Supp. Fig. 6A were drawn after gathering the sequences
of the all_passed_seq.tsv file according to the V and J gene and allelic names of their putative
germline sequence. The tree plot in Supp. Fig. 6A was obtained with the formatClones() and
getTrees() functions of the dowser R Package (80), and a homemade function wrapping functions
of the ggtree R package (81), for clonal groups with at least 3 non-identical sequences. Amino acid
sequence alignments and percentage identity calculations were performed with Jalview software
using MUItiple Sequence Comparison by Log- Expectation (Muscle) and colored by percentage
identity. Number of mutations were obtained with IMGT database by comparing sequences with

germlines and plotted as histograms using GraphPad Prism

Human mast cell activation test

CD34* precursor cells were isolated from peripheral blood mononuclear cells of healthy donors
(provided by the French Blood Bank EFS). CD34* cells were maintained for 1 week under serum-
free conditions using StemSpan medium (9655 Stemcell Technologies) supplemented with
recombinant human IL-6 (50 ng/ml; 200-06 Peprotech), human IL-3 (10 ng/ml; 200-03 Peprotech)
3% supernatant of CHO transfectants secreting murine SCF (a gift from Dr. P. Dubreuil, Marseille,
France, 3% [corresponding to ~50 ng/ml SCF]) and ciprofloxacin (10 ng/mL; 17850-5G-F Sigma
Aldrich). Thereafter, the cells were maintained in IMDM Glutamax | (31980048), 2-
mercaptoethanol (31-350-010), insulin-transferrin selenium (2506865) (all from Gibco), sodium
pyruvate (S8636 Sigma Aldrich), 0.5% BSA (A2153 Sigma Aldrich), Penicillin/Streptomycin (100
Units/mL / 100ug/mL; Life Technologies), IL-6 (50 ng/ml 200-06 Peprotech) and 3% supernatant
of CHO transfectants secreting mouse SCF. Before their use in experiments, mast cells were tested
for phenotype by flow cytometry (CD117%, FceRI*). Cells were ready for experiments after ~10

weeks in culture (at which time >95% of all cells were CD117* FceRI*).

Human mast cells were sensitized overnight with the anti-rocuronium antibody h1F10 produced

in a human IgE format at 1 pg/mL. Cells were then washed and stimulated with increasing doses
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of HSA-rocuronium in Tyrode’s buffer. Mast cell degranulation was measured by flow cytometry
using fluorescent avidin (5 pg/mL; A2170 Invitrogen) which binds to heparin contained in mast
cell granules. Data were acquired using a MACSQuant MQ10 flow cytometer (Miltenyi) and

analyzed with FlowJo v10.8.1 software (TreeStar).

Passive Systemic anaphylaxis in mice

hFceRI® mFceRI”~ mice (77) were injected intravenously with 20 ug of anti-rocuronium human IgE
h1F10 at Oh and 24h and challenged at 48h with 267 ug of HSA-roc. Control mice were injected
with irrelevant human IgE and physiological serum. Central temperature was monitored using a

digital thermometer with rectal probe (YSI), and time of death was recorded.

Prophylaxis of neuromuscular blockade in mice

C57BL/6 mice were pre-injected intravenously with roc-specific antibodies in a human IgG1 N2g7A
format at different doses followed 10 minutes later by a lethal dose of free rocuronium (160
ug/kg). A vitally score was defined based on visual cues: 5= no symptom of neuromuscular
blockade, 4= transient (<30s) symptoms of flattening, slowing down, difficulties to stand on legs,
3=longer symptoms (<1min) with respiratory distress, 2= inactivity, impossibility to stand on legs,

severe respiratory difficulties, 1= death.

scFv production, purification and characterization

Rocuronium-specific VH and VL sequences were built into scFvs with a polyglycine-serine linker
(GGGGS)4 between the VH and VL sequences. The VH-linker-VL sequences were synthesized at
Genscript with codon optimization for expression in Drosophila S2 cells, cloned into pT-350 vector
using Bglll and BstBI restriction sites (the vector is a gift from Dr. Felix Rey, Institut Pasteur, Paris,
France). For transfection, 5x10° 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
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incubated at 28°C overnight. Twenty-four hours later, 2 ug of pMT-Roc-scFv-Strep plasmid were
co-transfected with 0.1 pg (ratio 20:1) of selection plasmid pCoBlast carrying a gene that confers
resistance to puromycin. 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 7 pug/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 7 pg/ml puromycin. Cell propagation was initiated ~2 weeks after
transfection. Puromycin-selected 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 0.5 mM CuSO4 when the cell density reached ~7.5x10° cells/ml.
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 15 mg/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,
Gottingen, Germany) using a peristaltic pump or Akta. The column was washed with 15 mL of 0.1
M Tris pH 8, 0.15 M NaCl, 1 mM EDTA, and the protein was eluted with 8 mL of the same buffer

containing 2.5 mM desthiobiotin.

Fab preparation

Fab were prepared following Pierce™ Fab Preparation Kit (Thermo scientific) instructions by a 4h
digestion with papain in the presence of 4 mM cysteine. After purification on protein A columns,
a gel filtration was performed with Tris 50mM pH, 7.4; 100 mM NacCl.

Crystallization and X-ray data collection

Crystallization screening trials were carried out by the vapor diffusion method using a Mosquito
TM nanodispensing system (STPLabtech, Melbourn, UK) following established protocols (82).
Briefly, we set up crystallization sitting drops of 400 nL containing a 1:1 mixture of protein sample

(Fab-m2B1 or scFv of Fabm1B6) in complex with 10 mM of rocuronium and crystallization
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solutions (672 different commercially available conditions) equilibrated against 150 pl of reservoir
solution in multiwell plates (Greiner Bio-One). The crystallization plates were stored at 18°Cin a
Rocklmager (Formulatrix) automated imaging system to monitor crystal growth. Manual
optimization was performed in Linbro plates with the hanging-drop method by mixing 2 ul of
protein samples with 2 pl of reservoir solution. The best crystals were obtained with the
conditions shown in Supp. Table 3. The crystals were flash cooled in liquid nitrogen for data

collection using the crystallization solution as cryoprotectant.

X-ray diffraction data were collected on beamlines PROXIMA-1 and PROXIMA-2A at the
synchrotron SOLEIL (St Aubin, France). Diffraction images were integrated with autoPROC (83)
and XDS (84) and crystallographic calculations were carried out with programs from the CCP4

program suite (85).

Structure determination and model refinement.

The structures of Fab-m2B1 and scFv-m1B6 in complex with rocuronium were solved by
molecular replacement with Phaser (86) using the structures of the catalytic antibody Fab7A1 (pdb
2AJU) as search model. The final models of the complexes were obtained through interactive
cycles of manual model building with Coot (87) and reciprocal space refinement with Refmac5
(88). X-ray data collection and model refinement statistics are summarized in Supp. Table 3.

Figures showing the crystallographic models were generated with Pymol (Schrodinger, LLC).

Anesthesia and reversal of neuromuscular blockade in cynomolgus macaques

Adult cynomolgus macaques (Macaca fascicularis) were randomly assigned to this study. All
animals were housed within IDMIT animal facilities at CEA, Fontenay-aux-Roses in Bio Safety Level
(BSL)-2 facilities (Animal facility authorization #D92-032-02, Préfecture des Hauts de Seine,
France) and in compliance with the European Directive 2010/63/EU, the French regulations and
the Standards for Human Care and Use of Laboratory Animals of the Office for Laboratory Animal
Welfare (OLAW, insurance number #A5826-01, US). Animals tested negative for Campylobacter,

Yersinia, Shigella, and Salmonella before being used in the study. Experiments using macaques
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were approved by the local ethical committee (CEtEA #44) and the French Research, Innovation,
and Education Ministry under registration number APAFIS#36723-2022041910357437 v1.
Anesthesia and monitoring of neuromuscular blockade in cynomolgus macaques was performed
as described in (46). All animals were anaesthetized according to institutional guidelines. For all
procedures, the animals were first sedated with ketamine (Imalgene 1000, 5 mg/kg) and
medetomidine (Domitor, 0.5 mg/kg). An intravenous (IV) line was placed, followed by tracheal
intubation allowing mechanical ventilation (Hallowell EMC Matrix 3002Pro veterinary ventilator),
and anesthesia was maintained with isofluorane (Isoflu-vet 1,000 mg/g, 0.5-1.5%). Once complete
anesthesia was assessed, macaques received rocuronium bromide (Esmeron®, MSD 50 mg/5mL)
by IV bolus infusion. When indicated, animals also received sugammadex (Bridion®, MSD, 1
mg/kg) or antibody m1B6 (2.5-5-10-15 mg/kg) for rocuronium-induced neuromuscular blockade
reversal. Animals were monitored using a Nihon Kohden® PVM-2703 monitor during all the
anesthesia procedures. Physiological parameters (capnography, heart rate, respiratory rate,
oxygen saturation, arterial blood pressure, and temperature) were followed in real-time and
recorded in a chart every 10 minutes. Neuromuscular blockade monitoring devices (TOF-Watch®
and ToFscan®) measuring the T4/T1 ratio were installed before NMBA infusion. Mechanical
ventilation was maintained for the whole procedure until complete recovery of the
neuromuscular function, assessed with a TOF ratio > 90%. All experiments were performed under
the supervision of a trained anesthesiologist and a veterinarian. After the procedures, anesthesia
was reversed with atipamezole (Antisedan, 0.5 mg/kg), and animals were resumed to their cage
under supervision until complete recovery. Animals were clinically followed for three days post-
infusion. Clinical examination, body weight, and rectal temperature were recorded at each
bleeding time, including a complete blood count on each day and a blood biochemistry evaluation
on days 0 and 1. Blood sampling did not exceed 7.5% of the total blood volume per week,

following ethical recommendations.

Statistical analyses
The R environment v4.3.1 was used for all the analyses (R foundation, Vienna, Austria.

https://www.r-project.org/). Data were neither averaged nor normalized prior to analyses.
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Response variables were log2 converted when required for better adjustment to linear models.
For Fig 1B-C and Fig 5A,C, data were fitted to a simple linear model. For Fig 2D and 3A, a mixed
models using the Imer() function of the Ime4 package was used in order to consider the repeated
measures on each mouse. Resulting effects of interest of the linear model were two-by-two
compared (contrast comparisons) using the emmeans() function of the emmeans package.
Statistical significance was set to a P value of 0.05 or less. In each panel, type | error was controlled
by correcting the P values according to the Benjamini & Hochberg method (“BH” option in the

p.adjust() function of R).
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FIGURES

A rocuronium D Bmem sorting gating strategy (Patient#1_2014)
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Figure 1. Identification of rocuronium-specific 1gG repertoires from NMBA-allergic patients. (A)
Schematic representation of Rocuronium with its major groups circled and named. (B) IgE anti-rocuronium
ImmunoCAP results from the serum of indicated patients (each value is a replicate, n>2), or serum from
five blood bank donors (each value represents one donor). Cut-off set at 0.13 KUA/L. Means + standard
deviations are indicated. Statistical comparison were obtained using contrast analysis after simple linear
modeling and multiple-testing P-value adjustment. .**** P <0.0001; *** P <0.001; **, P <0.01; ns, not
significant. (C) 1gG anti-rocuronium ELISA results (ODnsa-roc Minus ODysa) from the serum of indicated
patients (each value is a replicate, n=3), or serum from five blood bank donors (each value represents one
sample from one donor). Cut-off set at 0.28 OD. (D) Example of gating strategy for the single-cell sort of
rocuronium-binding memory B cells (CD3" CD14 CD19* CD38 CD27" IgD" HSA-roc* HSA") from the
PBMCs of Patient#1_2014. Numbers in the panels indicate the percentage of cells gated among the
represented cells in each panel. (E) Donut plot of VH and VL gene usage among the monoclonal B cell
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cultures secreting anti-rocuronium IgG (total number of cells indicated in the center of the donut) from
Patient#1_2014. The major V-J recombination and their frequency (in parentheses) are indicated in color.
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Figure 2: Characterization of recombinant roc-specific mAbs from patients. (A) IgG anti-rocuronium
ELISA results from indicated human, and a non-specific human IgG1 as control. (B) “Competitive ELISA”
of anti-1gG rocuronium ELISA at fixed mAb 1F10 concentration but increasing concentrations of indicated
molecules free in solution. 5A-DHT, 5-alpha-Di-Hydro-Testosterone; 1C50, half-maximal inhibitory
concentration. (C) Bio-layer interferometry affinity measurement of the interaction between immobilized
HSA-rocuronium and varying concentrations of mAb 1F10 in solution. (D) Surface Plasmon Resonance
affinity measurement of the interaction between immobilized 1F10 and varying concentrations of free
rocuronium in solution. (C-D) The KD was obtained by fitting the curves using a heterogenous ligand
model. (E) Human mast cell activation test using mAb 1F10 in a human IgE format for sensitization,
followed by challenge with HSA or HSA-roc, with degranulation measured using fluorescent avidin binding
by flow cytometry (n=3). (F) Passive systemic anaphylaxis measured by changes in body temperature (A°C)
in hFceRI-transgenic mice sensitized twice with hige 1F10 and challenged with HSA-roc intravenously.
Mean + standard deviation of three mice per group are indicated. Each of the three post injection effects
were analyzed separately, comparing the contrast between 1F10 and isotype control groups after mixed
linear modeling and multiple-testing P-value adjustment. P values are indicated at the end of each time
period analyzed with **, P < 0.01; ns, not significant. (G) Establishment of the lethal dose of rocuronium
and time to death (bottom right; n>2), and prophylaxis of neuromuscular blockade (left, n=2) in wt mice
evaluated by vitality scores of mice injected first with sugammadex (sugam.) or 400ug/mouse of indicated
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anti-rocuronium mAbs, followed by rocuronium injection. Vitality is scored as follows: 5 (no behavior
changes), 4 (transient inactivity; <30 sec), 3 (respiratory distress and intermediate inactivity; >30 sec), 2
(flipping or inactivity; >1 min), 1 (death).
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Figure 3. Exclusive rocuronium binding of mAbs isolated from immunized mice. (A) IgG anti-rocuronium
ELISA results from sera of mice immunized with KLH or KLH-roc. Means are indicated by horizontal bars.
Each dot represents a mouse. Statistical comparisons were obtained using contrast analysis after mixed
linear modeling and multiple-testing P-value adjustment. **** P < 0.0001; *, P < 0.05, using post hoc
contrast analysis after mixed linear modeling and multiple-testing P-value adjustment. ns, not significant.
(B) 1gG anti-rocuronium ELISA results from indicated mouse mAbs or a non-specific mouse IgG as isotype
control. (C) “Competitive ELISA” of anti-IgG rocuronium ELISA at fixed mouse mAbs concentration but
increasing concentrations of indicated molecules free in solution. 5a-DHT: 5-alpha-Di-Hydro-Testosterone.
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Figure 4: X-ray structures of mAbs in complex with rocuronium. (A) Surface representation of co-crystal
structures of rocuronium-specific mouse Fab-m2B1 (top) and scFv-m1B6 (bottom) in complex with
rocuronium. (B) Superposition of the rocuronium and key residues (indicated by the one-letter code of the
amino acid, and their position in the chain) of the binding site for the Fab-m2B1-rocuronium complex (top)
and scFv-m1B6-rocuronium (bottom). The antibody heavy chain is colored in green and light chain in cyan.
The different atoms of the rocuronium molecule are colored: C atoms in yellow, O atoms in red and N

atoms in dark blue.
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Figure 5: mAb m1B6 demonstrates therapeutic capacity to reverse neuromuscular blockade. (A)
Prophylactic effect of indicated mAbs on rocuronium-induced neuromuscular blockade with vitality scores
of wt mice (n23) as in Figure 2E. Mean (horizontal bar) and standard deviation are represented. Means +
standard deviations are indicated. Each dot represents a mouse. Statistical comparisons were obtained
using contrast analysis after linear modeling and multiple-testing P-value adjustment. ***, P < 0.001, **,
P < 0.01. Results for m2B1 1 to 8 mg/kg are not significant. (B) Scheme of the experimental protocol in
macaques. (C-D) TOF measurement in one representative macaque following rocuronium injection to
monitor neuromuscular reversal (C) without capture molecule or (D) following mAb m1B6 injection. The
rocuronium injection time point and the time point of resumption of spontaneous ventilation (SV) and of
TOF ratio T4/Tref > 0.9 are indicated. (E-F) Dose-dependent therapeutic effect of mAb m1B6 in macaques
assessed by (E) time to spontaneous ventilation or (F) time for the TOF ratio T4/Tref to reach 90% (n=3 for
all groups except n=4 for sugammadex (Suga. in mg/kg)). Statistical comparisons were obtained using
contrast analysis after linear modeling and multiple-testing P-value adjustment. ***, P < 0.001; **, P <
0.01; *, P<0.05.
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TABLES

Table 1: Clinical signs and therapeutic interventions of the allergic patients included in the
study. ICU, intensive care unit; IV, intravenous; N.A., not available; ACEl, Angiotensin-Converting-
Enzyme Inhibitor; ARA, Angiotensin || Receptor Antagonist; BB, Beta-blocker; Cl: Calcium channel

inhibitor.
Variable Patient#1 Patient#2 Patient#3
Gender Female Male Female
Age (years) 43 47 69
Previous general anesthesia Yes No N.A.
Medication (ACEI/ARA/BB/CI) No N.A. N.A.
History of allergy
Allergy*/Asthma/Atopy No No No
Mastocytosis N.A. No No
Type of surgery Visceral Neurosurgery Orthopedic
Scheduled surgery Yes Yes Yes
Surgery with a context of infection No No No
NMBA used during surgery Atracurium Rocuronium Rocuronium
Clinical signs
Erythema No Yes Yes
Tachycardia Yes No Yes
Highest heart rate value (/min) 100 N.A. 115
Bradycardia No No No
Arrhythmia No No No
Arterial hypotension Yes Yes Yes
Bronchospasm No Yes Yes
Hypoxemia No No No
Cardiac arrest No No No
Ring and Messmer severity scale 2 3 4
Delay between anesthesia induction and first signs of the reaction (min) 5 5 5
Delay between first signs of the reaction and treatment initiation (min) 15 10 10
Therapeutic interventions
Epinephrine IV alone No Yes Yes
Phenylephrine 1V alone Yes No No
Glucocorticoids No Yes No
Histamine receptor antagonists No Yes No
Fluid resuscitation with crystalloids No Yes Yes
Evolution
Surgery cancelled No rescheduled rescheduled
Admission to ICU Yes Yes Yes
Delay between anaphylaxis and PBMC collection (months) 24 3.5 3
Allergy exploration
QAM IgE ImmunoCAP (threshold 0.35) 0.1 2.58 0.28
Rocuronium Basophil Activation Test (BAT) Negative Positive Positive
Rocuronium Skin Prick Test (SPT) Negative Positive Positive
Allergen Exposure
Pholcodine consumption in the past 12 months prior AHR No No N.A.
. Yes(1993,
Previous exposure to NMBA 1996(, 1999) N.A. Yes, once
Occupational exposure to QAM (Patients reporting current or past cleaning
; ! No N.A. N.A.
profession or hairdressers)
Hair coloring frequency Regular No N.A.

*includes: drugs, latex, food, Hymenoptera venom, pollen/moth, animals/mold
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Table 2: Characteristics of anti-rocuronium antibodies with identical heavy chain
rearrangements and CDR3 amino acid sequence. Antibodies produced recombinantly with
demonstrated binding to rocuronium (roc) by ELISA are indicated in bold and their ELISA values
indicated for a 1ug/mL antibody concentration. nd, not determined. Number of amino acid (AA)
mutations compared to the imgt database are indicated.

AA AA roc
Patient Ab name VH CDR3 VH mutation VL CDR3 VL mutation ELISA
#in VH #in VL (OD)
18F7 nd nd nd nd
18D1 nd nd nd nd
V3-7*01 LVv2-11*01
5GI5 CARGYYGSGTYYASVFDYW 7 CCSFAGTKTWMF 8 nd
J4*02 LJ3*02
KV4-1*02
12G11 CQQYYNTPWTF 9 0.16
KJ1*01
IGLV2-11*01
11G9 CCSYAGSFPYVF 6 nd
V4-59*01 LJ1*01
CARIWGSSGNYFDFW 7
12H6 J4*02 LVv2-11*01
CCSYAGSFPYVF 8 0.21
14D10 LJ1*01
LVv3-1*01
17A2 CQAWDSSTFVMF 20 nd
V4-59*01 LJ2*01
CARGTGYSSDWHVEYW 5
#1_2023 J4*02 LV1-47*01
17C8 CASWDDSLRGYVF 7 nd
LJ1*01
11C10
V3-7*01 LV1-51*02
11D8 CARTDYGYYYYYGVDVW 6 CGTWDSSLSAEVF 6 1.13
J6*02 LJ3*02
17B8
LVv2-8*01
12H10 CSSYAGSNNPYVF 4 nd
V4-39*01 LJ1*01
CVAMVRGVPAYYW 6
J4*02 KV3-20*01
15G8 CQQYGSSPYTF 7 nd
KJ2*01
17D10 V3-53*01 KV1-5*03 F
CARAQTRNLYDGSGHYYKGAFDLW 11 CQQYNSYWTF 2 nd
17BI7 IGHJ3*01 KJ1*01
I7F5 HV4-61*02 LV2-18*02
CARERRYSNGWGSYYYYGLDVW 15 CSSYTNTKNWVF 10 0.23
12G10 J6*02 LJ3*02

95



G4E12 V4-38*02 KV3-20*01 nd
#2 AMYYCARAPCAGECRTLNIWFDPW 41 CQQYGTSPSTF
G5H9 J5*02 KJ2*02 nd
B1G2 V3-21*01 KV4-1*01
#3 CARGHSSFDDFWSGYSPNWFDPW 1 CQQYYSTPCSF 0.96
B5G9 J5*02 KJ2*04
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Table 3: Characteristics of human anti-rocuronium antibodies. Antibodies were produced
recombinantly and demonstrated binding to rocuronium by ELISA: they are ranked by their Kp
value to HSA-rocuronium. roc, rocuronium; Kp, dissociation constant determined using biolayer
interferometry for HSA-rocuronium and using surface plasmon resonance for free roc; nd, not
determined; IC50, Half-maximal inhibitory concentration.

Heavy chain Light chain
Kb to IC50 Kb to
. human JH
Patient VH gene DH gene VL gene JL gene HSA- freeroc | freeroc
mAb gene
roc (NM) | (uM) (BM)
h1F10 V3-48 D3-10 J4*02 KV2-30 KJ2*01 21 351 140
A4ES5 V4-61*07 D2-21*01 J6*02 KV3-11*01 KJ4*01 22 917 760
#1_2014 | hlG12 V4-61*02 D3-3*01 J3*02 LVv2-8*01 LJ1*01 28 735 >1,000
h6E11 V3-15*07 D3-22*01 J6*02 KV1-5*03 KJ2*01 30 nd nd
AGH7 V4-39*01 D2-15*01 J6*02 KV3-11*01 KJ4*01 35 917 >2,000
#2 D3F8 V4-39*08 D2-21*01 J6*03 KV3-15*01 J4+01 40 464 >2,000
hA3E12 V3-30*18 D6-13*01 J6*02 KV1-9*01 KJ2*01 49 539 nd
h1B8 V4-39*01 D3-3*01 J3*02 KV4-1*01 KJ1*01 50 375 nd
hA5H5 V4-61*02 D6-19*01 J3*02 | GKV3-11*01 KJ1*01 63 684 nd
#1_2014
h6A12 V1-2 D3-16 J4*02 KV1-5 KJ3*01 74 2,100 nd
hA10A9 V1-18 D2-8 J1*01 Lv2-14 LV2-14*03 249 2,718 nd
hA8D8 V1-69*06 D3-22*01 J6*02 KV1-5*03 KJ2*01 257 473 nd
#2 E9B10 V4-34*01 D3-22*01 J3*01 KV1-39*01 KJ4*01 275 2105 nd
#1_2014 h2D6 V3-30-3 D2-15 J5*02 KV2-28 KJ2*01 922 612 nd
E11B8 V4-30-4*09 D3-10*02 J6*03 KV3-20*01 KJ1*01 nd 2191 nd
#2
E11G7 V4-61*01 D6-6*01 J4*02 KV1-39*01 KJ4*01 nd nd nd
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Article 2: Plasma cell repertoires identify high-affinity anti-rocuronium antibodies that

recapitulate anaphylaxis in vivo.

In the second article under preparation, we depicted an in-depth rocuronium-specific plasma cell

repertoire of two different mice.

First, using a bioinformatic analysis we could describe the rocuronium-specific antibody repertoires that
were comprised of three major clonal families and displayed convergency. We performed a functional
analysis by reproducing recombinantly the most representative antibodies of each clonal family to
evaluate their specificity, avidity, affinity for rocuronium, and cross-reactivity with other NMBAs or QA-
containing compounds. We observed subnanomolar affinities for rocuronium with antibodies specific for
aminosteroid NMBAs. To understand the underlying mechanisms of anaphylaxis, we expressed the
antibodies as human IgE and demonstrated that they could trigger human mast cell and basophils
degranulation and anaphylaxis in mice humanized for human IgE and their receptor FceRI. Under their IgG

isotype, the antibodies could also activate neutrophils by forming immune complexes.

To tackle the commonly admitted hypothesis that the QA group contained in all NMBA represents the
allergenic epitopes, we generated co-crystal structures of the antibodies with rocuronium. These co-
crystal structures revealed different interaction modes but the QA was systematically involved in the

binding interface.

All'in all, this work allowed the identification of the allergenic epitope of rocuronium, gave insights into
the underlying IgE-dependent and IgG-dependent pathways involved in NMBA-mediated AHR, and

established the first mouse model of NMBA anaphylaxis.
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ABSTRACT

Neuromuscular blocking agents (NMBA) are muscle relaxants used to assist mechanical
ventilation but lead in 1/10,000 anesthesia to severe acute hypersensitivity reactions i.e.,
anaphylaxis. Incidences vary between types of NMBAs. Rocuronium, a widely used non-
depolarizing aminosteroid NMBA, induces among the highest anaphylaxis rates. Rocuronium-
induced anaphylaxis is proposed to rely on pre-existing rocuronium-binding antibodies, but no
such antibodies have ever been identified. Ammonium groups present in all NMBAs, which allow
them to compete with acetylcholine for the binding to acetylcholine receptor, is hypothesized to
represent the main allergenic epitopes. Herein, we engrafted rocuronium onto carrier proteins
allowing immunization of mice against rocuronium, screening for rocuronium-specific antibody
responses, and sorting of rocuronium-specific plasma cells using droplet microfluidics coupled to
single-cell antibody gene (VH and VL) sequencing. The two >500 VH-VL paired repertoires we
characterized were oligoclonal, comprised of three major clonal families, and displayed
convergence. Expressed as human 1gG1, these antibodies demonstrated subnanomolar affinities
for rocuronium with families either monospecific for rocuronium or cross-reactive only for
closely-related NMBAs. Expressed as human IgE, they triggered human mast cell and basophil
activation, and severe passive systemic anaphylaxis in mice humanized for the IgE receptor FceRI.
Co-crystal structures between rocuronium and antibody representatives of three different VH-VL
families revealed distinct interaction modes with, however, the ammonium group involved
systematically in the binding interface. This work identifies the epitopes of antibody reactivity to
rocuronium, demonstrates anaphylactogenic potential of anti-rocuronium Igk and establishes the

first mouse model of NMBA anaphylaxis.
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INTRODUCTION

Neuromuscular Blocking agents (NMBAs) are used in the clinic to paralyze skeletal muscles
during surgery conducted under general anesthesia 2. They help assist airway management in
elective or urgent anesthesia by facilitating endotracheal intubation. NMBAs possess two tertiary
and/or quaternary substituted ammonium groups at physiological pH that enable them to
compete at the neuromuscular junction with the quaternary ammonium group of acetylcholine

for binding to muscle-type nicotinic receptors3.

The most dramatic adverse event following NMBA exposure is anaphylaxis, the severest
form of allergic reactions that can lead to death* °. In some countries, half of perioperative
anaphylaxis is caused by NMBAs with a global mortality rate of 4.1%°. The current dogma
proposes that allergen-specific IgE antibodies, including anti-NMBA IgEs, lead to mast cell and
basophil activation in allergen-sensitized patients’. We reported earlier that, indeed, circulating
anti-NMBA IgE levels, but also anti-NMBA 1gG levels, correlate with the severity of anaphylaxis®.
In our view, two antibody-dependent pathways are involved in NMBA-induced anaphylaxis: the
IgE pathway leading to mast cell and basophil activation with histamine release as a major
mediator, and the IgG pathway leading to neutrophil and monocyte activation with Platelet-
activating Factor (PAF) release as a main mediator’. Both histamine and PAF induce vasodilation,
bronchoconstriction, cardiac and pulmonary failure, with probable cumulative or potentiating
effects when both mediators are released. The current treatment relies on adrenaline
administration to induce vasoconstriction and bronchodilation, and also antihistamines
administered mainly as a safety measure as these are not efficient at controlling anaphylactic
shock®. Intriguingly, the non-depolarizing aminosteroid NMBA rocuronium can be captured within
minutes by the cyclodextrin Sugammadex to reverse neuromuscular blockade in patients, leading

in a few cases to amelioration of anaphylactic severity® 11,

The tertiary and quaternary substituted ammonium groups present in NMBAs have been
proposed to be part of the epitope recognized by anti-NMBA antibodies in patients, as patient
sera reacting with one or several NMBAs!? cross-react with unrelated molecules possessing a
quaternary ammonium?® 14, Since anti-NMBA mAbs have never been reported, neither from
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patients nor animals, molecular or structural evidence is lacking to confirm these hypotheses.
Adding complications to the understanding of the allergenic epitope, different conformer species
can coexist. Indeed, rocuronium ring A can adopt a chair or a twist-boat conformation?®®, with the
twist-boat conformation being favorable for the accommodation of rocuronium within the

cyclodextrin sugammadex®®.

Importantly, anaphylaxis occurs at the first exposure to aminosteroid NMBAs in half of the
patients?’, excluding NMBAs as primary sensitizing epitopes in these patients’ history. In addition,
NMBAs are small (Molecular Weight ~ 300-1,000 Da) and non-immunogenic. Several families of
compounds are however considered to sensitize towards NMBAs, including cough syrups
containing pholcodine (morphine-based compound), cosmetics, cleaning and bleaching
products'? 1820 Routinely, anti-NMBA IgEs are quantified using a surrogate for NMBA in
ImmunoCAP™ detection: a morphine group termed Quaternary Ammonium Molecule (QAM)
that resembles core structures of aminosteroid NMBAs?Y 22, Large variations in serum reactivity
profiles to NMBAs are found between individuals, from a single NMBA to NMBAs belonging to
the same chemical family, and even to all NMBAs in 4% of the cases!?. This suggests B cell
responses with one or multiple monospecificities each toward a particular compound, and/or
cross-reactive B cell responses towards different NMBAs. Understanding the reason for mono-or
cross-reactivity in patients would require analyzing their antibody repertoire and study
representative antibodies to determine if cross-reactive mAbs do exist in patients, or rather a
collection of monospecific mAbs targeting different NMBAs. The antibody repertoire is classically
studied from circulating memory B cells?®> 24, but can also be defined from tissue-resident plasma

cells that are proposed to harbor the highest affinity antibodies?>-2,

Rocuronium represents an advantageous study model of NMBA anaphylaxis as it has
among the highest anaphylaxis incidences®> 2°3! and is widely used. In addition, rocuronium
advantageously possesses a hydroxyl group that can be targeted chemically to allow engraftment
on larger molecules for immunization or assay development. In this study, we analyzed the
rocuronium-specific antibody repertoires from plasma cells of rocuronium-immunized mice using
single cell droplet-based microfluidic technologies?>. Affinities for rocuronium were in the

subnanomolar to nanomolar range with either monospecificity for rocuronium or crossreactivity
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only to closely related aminosteroid NMBAs that could be explained by crystallographic
structures. Anti-rocuronium antibodies were anaphylactogenic when expressed as human Igk in
vitro and in vivo in mice. Identification of anti-rocuronium mAbs allowed to develop the first

mouse model of rocuronium anaphylaxis.
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RESULTS
Anti-rocuronium antibody repertoires in mice are oligoclonal.

To generate the first anti-rocuronium mAbs, we decided to immunize mice against
rocuronium and to use rocuronium-specific plasma cells as a source of the highest affinity mAbs3%
33, Since rocuronium is non-immunogenic, we immunized mice with rocuronium coupled to
keyhole limpet hemocyanin (KLH), as a large carrier protein that favors bystander activation.
Cervical lymph nodes were collected from two mice displaying the highest anti-rocuronium titer
(Fig. 1A), and their cells were encapsulated into microfluidic droplets with fluorescent bioassay
reagents and magnetic beads coated with an anti-mouse kappa light chain (Igk) nanobody (VHH)
(Fig. 1B). Immediately after droplet generation, these were subjected to a magnetic field that
induced magnetic beads within each droplet to form a line (beadline) (Fig. 1C) and serve as a
physical surface for a double-fluorescent sandwich ELISA, revealing 1gG secretion from the cell
using Alexa Fluor 647-labeled Fc-specific anti-mouse IgG, and specificity of that IgG for
rocuronium using Alexa Fluor 488-labeled rocuronium-coupled HSA (Sup. Fig.1-2). The spatial
distribution of fluorescence in the droplets was analyzed by re-injecting them into a second
microfluidic chip where each droplet was scanned with superimposed laser lines and
epifluorescence was detected using photomultiplier tubes. Secreted IgG and antigen binding
were determined from red and green fluorescence localization to the beadline, respectively, and
droplets that contained a cell of interest were sorted by fluorescence-activated dielectrophoretic
sorting: 2,000 and 1,000 droplets that contained secreted IgG with detectable binding to HSA-
rocuronium were sorted from lymph node cells of Mousel and Mouse2, respectively. Single cell
barcoded-RNA sequencing followed immediately after (Fig. 1D) to retrieve the sequences
encoding the variable heavy (VH) and light (VL) chains of the IgG secreted by the sorted plasma
cell, as we reported earlier®. Sequencing data were processed computationally to identify cell-
specific barcodes and to identify cognate VH-VL pairs (one pair per barcode, selecting the most
probable VH and VL pair) and were corrected for errors introduced by PCR or sequencing by

creation of consensus sequences?>.
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Using the repertoire-profiler bioinformatic pipeline (refer to the Methods section)3, we
established the anti-rocuronium antibody repertoire profile of the two immunized mice. We
obtained a total of 628 VH and VL pairs from Mousel and 421 VH and VL pairs from Mouse2.
Analyses of V(D)J gene usage demonstrated an oligoclonal antibody repertoire profile for both
mice. Indeed, for Mousel, two VuJu-VUJL rearrangements encoded >92% of all the VH-VL pairs,
with VH1-7 J2/VK2-112_J2 representing 48% and VH1-55 J2/VK4-68_J5 representing 44% of all
VH-VL pairs. Strikingly, the latter rearrangement also represented 26% of all VH-VL pairs for
Mouse?2 (Fig. 1E). Clonal groups were defined as at least three distinct VH-VL pairs with identical
VJ gene rearrangement and identical CDR3 length, leading to two VH clonal groups and two VL
clonal groups for Mousel, and 4 VH clonal groups and 15 VL clonal groups for Mouse2. The V1-
55 J2 rearrangement represented 33% and 74% of the VH clonal groups, and the V4-68_J5
rearrangement 65% and 51% of the VL clonal groups of Mousel and Mouse2, respectively (Fig.
1F). Circos plot representation of the VH-VL pairing highlights these clonal groups among the total
repertoire, with a given Vulu rearrangement pairing systematically with a given V..
rearrangement, with a few exceptions (Fig. 1G). For each VH clonal group, a phylogenic analysis
of the VH amino acid sequence was performed, and 15 and 13 VH-VL pairs from the major
clonotypes of Mousel and Mouse2, respectively, were selected (Supp. Fig. 3A-D) and expressed

as chimeric human IgG1,« for further characterization and validation as anti-rocuronium mAbs.

Anti-rocuronium mAbs interact with rocuronium at high affinity.

Using ELISA, we confirmed that 11 out of 15 (73%) and 7 out of 13 (54%) of mAbs selected
from Mousel and Mouse2, respectively (Fig. 2A, Supp. Fig. 4, Table 1) bound HSA-rocuronium.
No mAbs among IP6 (V1-75_J3), IP13 (V1-62-2/71_J2), IP14 (V1-85_J2), IP15 (V3-8/3_J3) from
Mousel, and IP28 and IP29 (V3-6_J3), IP30 and IP31 (HV1-18_J2), IP32 (HV1-26_J3) and IP33
(HV1-39_J1) from Mouse2 bound HSA-rocuronium, suggesting that these VH-VL pairs rather
bound fluorophores used for cell sorting. To ensure that the other 18 mAbs bound rocuronium
and not the linker used to engraft rocuronium onto HSA, we performed competition ELISA in the

presence of free NMBA molecule. These demonstrated exquisite specificity for rocuronium of 9
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of these mAbs (IP7, IP8, IP9, IP10, IP12, IP21, IP22, IP23). Indeed, only free rocuronium, but not
free molecules with the same aminosteroid scaffold i.e., the closely-related homologues
vecuronium and pancuronium, NMBAs atracurium and cisatracurium, nor 5a-
dihydrotestosterone and diisiopentyl succinate that lack quaternary ammonium groups, could
inhibit their interaction with HSA-rocuronium. mAbs IP5, IP11, IP24 and IP25 cross-reacted to
rocuronium and vecuronium, whereas mAbs IP1, IP2, IP3 and IP4 cross-reacted to rocuronium,
vecuronium and pancuronium. Estimated IC50s of these cross-reactions indicated 100- to 1,000-
fold better affinities for rocuronium than for vecuronium and pancuronium, respectively (Fig. 2B,
Table 1 and Supp. Fig. 4). However, IP26 and IP27 (V3-6_J3) from Mouse2 neither bound free
rocuronium not HSA itself, but rather the linker used to couple rocuronium to HSA, or a
neoepitope created by this chemical modification. Thus, competitive inhibition ELISA confirmed
that only 11 out of 15 (73%) and 5 out of 13 (38%) of mAbs selected initially from Mousel and
Mouse2, respectively (Table 1), bound free rocuronium. Identification of these confirmed anti-
rocuronium mAbs allowed us to reanalyze the antibody repertoires by only considering the clonal
groups those VH or VL rearrangement corresponds to a Vuly or ViJiL used in a mAb confirmed to
bind free rocuronium. These “functional” repertoires were reduced to 3 VH and 2 VL
rearrangements for Mousel and a single VH and VL rearrangement for Mouse2 (Supp. Fig. 6A-B),
with a mutational load compared to germline showing gaussian distributions for Mousel and
Mouse2 with an average of ~5-7 nucleotide mutations in the VH and ~3-5 in the VL (Supp. Fig.
6C). These functional repertoires highlight unequivocally the preferential pairing of HV1-55_J2
with KV4-68_J5, and of both HV1-7_J2 and HV1-81_J2 with KV2-112_J2, with only rare exceptions
like IP11 i.e., HV1-81_J2 paired with KV4-68_J5. Even if both mice generated large numbers of
HV1-55_J2 encoded sequences that almost exclusively paired to KV4-68_J5, suggestive of a public
VH repertoire (identical rearrangements with similar/identical CDR3 size and sequence), CDR
sequences diverged largely between the plasma cells from the two mice and clustered separately

(Supp. Fig.3 E).

As a first exploration of the interaction of these 16 mAbs with rocuronium, we used Bio-

layer interferometry (BLI) to measure their avidity towards rocuronium haptenized to HSA with
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an average molar ratio of 15:1. The avidity of these mAbs were very high towards rocuronium-
HSA and ranged from 10 pM to 1.5 nM, except for mAb IP12 at 220 nM. The very small size of
rocuronium (530 Da) is incompatible with the relatively poor sensitivity of BLI but remains inside
the lower limit of detection for Surface Plasmon Resonance (SPR). SPR thus allowed to measure
the affinity (Kp) between immobilized mAbs and free rocuronium in solution ranging from 1.2 to
56 nM for all mAbs except mAb IP12 that exhibited a poor Kp of 1.9 mM, in a transitory mode

with a very fast association and dissociation (Fig. 2C and Table 1 and Supp. Fig. 5).

Anti-rocuronium mAbs interact differently with rocuronium.

Rocuronium ring A exists in two different conformations, chair or twist-boat® (Fig. 3A),
with the sterically less demanding twist-boat conformation being favorable for its
accommodation within sugammadex®®. We thus wondered (i) if anti-rocuronium mAbs would also
bind preferentially to one of these conformations, (ii) if the ammonium groups of rocuronium
would be essential for the binding as suggested earlier> '#, and (iii) if differences in binding
modalities existed among the collection of mAbs we identified. We thus performed
crystallographic studies with either Fab fragments or single-chain variable fragments (ScFv) of
representative mAbs from different clonal groups: IP2 (V1-55_J2 KV4-68_KJ5), IP8 (V1-7_J2_KV2-
112 _KJ2) and IP11 (V1-81_J2 KV2-112_KJ2) representing the three clonal groups of Mousel and
the clonal group of Mouse2, and mAbs cross-binding rocuronium and vecuronium (IP2, IP11) and
a mAb with exclusive binding to rocuronium (IP8). These antibody fragments and rocuronium co-
crystalized efficiently and we solved the structure of Fab-IP2, Fab-IP8, and ScFv-IP11 complexed

with rocuronium, respectively, at 2.4A, 1.7 A, and 1.2 A resolution. (Fig. 3B-D, Table 2).

In the co-crystal structure of Fab-IP8 (Fig. 3B), the antibody VH and VL form a pocket inside
of which the androstane component of rocuronium binds flat, the hydroxyl group is exposed to
the solvent, and the acetoxyl group is buried inside the binding pocket. The specificity for
rocuronium and not vecuronium or pancuronium could be explained by the fact that no space

remained in the hydrophobic pocket formed by the VH and the VL to accommodate the
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methylpiperidinium substituent of vecuronium and pancuronium, and by hydrophobic contacts

made by the allyl group of rocuronium.

In the Fab-IP2 complex, rocuronium interacts differently with VH and VL compared to Fab-
IP8 i.e., like an arrow in a target (Fig. 3C). The quaternary ammonium and allylpyrrolidinium
groups are completely buried in the binding pocket, but the morpholino with the hydroxyl group
is exposed to the solvent. This allows vecuronium and pancuronium to bind as their

methylpiperidinium substituent is outside the binding pocket and exposed to the solvent.

ScFv-IP11 bound similarly to rocuronium as Fab-IP8, but the binding of rocuronium
induced a rearrangement of the binding site. The androstane moiety is stacked between VH
residues Trp98 and Tyr56, but unlike IP2 and IP8, the hydroxyl group makes a hydrogen bond with
VH Ser54 (Fig. 3D). Interestingly, the stacking interaction with Trp98-H and hydrogen bond with

Ser54-H appear to sequester rocuronium in the binding site (Fig. 3E).

Of note, the hydroxyl group, which served as the attachment point to the rocuronium-
carrier proteins used herein for immunization and screening is not involved in the binding,
whereas the acetoxyl group is buried inside the binding pocket of all three antibodies. Importantly
these co-crystal structures revealed that the allylpyrrolidine substituent containing the
guaternary ammonium is completely buried and makes numerous van der Waals contacts with
the antibody light chain (Fig. 3B-D), emphasizing the important role of this group in the
rocuronium binding mode, in agreement with hypotheses extrapolated from serum cross-
reactivity in patients!? 3>, These data demonstrate that IP2, IP8 and IP11 complexes with
rocuronium display an essential role of the quaternary ammonium group for the interaction with
antibodies, in a twist-boat conformation, with the hydroxyl group O-atom (rocuronium twist-
boat) making a hydrogen bond with Ser54H if the VH of IP11. The rocuronium conformation
observed in these structures may be due to induced fit, as described for rocuronium-cyclodextrin

complexes?®,
Anti-rocuronium mAbs allow to model rocuronium anaphylaxis in vivo.

Next, we wondered if anti-rocuronium mAbs expressed as human IgEs could sensitize and

promote human mast cell and basophil activation in the presence of rocuronium. Human mast
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cells and basophils express the high-affinity Igk receptor FceRl that allows them to be sensitized
(pre-armed) with IgE in vivo for immediate cell activation following IgE engagement with
allergens, leading to rapid anaphylactogenic mediator release. Human mast cells derived from
PBMCs of healthy donors were used to develop a Mast cell Activation Test (MAT), and whole
blood from healthy donors to develop a Basophil Activation Test (BAT) (Fig. 4A). Mast cells
sensitized with IP2, IP8 or IP11 human IgEs degranulated in the presence of HSA-rocuronium but
not in the presence of HSA alone. IP12 human IgE weakly degranulated mast cells and only at
elevated doses of HSA-rocuronium, as expected from IP12’s poor affinity for rocuronium (Fig. 4B).
Similarly, basophils sensitized with IP2, IP8 or IP11, but not IP12, human IgEs became dose-
dependently activated in the presence of HSA-rocuronium (Fig. 4C). Because we previously
reported that NMBA anaphylaxis in humans can engage an IgE pathway but also an IgG pathway
leading to neutrophil activation by IgG receptors (FcyR)®, we investigated neutrophil activation by
immune complexes made of anti-rocuronium human IgG mAbs and HSA-rocuronium. Neutrophils
from healthy donors expressed higher levels of CD11b and lower levels of CD62L when stimulated
with immune complexes made of anti-rocuronium human IgG1, but not their effector-less

variants (N297A mutation of the IgG1 heavy chain), and HSA-rocuronium (Fig. 4D).

To test the anaphylactogenic potential of IP2, IP8, IP11 and IP12 human IgEs in vivo, we
used mice expressing human FceRlI, sensitized them with anti-rocuronium IgEs and challenged
them with HSA-rocuronium in a classical model of passive systemic anaphylaxis. Mice sensitized
with 5 ug of human Igt formats of IP2, IP8 or IP11, but not IP12 nor unsensitized mice, and
challenged with 2 ug HSA-rocuronium displayed a pronounced drop in central body temperature
(Fig. 5A-C), a hallmark of anaphylaxis in mice3®. Thus, although identified from 1gG-secreting
plasma cells or plasmablasts, the IP2, IP8 and IP11 VH-VL rearrangements generate rocuronium-
specific antibodies of high affinity that demonstrate potential as human IgE for human mast cell
and basophil activation in vitro and induction of anaphylaxis in vivo in mice humanized for FceRI.
To induce passive systemic anaphylaxis with the low-affinity anti-rocuronium IP12 human IgE, it
was necessary to increase sensitization 8-fold (40 pg IP12 hIgE) in two separate injections to favor

higE biodistribution 3’ and antigen dose 70-fold (140 ug) (Fig. 5D).
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DISCUSSION

In this work, we selected rocuronium, one of the most widely used NMBA, to investigate
the rocuronium-specific antibody response in immunized mice and devise the first mouse model
of rocuronium anaphylaxis. A cutting-edge high-throughput microfluidic droplet sorting system?>
allowed for the identification of hundreds of rocuronium-specific antibodies from immunized
mice. These antibodies were derived from limited V(D)J-VJ rearrangements and showed
convergence between the two immunized mice. The representative antibodies from different
rearrangements show high avidity and affinity for rocuronium, and for some examples also
crossreactivity to rocuronium chemical family members vecuronium and pancuronium, but not
any other NMBA. Co-crystal structures revealed different binding modes of rocuronium by these
mAbs, with the ammonium group of rocuronium always involved in the binding. Expressed as
human IgE or IgG1 antibodies and aggregated by rocuronium, these antibodies demonstrated in
vitro efficacy to activate human mast cells, basophils and neutrophils, respectively. Passively
transferred to mice expressing human IgE receptors FceRl, high- and low-affinity anti-rocuronium
IgE antibodies sensitized mice that developed systemic anaphylaxis upon injection of rocuronium

coupled to HSA.

NMBA are small molecules of less than 1 kDa (rocuronium: 530 Da). 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 elicited by poorly or
non-immunogenic small compounds. The classical method for generating antibody repertoires
relies on the sorting of antigen-specific memory B cells from PBMCs that bound enough
fluorescently labeled antigen monomers or multimers through their surface BCR. Low molecular
weight compounds may not be ideal antigens for this “bait” approach and may require high levels
of BCR to be sufficiently bound to enable flow cytometric detection. Here we used for B cell
screening and sorting plasma cells and plasmablasts from draining lymph nodes that secrete high
amounts of IgG, and a bioassay setup and duration that allows accumulation of these IgG onto a
physical surface before detection and sorting. Even if we obtained several hundred VH-VL pairs

of potential anti-rocuronium mAbs using this approach, we cannot compare it to standard methods
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for this type of small drug as no other repertoire is currently available. However, by expressing
representative VH-VL pairs from the clonal families of these repertoires and considering only those
families with confirmed members binding to free rocuronium, we predict that this method allowed
to obtain ~700 potential anti-rocuronium mAbs from two immunized mice (Supp. Fig. 6). The
same method applied to large, highly immunogenic, protein antigens demonstrated earlier that from

150 to 530 mAbs could be identified from a single immunized mouse®.

Bioinformatic analyses of the initial VH-VL repertoires identified only two major VH-VL
rearrangements from both mice, with one (VH1-55 J2/KV4-68 J5) shared between the two mice.
Further analyses on representative VH-VL pairs expressed as [gG mAbs and extrapolations thereof
demonstrated that only these two clonal families (VH1-7 J2 and VH1-55 J2) and the VH1-81 J2
family represented the functional anti-rocuronium repertoire from these immunized mice. These
three families represented >90% of the VH-VL sequences of Mousel but only 25% of the VH-VL
sequences of Mouse2. This might be a consequence of the low cell number sorted from Mouse2
that may have led to higher “noise” in the Illumina sequencing. In both cases, however, the
functional repertoires were oligoclonal and monoclonal, respectively, which might be a
consequence of (i) the small size of rocuronium, (ii) the restricted number of mouse germline VH-
VL sequence able to bind this drug, and/or (iii) the effect of the linker attached to the hydroxyl
group of rocuronium that may restrict even more the number of these germline sequences. The
mono/oligoclonal nature of the repertoire is not due to the cell population (plasma cells and
plasmablasts) chosen or to the droplet microfluidic method used, as we previously reported several
highly diverse repertoires of IgG-secreting plasma cells against tetanus toxoid, glucose-6-
phosphate isomerase or Tetraspanin-8 covering multiple V-gene families®®. The mono/oligoclonal
nature of the anti-rocuronium repertoires is thus due to the antigen size and nature rather than to

the method used to identify these repertoires.

A strong rearrangement convergence 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 in particular for IGK and IGL due to the lack of combination diversity and junction
diversity during light chain rearrangement®® ¥, but less so for IGH***!. These public VLs were
able to pair with diverse VHs in multiple donors*?. In our work, two ViJ rearrangements (K'V2-

112 _J2 and KV4-68 J5) paired with over 90% of VH sequences in the two mice analyzed. With
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only a few exceptions, HV1-55 J2 paired with KV4-68 J5 and HV1-7 J2 paired with KV2-112_J2
(Fig.1G). For the HV1-81 J2 clonal group, we expressed two mAbs that shared the same VH
rearrangement with identical CDRH1 and CDRH3, and only 2 amino acid mutations in the
CDRH2, one mAb with light chain KV2-112_J2 (IP11) and one mAb with light chain KV4-68 J5
(IP12): these demonstrated a ~35,000-fold difference in affinity for rocuronium in favor of IP11.
Due to the barcoding method used (split-and-pool synthesis) in the single cell sequencing method
and the probabilistic pairing of the most abundant VH and VL associated to a given barcode, we
wondered if [P12 was not the consequence of a VH-VL mispairing that led to the recombinant
expression of this antibody, whereas it should have been paired with a more “favorable” light chain
for this heavy chain rearrangement i.e., KV2-112 J2. Indeed, when we expressed the VH of IP11
with the VL of IP12, the avidity for HSA-rocuronium was equivalent to that of IP12 and when we
expressed the VH of IP12 with the VL of IP11 the avidity was equivalent to that of IP11 (data not
shown). The less common VL pairings to VH found in these repertoires may therefore mostly/all
result in lower affinity antibodies, and one could propose to choose in the probability ranking the
first “favorable VL i.e., a KV4-68 J5 VL fora V1-55 J2 ora V1-7 J2 VH and a KV2-112 J2 VL
for a V1-81 J2 VH. This method may result in ameliorating affinity for rocuronium, but would
reduce the diversity in these repertoires by excluding other light chain rearrangements. A previous
study indicated that nitrophenyl (NP), a commonly used hapten of less than half the size of
rocuronium, induced convergent and oligoclonal antibody responses in different mice centered on
one heavy chain V(D)J rearrangement*> 4. The fact that the proportion of public clonotypes in

45,46

mice has been reported to be much higher compared to humans may explain these observations

for the hapten NP and our observations for rocuronium.

All the randomly selected VH-VL pairs representative of each clonal family demonstrated
high avidity (0.01 nM to 1.2 nM) towards rocuronium coupled to HSA, except [P12 (220 nM; refer
to previous paragraph). These results are in agreement with the values we obtained for mouse
antibodies against tetanus toxoid or glucose-6-phosphate isomerase we described using the same
technological approach and focusing on plasma cells and plasmablasts®’; thus, the selectivity
towards high affinity antibodies can be a consequence of the cell population chosen or the
stringency of the bioassay and detection/sorting thereof. However, the same droplet bioassay was
used to describe — without sorting — affinity repertoires of circulating plasmablasts after SARS-

CoV-2 vaccination in humans*’, or tissue plasma cells and circulating plasmablasts in chronic
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immune thrombocytopenia patients?’ or in mice immunized with tetanus toxoid*®, and revealed
that low-affinity antibody secreting cells represented >90% of plasma cells and plasmablasts. The
high-affinity repertoires we identified herein are thus most probably due to the stringency of the
microfluidic sorting used. These high-aftinity avidities translated into nanomolar affinities for free
rocuronium (1-56 nM) with monospecific anti-rocuronium mAbs IP8, IP11 and IP24 at 1 nM, 56
nM and 12 nM, respectively, and cross-reactive anti-rocuronium/vecuronium/pancuronium mAb
IP2 at 3.9 nM. Cross-reactivity among these aminosteroid NMBAs thus does not imply lower

affinity.

The ability of mAbs either to bind specifically rocuronium or to cross-bind vecuronium and
pancuronium was explained by the three co-crystal structures of antibody fragments of IP2, IP8
and IP11 in complex with rocuronium that we reported herein. These three different structures
represent the binding mode of one representative of each VH family V1-55 J2, V1-7 J2 and V1-
81 J2 and all reveal that both VH and VL of each mAb are involved in the binding and that the
allylpyrrolidinium substituent containing the quaternary ammonium of rocuronium is completely
buried in the binding cleft of the antibodies. These first co-crystal structures of mAbs with
rocuronium, even if these mAbs were raised in mice immunized with rocuronium, are thus in
agreement with hypotheses extrapolated from serum cross-reactivity in patients suggesting that the
ammonium group is part of the binding interaction with antibodies'? *°. In the same manner as in
rocuronium-sugammadex complexes, rocuronium bound IP2, IP8 and IP11 in a twist-boat
conformation which might be due to induced fit, as reported for rocuronium-sugammadex
complexes'® or by the selection among the two rocuronium conformers. Crossreactivity with
vecuronium and pancuronium required that their extra side chains (compared to rocuronium) would
remain outside the binding pocket and be exposed to the solvent. Cross-binding had already been
reported decades ago 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!”. 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 serum that each recognize a different NMBA with
little or no cross-reactivity with other NMBA remains unknown. Surprisingly however, the three
co-crystal structures we report herein highlighted three different binding modalities for such a small

antigen and such restricted repertoire with only 3 VHs and 2 VLs, with the two mAbs using the
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same VL rearrangement KV2-112 J2 (IP2 and IP11) not binding in the same manner rocuronium.
Whether our results are predictive of antibodies involved in NMBA hypersensitivity in humans

remains to be clarified and human anti-rocuronium antibody repertoire to be explored.

This first description of anti-rocuronium mAbs allowed us to demonstrate their ability to
induce cell activation when aggregated by rocuronium. As we reported earlier for NMBA
hypersensitivity in humans, at least two activation pathways co-exist that lead to severe
anaphylactic reaction to NMBAs, the IgE pathway leading to mast cell and basophil activation and
the IgG pathway leading to neutrophil and platelet activation*’. All the high-affinity anti-
rocuronium mAbs expressed as human IgEs activated human mast cells and basophils in vitro, and
expressed as human IgGls activated neutrophils in vitro. Importantly, once passively transferred
into mice expressing human IgE receptors, both high- and low-affinity anti-rocuronium IgE mAbs
led to severe anaphylactic reactions in vivo upon exposure to haptenized rocuronium. Rocuronium
is indeed devoid of neuromuscular blocking properties once haptenized onto a larger protein that
cannot freely diffuse into the neuromuscular junction. This strategy allowed us to generate for the
first time a model of rocuronium-induced anaphylaxis in mice and to follow anaphylaxis by central
body temperature. More complex setups including anesthesia, intubation and artificial ventilation
could be envisioned to model anaphylaxis, but these would require using other parameters than
body temperature - that is uncontrolled during anesthesia - to monitor anaphylaxis. Free
rocuronium could also be used instead of haptenized rocuronium, or larger animals like non-human

primates to increase the relevance to human physiopathology.

This work could not have been performed without chemically modifying rocuronium which
represents a limitation of this study. We used rocuronium derivatives by extending the OH group
with a functionalized linker for grafting on carrier proteins KLH and HSA that were used for B cell
sorting, ELISA, avidity measurements, and functional assays. This strategy allowed for
identification of anti-rocuronium antibodies with no crossreactivity for NMBAs from other
families outside aminosteroids, not even to dihydrotestosterone, the rocuronium mimetic devoid of
ammonium groups. Validated by other groups, these anti-rocuronium IgE or 1IgG mAbs could be
used as internal standards and references in routine assays like skin prick tests, basophil activation
tests, or the more recently developed mast cell activation tests®. Another limitations is the use of
rocuronium to immunize mice, whereas patients become sensitized in the vast majority without

any exposure to rocuronium but to other ammonium-containing compounds present in cough syrup,
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cosmetics, hair dyes, household cleaning products or drugs at the probable initiation of the immune

reaction towards rocuronium®?.

In conclusion, this work reports on the underlying mechanisms of anaphylactic reactions to
NMBAs by identifying the first anti-rocuronium antibody repertoires from immunized mice,
suggests novel diagnostic tools for rocuronium hypersensitivity, and provides a proof-of-concept

for modeling NMBA hypersensitivity in vivo in mice.
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Figure 1. Generation of rocuronium-specific antibody repertoires from immunized mice. (A) IgG anti-
rocuronium ELISA results from sera of mice immunized with KLH or KLH-rocuronium. (B-D) Schematic
representation of droplet microfluidic steps: (B) droplet generation, (C) droplet sorting, (D) in-droplet single cell
reverse transcription and barcoding. (E) Donut plots of the VVJ gene usage among all the VH and VL identified from
Mousel and Mouse2. VH-VL pairs corresponding to mAbs further characterized in this work are indicated (IP1-1P12
for Mousel and 1P21-1P33 for Mouse2). The 5 most representative families are colored and labeled, the others are in
shades of grey. (F) Donut plots representing only the clonal groups (identical VVJ genes and CDR3 length) coding for
the VH and VL of each mouse. (G) Circos plots of the pairing of VH clonal groups with their VL rearrangement.
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Figure 2: Characterization of roc-specific mAbs from immunized mice. (A) Roc-specific ELISA of representative
mAbs from indicated mice. (B) “Competition ELISA” of anti-lgG rocuronium ELISA at fixed mouse mAbs
concentration but increasing concentrations of indicated molecules free in solution. 5a-DHT: 5-alpha-Di-Hydro-
Testosterone. DS: Diisiopentyl succinate. QA: Quaternary Ammonium. (C) Scheme of Surface Plasmon Resonance
affinity measurements and results thereof for the interaction between immobilized mAbs and varying concentrations
of free rocuronium in solution. The Kp was obtained by fitting the curves using a heterogenous ligand model.
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Figure 3: Crystal structures of mAbs in complex with rocuronium. Top: surface representation of
co-crystal structures of rocuronium-specific scFv IP11 (A), Fab-IP8 (B) and Fab-IP2 (C). Bottom:
superposition of the rocuronium and key residues of the binding site. The rocuronium molecule
is shown in yellow and the antibody heavy chain and light chain are colored in green and cyan,
respectively.
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Figure 4: Anti-rocuronium mAbs activate human mast cells, basophils and neutrophils following aggregation
by rocuronium. (A) Schematic representation of mastocyte and basophil activation tests. Briefly, chimeric IgE are
pre-incubated either with in vitro cultured human mast cells or human basophils in whole blood, and incubated with
HSA-rocuronium. Degranulation is assessed by flow cytometry. (B) Human mast cell and (C) human basophil
activation test using hlgE for sensitization, followed by challenge with HSA or HSA-rocuronium, with degranulation
measured using fluorescent avidin or anti-CD63 staining, respectively, (n>3). Mean + standard deviation of results
from different donors are indicated. Each antibody was analyzed separately, comparing the contrast between HSA
and HSA-rocuronium after mixed linear modeling and multiple-testing P-value adjustment. ***, P < 0.001; ns, not
significant. (D) Human neutrophil activation test using preformed immune complexes (IC) made of anti-rocuronium
hlgG and HSA-rocuronium, with activation measured using anti-CD11b or anti-CD62L staining (n>4). Effector-less
(heavy-chain Nag7A mutation) 1gG antibodies were used as negative controls. Buffer condition is normalized to 100.
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(n=5). Mean * standard deviation of different human sampless are indicated. IgG1.Na was copared
to 1gG1 for each antibody, after 2-way anova modeling and multiple-testing P-value adjustment.
*** P <0.001; ns, not significant. *** P <0.001; **, P < 0.01; *, P < 0.05.
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Figure 5: Passive systemic anaphylaxis in mice using hlgE antibodies. (A) Scheme of induction of passive systemic
anaphylaxis in mice. (B-D) Passive systemic anaphylaxis measured by changes in body temperature (A°C) in hFceRI-
transgenic mice sensitized (B) once with higE IP8 at indicated doses (n=3), (C) once with higE IP2, IP8 or IP11 (n=6),
(D) twice with hlgE IP12 at 24h interval (n=3), and challenged with HSA-roc intravenously 24h later. Mean + standard
deviation are indicated. Each of the three post injection effects were analyzed separately, comparing the contrast
between hlgE IP12 and the control group after mixed linear modeling and multiple-testing P-value adjustment. P values
are indicated at the end of each time period analyzed with ** P < 0.01; ns, not significant. . ***, P < 0.001; **, P <

0.01; *, P < 0.05.
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TABLES

Table 1: Characteristics of the mAbs expressed from repertoires of Mousel and Mouse2.
Antibodies produced recombinantly were tested for binding to HSA-rocuronium by BLI (avidity),
to free rocuronium by SPR (affinity), and to rocuronium (R), vecuronium (V) and pancuronium (P)
by inhibition ELISA (specificity and IC50 values). Number of amino acid (aa) mutations ()
compared to the germline sequence are indicated. nd, not determined; NB, not binding; nt, not
tested; IC50, Half-maximal inhibitory concentration.

VH JH = JL :Z:\c-] o 1090|1680 | 1CS0 e (Vi aa
mAb gene | gene Jene gene roc TER EB Spec. (Rc':’(l: Vec Panc # #
(M) (M) EM) [ (uM) [ (uM)
P1 | V155 | J2 | Kva68 | K35 0.9 nd RV-P | 03 177 | 6995 | 3 | 5
P2 | vi55 | J2 | Kvae68 | K35 0.6 3.9 R-V-P | 38 20 787 3 | 4
P3 | V155 | J2 | Kv468 | K35 12 nd RVP | 13 110 737 3 | 4
P4 | vis5 | J2 | Kvaes | K35 0.9 nd R-V-P | 31 240 | 3635 | 7 | 3
P5 | V155 | J2 | Kvae8 | K35 0.4 nd RV | 289 615 nt 6 | 3
P6 | V175 | J3 | Kve-25 | KJ1 NB nt nt nt nt nt 6 7
P7 | vi7 | J2 | kve112 | k32 | o082 nd R 4.4 nt nt 9 | 3
P8 | vi7 | J2 | kv2-112 | k32 | 046 1.0 R 33 nt nt 3 | 3
P9 | vi7 | J2 | kve112 | ka2 0.8 nd R 35 nt nt 4 2
Mouser | P10 | Va7 | 32 | kvaa2 | ka2 | os6 nd R-V 5.0 442 nt 8 | 5
P11 | viel | J2 | Kv2112 | KkJ2 | 053 56 R-V 5.0 548 nt 5 1
P12 | viel | J2 | Kva68 | KI5 | 220 | 1,990,000 R 2,572 nt nt 4 | 4
p1z | | 52 | kvises | ka2 NB nt nt nt nt nt 5 7
271
P14 | Vi85 | J2 | KVve13 | KJ2 NB nt nt nt nt nt 9 7
P15 | v3-8/3 | J1 | Kv1a11l | KJ1 NB nt nt nt nt nt 5 | 8
P21 | viss | 32 | Kkvaes | k5 | 013 nd R 26 nt nt 10 | 6
Mouse2 [ P22 | viss | 32 | Kkvaes | KJ5 0.2 nd R 14 nt nt 6 1
P23 | V155 | J2 | Kva68 | KJ5 nd nd R 109 nt nt 9 | s
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IP24 | V1-55 J2 KV4-68 KJ5 0.01 12 R 18 nt nt 6 1
IP25 | V1-55 J2 KV4-68 KJ5 nd nd R-V 20 682 nt 2 1
1P26 V3-6 J3 KV12-89 GKJ4 Binding linker (neoepitope) 3 0
P27 V3-6 J3 KV12-89 GKJ4 Binding linker (neoepitope) 7 1
1P28 V3-6 J3 KV10-94 KJ2 NB nt nt nt nt nt 3 4
1P29 V3-6 J3 KV10-94 KJ2 NB nt nt nt nt nt 6 4
IP30 | HV1-18 J2 KV6-17 KJ5 NB nt nt nt nt nt 1 7
IP31 | HV1-18 J2 KV6-17 KJ5 NB nt nt nt nt nt 4 10
IP32 | HV1-26 J3 KV12-46 J2 NB nt nt nt nt nt 12 4
IP33 | HV1-39 J1 KV12-44 KJ2 NB nt nt nt nt nt 5 3
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Table 2: Crystallization conditions, data collection and refinement statistics. Values in

parentheses are for the highest resolution shell.

Crystal

Fab IP8 + Rocuronium

Fab IP2 + Rocuronium

ScFv IP11 + Rocuronium

Reservoir solution

60 % (w/v) MPD
0.01 M CaCly
0.1 M Na Acetate pH 4.6

10 % (w/v) PEG 4K
5 %w/v 2-PropOH
0.1 M HEPES pH7.5

20 % (w/v) PEG 4K
10 % (v/v) 2-PropOH
0.1 M HEPES pH 7.5 pH

Protein concentration, mg/ml 5 12 10

Data collection

Synchrotron beamline PROXIMA 1 PROXIMA 2 PROXIMA 2

Space group P21 P31211 P212121

Unit cell dimensions,

a,b,c(A) 56.5, 55.17, 76.89 131.56, 131.56, 95.16 50.89, 63.69, 80.61
a,b,c(°) 90, 104.87, 90 90, 90, 90 90, 90, 90
Resolution, A 44.3-1.72 (1.76-1.72) 113.9-2.41(2.78-2.43) 50.8-1.20(1.22-1.20)
Rmerge 0.078 (1.202) 0.233 (0.977) 0.069 (0.864)

Rpim 0.029 (0.440) 0.087 (0.409) 0.029 (0.430)
Unique reflections 48808 (3369) 17378 (871) 81866 (3978)
<I/sigma(l)> 13.9(1.5) 7.7 (2.0) 12.1(1.8)

Mn(l) half-set correlation 0.999 (0.706) 0.994 (0.725) 0.998 (0.668)
Completeness, % 99.3 (94.1) 47.1 (6.9) 99.2 (97.8)
Multiplicity 8.5(8.0) 8.1(6.6) 7.2 (5.8)
Refinement

Resolution, A

No. of reflections

Rvalue, working set

Rfree

Non-hydrogen protein atoms

No. of Waters

RMS deviations from ideal
bond length, A
bond angles, °

Ramachandran plot, %
preferred regions
allowed regions
outliers

39.4-1.72 (1.74-1.72)
48623 (1756)

0.163 (0.304)

0.205 (0.310)

3782

354

0.010
1.654

97.49
2.05
0.46

113.9-2.41 (2.65-2.41)
17 376 (395)

0.211 (0.280)

0.261 (0.488)

3242

6

0.009
1.14

94.59
4.47
0.94

50.0-1.20 (1.22-1.20)
80214 (2945)

0.183 (0.281)

0.201 (0.285)

2123

288

0.007
1.45

98.22
133
0.44
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MATERIALS AND METHODS

Mice

C57BL/6J mice were purchased from Charles River, and used for experiments after maintaining
the mice for at least one week in SPF conditions after arrival in Institut Pasteur’s animal facility.
Human FceRI® mouse FceRI7- mice on the C57BL/6 background were described previously®2. Mice
were bred at Institut Pasteur and used for experiments at 7-12 weeks of age. All animal care and
experimentation were conducted in compliance with the guidelines and specific approval of the
Animal Ethics committee CETEA number 89 (Institut Pasteur, Paris, France) registered under
#170043, #2013-0103 and #27465 and by the French Ministry of Research under agreement
#00513.02.

Production and characterization of rocuronium bioconjugates

8 using a rocuronium

Hapten coupling to HSA or KLH were performed as reported earlier
derivative with a carboxylic acid (Roc-COOH) at the 3-position of the steroid scaffold. The exact
measurement of the concentration of the bioconjugates was achieved by quantitative amino acid
analysis. The average density of conjugated rocuronium derivatives was evaluated by matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry. Rocuronium derivatives
with different densities (1:10 and 1:32) were produced and for distinct reasons (Supp. Figl).

Conjugates with higher density were used for sorting experiments and conjugates with lower

densities for characterization (ELISA and BLI).

Immunization of mice against rocuronium

Female C57BI/6) were immunized subcutaneously with 10 pug KLH-rocuronium (or KLH only as
control) combined with adjuvant alum 1:1 (v:v) and 20 ng pertussis toxin in physiological saline
0.9% NaCl for three times at 3-week intervals. Mice were boosted with 10 pg KLH-rocuronium

without adjuvant three weeks after the last immunization. Four days later, the superficial cervical
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lymph nodes were removed, and cells resuspended as single cells for immediate sorting using

droplet microfluidics.

Plasma cell sorting using droplet microfluidics

Plasma cells and plasmablasts were sorted based on their secretion of IgG antibodies binding to
HSA-rocuronium using methods and instruments as we reported earlier?. In brief, single cells
from lymph nodes of immunized mice were encapsulated into microfluidic droplets with
paramagnetic nanoparticles (Strep Plus, 300 nm, Ademtech) coated with biotinylated anti-mouse
IgGk VuH, 75 nM rabbit F(ab’), anti-mouse I1gG Fc-specific (AlexaFluor647-labeled, Jackson
ImmunoResearch) and 50 nM HSA-rocuronium (purified monomer, AlexaFluor488-labeled).
Under the influence of a magnetic field, the nanoparticles align into a beadline within each
droplet*® and are flown through a droplet sorting chip placed under a high-speed camera, lasers
and PMTs. Relocation of both AlexaFluor647 and FITC fluorescence onto the beadline of one drop
triggered sorting of these droplets by dielectrophoresis 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 lllumina MiSeq (2x300 bp paired-end reads), which
allowed sequencing of the entire VH and VL domain as well as the barcode sequence, as
described?’. A bioinformatics pipeline was developed to allow sequence read trimming, merging,
barcode extraction and clustering, and antibody sequence characterization and filtering.
Importantly, for all barcode clusters that contained productive VH and VL made up of at least 20

reads each, the most abundant VH and VL regions were considered to be paired.

Antibody repertoire analysis and representative mAb selection

Docker (https://www.docker.com) / Apptainer (https://apptainer.org), nextflow

(https://www.nextflow.io) and git (https://about.gitlab.com) were used to better control
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reproducibility aspects3. The Nextflow pipeline developed to analyze batches of nucleotide
sequence fastafiles, representing the raw single cell Sanger sequencing of the VH-VL IgG domains,

is available at https://gitlab.pasteur.fr/gmillot/repertoire profiler, and is detailed below. Most of the

process is based on tools from the immcantation portal

(https://immcantation.readthedocs.io/en/stable/), notably from the change-O toolset®*. VH and VL

sequences, while single cell paired, could only be analyzed independently (VH sequences, then VL
sequences), as no method taking this parameter into account currently exists. First, the
AssignGenes.py igblast tool was run to detect and annotate the V, D, J, CDR and FWR domains in

each sequence, using the imgt database (https://www.imgt.org/). Then, MakeDb.py igblast

converted the result into a readable tsv file. The ParseDb.py select tool kept productive
sequences, i.e., those for which: (1) the coding region has an open reading frame, (2) no defect
are present in the start codon, splicing sites or regulatory elements, (3) no internal stop codons
were found, and (4) junction regions are in frame. The clustering of sequences into clonal groups
was performed as follows: (1) grouping of the sequences according to same V and J genes (allelic
variation not considered) and same length of the CDR3, (2) for each group, computation of the
distance score D = (Hamming distance) / (CDR3 length) between each 2 x 2 sequences, (3)
determination of the D threshold, that determine whether 2 sequences derive from the same
germline cell sequence or not, using the distToNearest() function of the shazam R package, (4)
clone assignment for each sequence, i.e., same ID for sequences belonging to a same clonal group,
using the DefineClones.py tool. Of note: a few sequences could be lost at that stage, as they did
not fit the criteria required by this tool. Then, the putative germline sequence of each clonal group
was inferred using the CreateGermlines.py tool. Finally, a single all_passed_seq.tsv file was
obtained for each batch of VH or VL initial fasta files, containing notably, for each sequence, the
V, D, J gene and allelic names returned by the AssignGenes.py igblast tool, the clone ID, the
putative germline sequence before somatic hypermutations, and the putative V, D, J gene and

allelic names of the germline sequence returned by the CreateGermlines.py tool.

Donut plots were drawn after gathering the sequences of the all_passed_seq.tsv file according to
the V and J gene and allelic names of their putative germline sequence. Amino acid sequence

alignments and percentage identity calculations were performed with Jalview software using
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MUItiple Sequence Comparison by Log- Expectation (Muscle) and colored by percentage identity.
Number of mutations were obtained with IMGT database by comparing sequences with germlines
and plotted as histograms using GraphPad Prism. The circos plot from Fig. 1G, has been obtained
using the R package circlize (ref:

https://academic.oup.com/bioinformatics/article/30/19/2811/2422259) and an input file merging the

VH and VL all_passed_seq.tsv files from the repertoire_profiler pipeline.

Gene synthesis, cloning and mAbs production

VH and VL synthesis were performed by Synbio Technologies. VHs were cloned into pUC19
vectors containing the sequence encoding the constant regions of human IgG1 heavy-chain (CH),
effector-less human IgG1 heavy-chain mutated N2g7A, human IgE heavy-chain. VLs were cloned
into pUC19 vectors containing the sequence encoding the constant regions (CL) of human kappa
light-chain. Antibodies were produced by transient co-transfection of VH-CH and VL-CL expression
plasmids into exponentially growing Freestyle™ HEK 293-F that were cultured in serum-free
Freestyle™ 293 Expression Medium (Life Technologies) in suspension at 37°C in a humidified 8%
CO; incubator on a shaker platform rotating at 110 rpom. Twenty-four hours before transfection,
cells were harvested by centrifugation at 300 x g for 5 min and resuspended in expression medium
ata density of 1 x 108 cells/ml, and cultured overnight in the same conditions as mentioned above.
To produce mAbs, 40 ug of each VH and VL expressing plasmids were diluted in 80 ul of FectoPRO
reagent (Polyplus) at a final DNA concentration of 0.8 pug/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 g for 40 min and filtered (0.2 um). Antibodies were purified by
affinity chromatography using an AKTA pure FPLC instrument (GE Healthcare) on a HiTrap Protein
A Column (GE Healthcare) for human IgG1l and human IgG1lnze7a, and on a anti-human IgE
omalizumab-bound affinity column for human Igk, and desalted on a HiTrap Desalting Column

(GE Healthcare).
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Anti-rocuronium ELISA

96-well plates (Costar) were coated with HSA-rocuronium or HSA at 1 ug/mL in PBS 1X (Gibco)
overnight at 4°C overnight, washed 3 times with PBS Tween 20 0.5% (PBST), blocked with PBS-3%
BSA, and washed three times with PBST. Mouse serum (diluted 1:250,000-1:5,000-1:100) or
monoclonal antibodies were incubated for 2H at room temperature and bound antibodies were
detected with HRP-conjugated goat anti-mouse or -human IgG (Bethyl Laboratories) at 1:10,000
dilution. The secondary antibody was revealed using OPD substrate (Sigma-Aldrich) and the
reaction stopped with 2M H,SO0., and absorbance subsequently recorded at 490 nm and
corrected at 620 nm using a spectrophotometer (Biophotometer, Eppendorff). The final OD
reported in all graphs/tables corresponds to the subtraction of the OD value of the HSA-
rocuronium ELISA minus the OD value of the HSA ELISA. A signal was considered positive if the

OD value was at least three times higher than the background signal of the negative control.

Inhibition ELISA

To ascertain antibody reactivity to rocuronium, and not towards the linker employed to attach
rocuronium to HSA, or a neo-epitope formed between rocuronium, the linker and HSA, a
competitive inhibition ELISA was developed. This inhibition ELISA also enabled to detect cross-
binding of antibodies to a panel of different NMBAs. 96-well plates (Costar) were coated with
1ug/ml HSA-rocuronium at 4°C overnight, washed 3 times with PBST, blocked with PBST
containing 3% BSA at room temperature for 2 hours. 300 ng/mL mAbs were pre-incubated with
5-fold serial dilution of free NMBA drug (rocuronium, vecuronium, pancuronium, cisatracurium,
atracurium), or NMBA surrogates devoid of quaternary ammoniums (5a-DHT or diisopentyl
succinate) from 15,000 uM to 0.96uM. The antibody-NMBA mixture was added to the ELISA
plates and incubated at RT for 2 hours, washed 3 times and revealed with HRP-conjugated goat
anti-mouse/human IgG (Bethyl Laboratories) at 1:10,000 dilution. Plates were revealed using an
OPD substrate (Sigma-Aldrich). The reaction was stopped with 2M H2S04 and absorbance was

subsequently recorded at 490 nm and corrected at 620 nm using a spectrophotometer
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(Biophotometer, Eppendorff). For purified mAbs, the IC50 was measured using a non-linear fit

[Inhibitor] vs. response -- Variable slope (four parameters) with GraphPad Prism.

Affinity measurements using Bio-Layer Interferometry (BLI)

Affinity of IgG mAbs for rocuronium was tested using Bio-layer interferometry with the OctetRED
384 system. Amine Reactive Second-Generation (AR2G) biosensors were covalently immobilized
with HSA-rocuronium, then inserted in wells containing different concentrations of antibodies for
1,800 s (association phase). The antigen-antibody complex was dissociated by introducing the
biosensor in the reference buffer (PBS+BSA). Curves were retrieved as raw data from the Octet
Data Analysis software and processed in the Scrubber2 software prior to analyses with the
Biaevaluation software. IgG-free buffer was used as reference and for background subtraction.

Fitting curves and KD values were obtained using the 1:1 Langmuir model.

Affinity measurements using Surface Plasmon Resonance (SPR)

CMS5 chips were primed using PBS, washed 3 times with NaOH (50 mM) and SDS (0.1%) 180
seconds each time (5uL/min). At least 5,000 RU of IgG antibody was covalently bound to CM5 chip
by activating using 1:1 NHS:EDC (6,000 s), injecting the antibody (900 s) in acetate buffer pH5.5
and quenching with EtNH2 (600 s). Free rocuronium was injected (30 ulL/min) in PBS-BSA (1
mg/mL) at different concentrations. Signal was subtracted to reference canal bound with a non-
specific antibody. Kp was determined using a kinetic analysis (RI fixed to 0, model 1:1 binding)

with Biaeval software.

Fab preparation

Fab were prepared following Pierce™ Fab Preparation Kit (Thermo scientific) instructions by a 4h
digestion with papain in the presence of 4 mM cysteine. After purification on protein A columns,
a gel filtration was performed with Tris 50mM pH, 7.4; 100 mM NacCl.
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scFv production, purification and characterization

Rocuronium-specific VH and VL sequences were built into scFvs with a polyglycine-serine linker
(GGGGS)4 between the VH and VL sequences. The VH-linker-VL sequences were synthesized at
Genscript with codon optimization for expression in Drosophila S2 cells, cloned into pT-350 vector
using Bglll and BstBI restriction sites (the vector is a gift from Dr. Felix Rey, Institut Pasteur, Paris,
France). For transfection, 5x10° 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, 2 ug of pMT-Roc-scFv-Strep plasmid were
co-transfected with 0.1 pg (ratio 20:1) of selection plasmid pCoBlast carrying a gene that confers
resistance to puromycin. 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 7 ug/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 7 pg/ml puromycin. Cell propagation was initiated ~2 weeks after
transfection. Puromycin-selected 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 0.5 mM CuSO4 when the cell density reached ~7.5x10° cells/ml.
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 15 mg/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,
Gottingen, Germany) using a peristaltic pump or AKTA. The column was washed with 15 mL of 0.1
M Tris pH 8, 0.15 M NaCl, 1 mM EDTA, and the protein was eluted with 8 mL of the same buffer

containing 2.5 mM desthiobiotin.
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Crystallization and X-ray data collection

Crystallization screening trials were carried out by the vapor diffusion method using a Mosquito
TM nanodispensing system (STPLabtech, Melbourn, UK) following established protocols >%.
Briefly, 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 rocuronium and crystallization solutions (672 different
commercially available conditions) equilibrated against 150 ul of reservoir solution in multiwell
plates (Greiner Bio-One). The crystallization plates were stored at 18°C in a Rocklmager
(Formulatrix) automated imaging system to monitor crystal growth. Manual optimization was
performed in Linbro plates with the hanging-drop method by mixing 2 ul of protein samples with
2 ul of reservoir solution. The best crystals were obtained with the conditions shown in Table 2.
The crystals were flash cooled in liquid nitrogen for data collection using the crystallization

solution as cryoprotectant.

X-ray diffraction data were collected on beamlines PROXIMA-1 and PROXIMA-2A at the
synchrotron SOLEIL (St Aubin, France). Diffraction images were integrated with autoPROC>> and
XDS°® and crystallographic calculations were carried out with programs from the CCP4 program

suite®’.

Structure determination and model refinement.

The structures of anti-rocuronium Fab and scFv in complex with rocuronium were solved by
molecular replacement with Phaser®® using the structures of the catalytic antibody Fab7A1 (pdb
2AJU) as search model. The final models of the complexes were obtained through interactive
cycles of manual model building with Coot *° and reciprocal space refinement with Refmac5°°. X-
ray data collection and model refinement statistics are summarized in Supp. Table 2. Figures

showing the crystallographic models were generated with Pymol (Schrodinger, LLC).

Human mast cell activation test

CD34* precursor cells were isolated from peripheral blood mononuclear cells of healthy donors

(provided by the French Blood Bank EFS). CD34" cells were maintained for 1 week under serum-
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free conditions using StemSpan medium (9655 Stemcell Technologies) supplemented with
recombinant human IL-6 (50 ng/ml; 200-06 Peprotech), human IL-3 (10 ng/ml; 200-03 Peprotech)
3% supernatant of CHO transfectants secreting mouse SCF (a gift from Dr. P. Dubreuil, Marseille,
France, 3% [corresponding to ~50 ng/ml SCF]) and ciprofloxacin (10 ng/mL; 17850-5G-F Sigma
Aldrich). Thereafter, the cells were maintained in IMDM Glutamax | (31980048), 2-
mercaptoethanol (31-350-010), insulin-transferrin selenium (2506865) (all from Gibco), sodium
pyruvate (S8636 Sigma Aldrich), 0.5% BSA (A2153 Sigma Aldrich), Penicillin/Streptomycin (100
Units/mL / 100ug/mL; Life Technologies), IL-6 (50 ng/ml 200-06 Peprotech) and 3% supernatant
of CHO transfectants secreting mouse SCF. Before their use in experiments, mast cells were tested
for phenotype by flow cytometry (CD117%, FceRI*). Cells were ready for experiments after ~10

weeks in culture (at which time >95% of all cells were CD117* FceRI*).

Human mast cells were sensitized overnight with anti-rocuronium human IgE antibodies at 1
ug/mL. Cells were then washed and stimulated with increasing doses of HSA-rocuronium in
Tyrode’s buffer. Mast cell degranulation was measured by flow cytometry using fluorescent avidin
(5 pg/mL; A2170 Invitrogen) which binds to heparin contained in mast cell granules. Data were
acquired using a MACSQuant MQ10 flow cytometer (Miltenyi) and analyzed with FlowJo v10.8.1

software (TreeStar).

Basophil activation test

Human whole blood was pre-incubated for 3 hours at room temperature with anti-rocuronium
IgE at 10 ug/mL. According to manufacturers' instructions (Flow CAST®, FK-CCR, Buhlmann) 50uL
of blood was incubated with HSA or HSA-rocuronium for 15 minutes at 37°C with staining
reagents. Basophils were stained using anti-CCR3-PE for specificity and using anti-CD63-FITC to
determine activation status. Red blood cells were lysed and the percentage of CD63 activation

was determined by flow cytometry.
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Neutrophil activation

Neutrophils were isolated from fresh human EDTA-drawn blood using the MACSxpress Neutrophil
Isolation kit (Miltenyi). Immune complexes were formed for 30 mins at 37°C in HBSS/2%FCS. 1x10°
neutrophils were stimulated with ICs at a final concentration of 30 ug/mL HSA-Roc and 100 ug/mL
anti-Roc 1gG in 200ul in HBSS/2% FCS for 30 mins at 37°C, washed and stained with anti-CD62L
(clone DREG-56) and anti-CD11b (clone M1/70) (both BD Bioscences) for 15 mins at 4°C, washed

and analyzed by flow cytometry on MACSquant16 (Miltenyi).

Passive systemic anaphylaxis in mice

hFceRI® mFceRI7- mice® were injected intravenously with 5 pg of anti-rocuronium human IgE
mAbs at Oh and challenged 24h later with 2 pug of HSA-roc. Specifically for anti-rocuronoium low-
affinity mAb IP12, 20 ug of human IgE mAb IP12 was injected intravenously twice at Oh and 24h,
and mice were challenged 24h later with 100ug of HSA-roc. Control mice were injected with
irrelevant human IgE and physiological serum. Central temperature was monitored using a digital

thermometer with rectal probe (YSI), and time of death was recorded.

Statistical analyses

The R environment v4.3.1 was used for all the analyses (R foundation, Vienna, Austria.

https://www.r-project.org/). Data were neither averaged nor normalized prior to analyses.

Response variables were log2 converted when required for better adjustment to linear models.
For Fig 4B-C, a mixed models using the Imer() function of the Ime4 package was used in order to
consider the repeated measures on each mouse. Resulting effects of interest of the linear model
were two-by-two compared (contrast comparisons) using the emmeans() function of the
emmeans package. Statistical significance was set to a P value of 0.05 or less. In each panel, type
| error was controlled by correcting the P values according to the Benjamini & Hochberg method

(“BH” option in the p.adjust() function of R).
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This work reports for the first time anti-rocuronium antibody
repertoires from NMBA-allergic patients and immunized mice
and allows an in-depth characterization of isolated rocuronium-

Me @ specific mAbs generated with different models.
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The antibodies isolated were sequenced to gain insight into the

repertoire generation and clonality of the rocuronium-specific

i
f @ B cells using various bioinformatic tools such as sequence
— '-,f," . '-":i)o' 57 \ alignment and phylogenic analysis. The originality of the work
mﬂwiy‘ @9 : / A lies in the functional analysis of the antibody repertoires by
| @ @; \ further  characterizing representative  mAbs  through

@ "/ recombinant expression. To bypass a potential overestimation

@ @ / of the dissociation constant (Kp), two distinct methods were
j" \ “

a employed to determine the affinities of the mAbs for
rocuronium. The use of HSA-rocuronium probes grafted on biolayer interferometry biosensors provided
information on the avidities of the mAbs whilst surface plasmon resonance technology allowed the
assessment of affinities with free NMBAs. An in-house inhibition ELISA was established to ascertain the
mAbs specificity for rocuronium and cross-reactivities for other NMBAs or chemical structures devoid of a
QA. The binding modalities of the mAbs with rocuronium were deciphered for the first time at the atomic
level by determining their co-crystal structures which allowed the identification of the probable allergenic

epitopes.

The underlying pathways were explored using various approaches. First, the IgG-dependent pathway was
investigated by activating neutrophils with immune complexes, and then the IgE-dependent one was
studied by degranulating effector cells (mast cells and basophils) in the presence of HSA-rocuronium. A
very sensitive model of passive systemic anaphylaxis with transgenic mice expressing a humanized FceRI
was established with various antibody-antigen concentrations to determine the sensibility threshold of

the model and to validate the role of the mAbs in the induction of hypersensitive reactions.

An unprecedented proof of concept taking advantage of the high specificity and affinity of the mAbs to
capture small drugs in vivo and to block their effect was validated. First, a prophylactic model of prevention
of rocuronium-induced neuromuscular blockade was established in mice, and then the reversal potency
of the therapeutic mAb was confirmed in non-human primates.

147



This work provides meaningful knowledge on the mechanisms of NMBA-mediated AHR and paves the way

for novel immunotherapies.

5 Note on the differences in generating mAbs from immunized mice and allergic patients

In this project, a parallel was drawn between the differences in generating rocuronium-specific mAbs from
immunized mice and allergic patients which generates a lot of questions concerning, the methods used,

the results obtained, and the interpretation of the underlying mechanisms (Fig 9).

To isolate rocuronium-specific 1gG antibodies from mice and patients, different techniques were
employed. Mice were exposed to a synthetic KLH-rocuronium conjugate composed of multimeric antigen
molecules, co-administered with an adjuvant (alum and pertussis toxin). The antibody-secreting plasma
cells were isolated from the lymph nodes of these mice using two distinct methods: hybridoma generation
and microfluidic sorting. Then, the rocuronium-positive ASC were isolated using HSA-rocuronium probes
either conjugated to a fluorochrome or directly used in ELISA. Alternatively, patients were selected
according to two criteria: 1) they had a medium to severe grade of NMBA-mediated AHR, and 2) they
possessed positive levels of rocuronium-specific IgG antibodies in their serum. Their Bmem-expressing
rocuronium-specific IgM or 1gG antibodies were isolated using HSA-rocuronium fluorescent probes by
single-cell sorting and were artificially differentiated in ASC in vitro using cytokines and CD40L-expressing
feeder cells. Then, positive cells were identified using inhibition ELISA from the supernatant on the cell
culture. The variable regions of the BCRs of the positive clones were sequenced and a bioinformatic
analysis allowed the rocuronium-specific antibody repertoire comparison between patients by identifying
VJ genes, CDR3s, and mutation load. The methods were clearly distinct since in the two models the
individual patients and mice were exposed to different allergens (different in nature, valency, presence of
adjuvants, frequency of exposition), different cell subsets were isolated (plasma cells from lymph nodes
of mice versus Bmem from blood of allergic donors) and distinct sequencing strategies (bar-coded single
cells for the microfluidic sort versus RNA extraction for hybridoma generation and single-cell sequencing
of identical clones in cell culture). The screening methods via HSA-rocuronium ELISA, inhibition ELISA, or
biolayer interferometry, and surface plasmon resonance were identical and the sequencing analysis (IMGT
tool, pipeline to align the sequences and to draw the phylogenic trees) was also performed using a similar

method (Fig 9).

The results obtained were also divergent with high-affinity and monospecific antibodies generated with

the mouse animal model. The isolated antibodies were confirmed to play a role in anaphylaxis via the

148



activation of the IgG and IgE-mediated pathways. Indeed, IgG-immune complexes could activate
neutrophils, and mAbs expressed as human Igt antibodies could trigger mast cell, and basophil
degranulation and induce passive systemic anaphylaxis with very low doses of antibody and antigen. The
IgG antibody repertoires were oligoclonal with a predominant VJ pair (V1-55_J2 for the VH and V4-68_J5
for the VL) coding for the variable regions of the mouse mAbs even in the repertoire of distinct mice with
antibodies generated using different methods. In contrast, anti-rocuronium IgG antibody repertoires of
AHR patients were polyclonal, with a high diversity among V(D)J genes and the absence of clonal families
(identical VJ genes and CDR3 length for the VH). The human rocuronium-specific 1gG antibodies had
medium- to low affinities and avidities, none of them in their IgE format could activate basophils and only
the one with the highest affinity could degranulate mast cells and induce passive systemic anaphylaxis in
mice with high antigen and antibody doses. Ultimately, only the work on mice allowed the generation of
a sufficiently high-affinity antibody able to reverse rocuronium-induced deep neuromuscular blockade in

non-human primates in a competitive time frame compared to the current standard of care, sugammadex

(Fig 9).
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Figure 9: Comparison of the models used to generate rocuronium-specific mAbs.
The main methods and results obtained to generate rocuronium-specific mAbs from allergic patients or
immunized mice are summarized.
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Therefore, these results raise some questions concerning the limitations of the models used and the
interpretation of the results that will be discussed in the following sections. We will first try to understand
how these results can provide insights into the underlying mechanisms of the sensitization and activation
phases in allergic patients by mirroring the data obtained with the two models. Then, we will provide lines
of thought that could explain antigen presentation and activation of immune cells in the context of a small,
non-immunogenic drug, lacking chemically reactive groups. The consensual haptenization hypothesis will
be defended and then questioned. Finally, therapeutic applications of this work will be approached by
demonstrating the clinal implications in the context of AHR diagnostic and neuromuscular blockade

reversal.

6 What are the potential mechanisms behind NMBA-mediated AHR?

6.1 The hypothetical origins of the sensitization phase explained by cross-reactivity

The comparison between the human and murine rocuronium antibody repertoires casts light on the origin
of the allergen sensitization. Indeed, mice immunized with a multitude of rocuronium molecules grafted
on a carrier protein (KLH) possess an oligoclonal antibody repertoire with similar VJ genes coding for the
variable regions of the mAbs generated from different mice. Even more surprising, mAbs isolated with
distinct methods (IP8 and IP11 from droplet microfluidics from sort#1 and mAb 2B1 and 1B6 from
hybridoma generation) shared identical VL chains. This redundancy across individual mice and methods
suggests that this type of immunization process forces the affinity maturation process to generate a
restricted variety of specific antibodies. This could be partially explained by the fact that anti-hapten BCRs
are prone to bind antigens with a smaller number of amino acid residues in their antibody binding sites
compared to anti-protein or anti-peptide mAbs®. The variation in the length of BCRs has been shown to
impact the topography of the binding sites (usually deep pockets for haptens versus flat binding sites for
bigger proteins)'® but does not influence the diversity of the antibody repertoires. Therefore, the origin
of the differences in the diversity of the clonal groups between the human and mouse models should be

explained by the dynamic of clonal selection in the GC driven by antigenic exposure rather than BCR length.

Previous findings on mice immunization with the hapten (4-hydroxy-3-nitrophenyl)acetyl (NP) bound to a
chicken gamma globulin carrier protein report the generation of GC B cells with a reduced clonal

diversity!8®

. These results hint that GC populations elicited by haptens are driven by intraclonal
competition mediated by an antigen-mediated selection for a preferred epitope. The density of haptens
on the carrier also plays a role in the antibody repertoire generation, as it has been shown in the context

of tumor-associated antigen (referred to as Tn antigen) that higher haptens density generates a broader
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spectrum of reactive antibodies in rabbits!®’. Li, Q et al., also showed in their model, that the vaccination
with tumor-associated antigens elicited multiple subpopulations of antibodies that bind a small subset of
antigens rather than a single population of polyspecific antibodies, which is in line with our results
obtained from the mice plasma cell repertoires which are composed of diverse monospecific mAbs that
predominantly bind to aminosteroid NMBAs. Nonetheless, in the study described by Li, Q et al.,
experiments were performed on polyclonal animal serum with inhibition ELISA, and antibodies were not
sequences nor characterized. A more recent study also evaluated the BCR repertoire evolution following
repeated immunization (6 immunizations with a 1-month interval) against haptens in rabbits, this time
providing sequencing results. The data showed that repeated immunization reduced the diversity of the
BCR repertoire and increased antibody affinities'®. All these results in animal models immunized with
haptens bound to an immunogenic carrier protein led to similar observations: restricted antibody

repertoire diversity and generation of high-affinity antibodies for small antigens.

Based on the rocuronium-specific B cell repertoires from immunized mice and the small nature of the
antigen, we would have also expected that most sequences would derive from a few VH-VL germline
sequences in the human antibody repertoires if the sensitization routes were identical. Our results
contradict these expectations with polyclonal human repertoires that can be partially explained by the
fact that murine antibody repertoires have been shown to be less diverse than the human ones because
of the higher number of residues in the CDR3 loops of human mAbs (mean length of 15.2 residues) than
the murine ones (mean length of 11.5 residues)'®. This striking difference in repertoire diversity and the
low-affinity of the human mAbs isolated support the commonly admitted hypothesis that humans are
sensitized in the environment by chemically similar but distinct molecules to NMBAs. This would also
explain why a majority of patients who undergo an NMBA-mediated AHR have never been exposed to the
culprit molecule before'*®. The remaining part of this subsection will delve into details of the potential

sensitizing molecules found in the environment.

Several potential culprit agents have been described in the literature, all of them possessing a QA, which
supports the original hypothesis demonstrated by Baldo et al in 1983%, Using an inhibition ELISA with QA-
containing compounds (such as morphine, choline, and tetraalkylammonium bromides) on the serum of
patients who did an AHR to NMBAs, the authors claimed that the QA is the allergenic epitope in NMBA-
mediated AHR!® (Fig 10.A). Our data of co-crystal structures of the mAbs in complex with rocuronium
confirmed for the first time that the hydrophobic pocket formed by the mAbs VH and VL chains make

strong Van der Waals bonds with the QA of the rocuronium which goes in line with this hypothesis.
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Nonetheless, so far, the crystal structures were generated only with the murine mAbs identified in this

work, a future perspective would be to crystallize human mAbs.

A major limitation in our model to be fully confident that the QA is the allergenic epitope is caused by the
way the rocuronium derivatives were designed. Indeed, we designed the rocuronium derivative relying on
the hypothesis that the QA was the immunogenic epitope. Therefore, we intentionally activated the
hydroxyl group (which happened to be the only chemically modifiable one) that was located on the
opposite side of the QA. The introduction of the linker also brought flexibility to the conjugate which
favored the accessibility of the QA. Undoubtedly, the structure of the carrier:rocuronium conjugates
biased the generation of BCR binding to the QA since this epitope possessed the lowest steric hindrance,
hence chances were higher that the antibodies generated targeted the QA. The selection of the positive
antibody candidates either by ELISA or flow cytometry also utilized the carrier:rocuronium conjugates,
hence forcing the selection for antibodies that recognized the QA. Were the antibodies isolated
recognizing the QA because we biased the mAbs generation and selection process? Or were we fortuitous
that the only chemically modifiable group on rocuronium was the hydroxyl one, therefore making our
model optimal since the antibodies naturally bind to the QA? We do not have enough evidence to answer
this question today. The natural haptenization route in humans will be discussed in §6.3 but it is also
possible that the in vivo chemical modification faces a similar bias since the hydroxyl group is the only

reactive one on rocuronium and is positioned at the opposite side of the QA atom.
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Figure 10: Cross-sensitization to QA-containing compounds in NMBA-allergic patients.

(A) Inhibition of the binding of IgE antibodies in serum of alcuronium-sensitive patients by QA-containing
compounds demonstrated by Baldo et al., to show the cross-reactivity of alcuronium-reactive antibodies
with other muscle relaxants and unrelated QA-containing drugs. echlorpromazine-HCl; oPromethazine-
HCI; m pentolineum tartrate; o neostigmine bromide; A morphine-HCI, x alcuronium, A trimethaphan
camphorsulphonate. Extracted from Baldo et al.,'. (B) Prevalence of IgE sensitization to pholcodine (PHO)
and suxamethonium (SUX) in sera from patients suspected to be allergic measured when PHO was on the
market (before) and yearly up to 5 years after its withdrawal in 2007. Prevalence (%) on the vertical axis
was estimated from 300 consecutive, anonymized sera sampled each year from the 1 of April onward
from sera submitted for routine allergy diagnostics. Extracted from G. H. de Pater et al., . HC:
Hydrochloric acid; PHO, pholcodine; SUX, suxamethonium.

The most blamed QA-containing agent potentially responsible for sensitization to NMBAs is pholcodine, a
molecule found in anti-tussive syrups. Several studies support this evidence, the first one originates from
2005 in which it was shown that the incidence of anaphylaxis to NMBAs was six times higher in Norway
than in a country where pholcodine was never on the market such as Sweden. Six years after the
withdrawal of pholcodine from the Norwegian market, the incidence of suxamethonium and rocuronium-
specific IgEs decreased in the Norwegian population compared to the level observed in Sweden, and the
reporting of perioperative allergy in which NMBA was used drastically dropped to a single case per 1-2
years'® (Fig 10.B). The results of this study must be nuanced since a real cause-consequence effect has
never been demonstrated and it is the reporting of perioperative allergy in which NMBA was used that
fell (and not the incidence of NMBA-mediated allergy). This reduction could also be related to a reporting
fatigue during these six years study, reduction of antibiotic allergy due to changes in prophylaxis guidelines
or other factors. In France, the ALPHO study was undertaken, in which pholcodine exposure was evaluated

within a year before NMBA-mediated AHR compared to control patients with uneventful anesthesia. The
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authors showed that patients exposed to pholcodine had a higher risk of NMBA-mediated AHR.

Populations more frequently exposed to QA-containing compounds such as hairdressers (compounds in
hair products)'®, cleaners and healthcare workers (exposed to detergents, disinfectants), and women
(more exposed to detergents, cosmetics, and household chemicals)®® were also more prone to undergo
NMBA-mediated AHR and possessed a higher prevalence of QA sIgE. Nonetheless, the sex factor must be
discussed here since it is still unclear if this difference in allergy was influenced by environmental and/or
genetic factors. Indeed, it was demonstrated that allergies are driven by sex hormones such as estrogen
and progesterone that have been described to exacerbate the development of a Th2-mediated response
and autoimmune diseases®%2, Another trend that questions both environmental and hormonal factors
is the fact that children were less sensitive to NMBAs than adults and for instance more allergic to latex
than to NMBAs which is the contrary for adults®®. Is it because children were less exposed to QA-containing

compounds during their early life and/or because of hormonal factors? It is still unclear.

We also tried to undertake a study during this project to test the cross-sensitization hypothesis by exposing
mice to pholcodine and by evaluating the generation of cross-reactive I1gG antibodies that were specific to
rocuronium. This experiment faced several challenges: the prohibition of pholcodine in the European
market since September 2022 and the absence of pholcodine-carrier protein conjugates. By immunizing
mice intraperitoneally and subcutaneously with pure pholcodine, we were unsuccessful at identifying
cross-reactive anti-rocuronium IgG antibodies in the serum of the mice immunized with pholcodine. These
findings were limited by the fact that we could not verify the generation of pholcodine-specific mAbs due
to the absence of pholcodine-carrier conjugates. These conjugates are necessary to quantify pholcodine-
specific IgG antibodies by ELISA since pholcodine does not possess any chemically reactive group (similarly
to rocuronium), hence it does not bind to the bottom of the ELISA plates by adsorption without being
grafted to a carrier molecule. Nonetheless, we are aiming to continue this experiment by improving the
sensitization procedure (through gavage or with an immunogenic carrier protein), which could potentially
demonstrate mechanistically this sensitization route that probably requires an adjuvant to play the role of
anirritant and sensitizer. Indeed, QA compounds found in disinfectants, antiseptics, or detergents because
of their antimicrobial properties are large amphiphilic molecules with a hydrophilic (positively charged QA
molecule) region that can adhere to the negatively charged virus/bacteria and a hydrophobic (alkyl chain)
region that can enter the lipid membrane to cause cellular leakage!®>. The allergenic properties of those
compounds are suspected to be potentiated by their irritant, sensitizer, or adjuvant effects even though

the mechanisms underlying the sensitization effects are still under investigation®®.
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The fact that patients allergic to one NMBA can undergo an AHR to other NMBAs, even originating from a
distinct chemical family (cross-reactivity), supports the indirect route of sensitization through structurally
similar but distinct molecules. Cross-reactivity was first demonstrated by Baldo et al., using inhibition ELISA
on sera of allergic donors with other NMBAs being more potent at inhibiting the signal than the one
responsible for anaphylaxis in 50% of patients®®. The incidence of cross-reactivity was estimated to be 80%
by slgE measurements and 65% by skin tests'®*. We also observed in Articlel, that Patient#1 had
rocuronium-specific mAbs even though that individual was exposed to atracurium and never to our
knowledge to rocuronium. Another parameter for cross-reactivity is the flexibility of the carbon chain
linking the QAs. More flexible NMBAs such as suxamethonium have been shown to trigger more mediator
release thus being more cross-reactive than rigid backbone NMBAs such as pancuronium®®. Our work
opens a lot of questions concerning the origin of cross-reactivity. It is still unclear if the cross-reactivity of
human sera originates from several sIgE antibodies recognizing each a different NMBA and/or the
existence of cross-reactive sIgE binding to the conserved epitope across the NMBAs. From the data of the
crystallized murine mAbs, we would speculate that antibodies were mostly monospecific at least for the
same chemical family since 1B6, 2B1, and IP2 could only bind rocuronium and IP8 and IP11 rocuronium
and vecuronium, both members of the aminosteroid chemical family, thus sharing similar chemical
backbones. By pursuing screening for the specificity of the antibodies of other NMBAs such as
pancuronium or vecuronium and by working on samples from other patients, we might be able to show a
pattern of cross-reactivity. Did the patient studied in this work develop an AHR to atracurium by mounting
an immune response towards rocuronium and by possessing some cross-reactive antibodies? Or did the
patient mount an immune response capable of cross-recognizing atracurium separately from mounting an
immune response capable of cross-recognizing rocuronium? Why do some patients cross-react to various
NMBAs and not others? There are a lot of open questions by studying different profiles of patients, we

might better understand the origin of the cross-reactivity, or at least anticipate it better.

So far, the most probable route of sensitization to NMBAs remains a cross-sensitization to QA-containing
compounds present in the environment such as the molecule pholcodine found in anti-tussive syrup,
detergents, or cosmetics. This hypothesis would explain NMBA-mediated AHR in naive patients, the cross-
reactivity and it is supported by our crystal structure results. Following the exposition phase to NMBA
mimicking molecules, the activation phase leading to anaphylaxis remains to be elucidated. In the
following section we will discuss the underlying potential mechanisms: which cell subsets could be
involved, how are the antibodies generated to recognize such a small molecule and what isotype of

antibodies are potentially responsible for NMBA-mediated AHR?
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6.2 The activation phase of anaphylaxis: who is responsible?

6.2.1 From Bmem to antibody-secreting cells

The fact that the antibodies found in the human repertoires possess a medium to low-affinity for
rocuronium was not the result we anticipated: given the severity and the rapidity of the anaphylactic
reaction, we would have presumed antibodies to require high-affinity to rocuronium. Additionally, the fact
that the human antibodies isolated could not activate basophils and that only one mAb could degranulate

mast cells raises questions concerning the biological relevance of our findings.

A potential explanation for the medium to low-affinity antibodies identified in human blood could be
related to the experimental setting. Are our results biased by where we are looking at? For instance, we
searched for Bmems since they express antibodies at their surface, thus making their isolation easier than
plasma cells but Bmems tend to possess lower affinity BCRs than long-lived plasma cells'*®. Indeed, in a
mouse model with an adoptive transfer, Weisel et al., showed that Bmem formation precedes long-lived
plasma cell generation®. In this work, the authors also demonstrate that a fraction of long-lived Bmem
expressing IgM antibodies is formed before GC reaction, hence producing poorly mutated and lower
affinity antibodies. In the method we used in this work to sort Bmem (protocol originating from Kuei-Ying
Su et al.,*®” and optimized from Sokal et al.,’*®) Bmem were transformed in vitro in ASCs using a cocktail of
cytokines and feeder cells expressing CD40L (Fig 11). A negative selection (IgD dump) was performed and
not a positive selection for IgG antibodies since we observed that adding a fluorochrome-labeled anti-lIgG
antibody in the sort decreased the yield of IgG-producing ASC at the end of the cell culture, which could
be explained with anti-IgG mAbs interfering with IgG production. Indeed, antibody binding to the BCRs
could cross-link the 1gG BCRs and engage their signalization pathways, thus interfering with the
proliferation or differentiation of these B cells. Therefore, 30% of B cell cultures positive for IgG antibodies
were also positive for IgM. After sequencing, both heavy and light chains had identical variable regions
which hints that these cells originate from an IgM-expressing Bmem that underwent a class switch
recombination IgM - IgG in vitro in the cell culture since it is compatible with the half-life of IgM
antibodies (5-6 days). From the original protocol, Kuei-Ying Su et al., observed this class-switch
recombination on day 8 of cultures with 5 — 20% of cultured naive mature B cells expressing membrane
IgG and increasing gradually to peak at 30% — 40% of B cells by day 14", It is unclear if this unintentional
bias in the system might have favored the selection of lower affinity IgG antibodies in fine and if it
necessarily reflects biological reality. On the one hand, the IgM+ B cells are less affinity matured and tend

to be of lower affinity due to their pentavalent binding mode, on the other hand, some very high-affinity
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IgM+ B cells undergo GC reactions and have been described!®. Regardless, we later optimized the protocol
by removing IgM-expressing B cells, using an IgM dump staining. So far, the preliminary results of this
protocol modification do not seem to increase the affinity of the selected antibodies but this optimization
step will be further investigated. Due to practical reasons as well, we searched for Bmems circulating in

peripheral blood but we might have been overlooking the major Bmem reservoir: the spleen®®.
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Figure 11: Pipeline to sort and culture antigen-specific IgG from Bmem cells into antibody-secreting
cells.

Bmem cells from PBMC of allergic patients were sorted in 96 well plates in the presence of CD40L-expressing cell
lines. Cytokines (hIL-2, hiL-21, hIL-4, and BAFF) were added to the media. Once at D18-21 and once at D25 in cell
culture, the supernatant is collected and tested by ELISA or BLI for antigen-specific binding of the IgG present in the
supernatant. At day 25 cells are collected, their RNA extracted, and their antibody genes sequenced for repertoire
analyses and future expression as recombinant IgG. The protocol originated from Kuei-Ying Su et al.,**” and was
optimized from Sokal et al.,**®. BAFF, B cell activating factor; BLI, Biolayer Interferometry; CD40L, Cluster of
Differentiation 40 Ligand; D, Day; HSA, Human Serum Albumin; IL-, Interleukin-; SPR, Surface Plasmon Resonance;
VH, Variable Heavy chain; VL, Variable Light chain. (Biorender).

Another bias that could explain the selection of low-medium affinities IgG antibodies is the use of
carrier:rocuronium conjugates to select the rocuronium-specific BCRs during the single cell sorting. To
increase the yield of this experiment, we used carrier:rocuronium complexes with a high ratio of haptens
grafted on a carrier protein. Therefore, IgG antibodies were selected for their avidity and not affinity since
the BCRs could bind several molecules of rocuronium. The subsequent selection process with HSA-
rocuronium-specific ELISA also favors the selection of high avidity antibodies since this step uses as bait

the haptenized complex. We tried to solve this caveat by generating rocuronium-peg-biotin streptavidin
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complexes with monomeric streptavidin to generate rocuronium conjugates bound to a protein with a 1:1
ratio. These tools were used only for affinity measurement but not the sorting of B cells and gave
inconclusive results since the detection threshold of biolayer interferometry was too low to detect any
binding mAb. A potential perspective could be to sort a double rocuronium-positive population, with one
fluorochrome bound to a rocuronium complex with a lower ratio of rocuronium molecules or even a single

rocuronium and to compare the affinity of the isolated antibodies.

It is difficult to decipher if the differences in affinities obtained in the repertoire of immunized mice and
exposed patients reflect biological reality or if it is biased by the model used. To complement this work, an
interesting perspective would be to investigate the anti-rocuronium IgE plasma cells repertoires of long-
lived IgE+ plasma cells that niche in the bone marrow of allergic individuals or immunized mice to compare
the repertoires and affinities of the rocuronium-specific IgG and IgE antibodies. This supplementary
information would allow us to better speculate on the origin and evolution of the antibody isotypes. After
having investigated the different B cell subsets that could be involved in antibody production, we will now
investigate what this work can teach us about the dynamic of antibody production and maturation in the

GCs.

6.2.2 GC considerations: disputable involvement and the kinetic evolution

The current dogma would presume that the generation of haptens-specific mAb would require a GC-
dependent mechanism. The murine antibody repertoires possessed few clonal groups which hint at
multiple rounds of clonal selection, and accumulation of hypermutation driven by an intraconal selection
in the GCs. Nonetheless, this hypothesis is disputable since among the 30 mAbs expressed recombinantly,
we did not find a correlation between affinity and the number of amino acid mutations. Additionally, we
never identified germline sequences that bound rocuronium and few mutations (up to 3) were sufficient
to reach sub-nanomolar affinity, with no increase with added mutations. Therefore, in the mice model, it
seems likely that some B cells undergo affinity maturation but that this mechanism is not a requisite for

high-affinity for rocuronium.

Concerning the antibodies isolated from the allergic patients, the mutational loads were also diverse with
the best binder (1F10) being poorly mutated and other binding mAbs highly mutated. To confirm the
necessity of a GC-based affinity maturation process, we would need to retrieve the germline sequences of
diverse mAbs and test their binding for rocuronium. Nonetheless, in the human model, the methodology

used biased the selection of GC-derived B cells since we selected CD27* cells. Indeed, we excluded atypical
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Tbet* B cells that are primarily extrafollicularly derived B cells?°. Therefore, in this work, we can only draw
conclusions concerning the GC-dependent mechanism which does not imply that an extrafollicular
response is not possible, which has been shown in several studies for instance about SARS-Cov-2

vaccination?®?.

Sampling the same patient with a nine-year interval gave us insights into the evolution kinetics of the
Bmem repertoires and opened a lot of questions. GC are transient and evolving structures in which B cells
proliferate rapidly, within 4-6 hours after antigen exposure. It was shown with a slow delivery
immunization approach in rhesus macaques that the lifespan of GC can be extended up to 6 months with
evidence of continuous activity and selection in the absence of further antigen exposure?®®*. Bmem can
persist for a lifetime which justifies vaccination strategies for example with individuals vaccinated 40 years
ago against smallpox who still possessed persistent Bmem clones over such a long period?®*. Nonetheless,
it is still unclear if nine years later, the Bmem isolated originate from identical GCs to the original ones or
if de novo GCs were formed. The study of the evolution of repertoire within nine years also hints that this
maturation process is dynamic and evolving. The decrease in mutation load for Patient#1 between 2014
and 2023 suggests that the Bmems isolated nine years later did not undergo subsequent GC-based affinity
maturation processes. To our knowledge Patient#1 was not exposed to NMBAs during these nine years.
Whether this evolution can be explained by the absence (or not) of exposure to QA-containing compounds
during this period remains unclear since we did not gather information on the patient's exposure to QA-
containing compounds during these 9 years. In this work, the majority of the mAbs characterized came
from the PBMC sort of Patient#1 in 2014, whereas the ones from the same patient sampled in 2023 are in
the process of being produced as recombinant mAbs. It would be interesting to compare the affinity of
the antibodies isolated in 2014 and 2023 to decipher if this affinity maturation process correlates with
increasing, decreasing, or stable antibody affinities. Nonetheless, the panel of characterized mAb would
need to be elevated to draw firm conclusions in order not to bias the results with aleatory factors. On the
contrary, the fact that we identified the identical most predominant VJ recombination in the antibody
repertoires of the same patient with 9 years interval hints at a conserved BCR selection with time, hence

the recall of pre-existing GCs years later.

Itis possible that both cell subsets (B cells generated by either pre-existing or de novo GCs) were generated
and involved in the immune response such as for viral vaccination. Indeed, it has been shown during
seasonal influenza that immediate plasma cell response relies on pre-existing Bmem but also on naive B

cells novel response that can target new epitopes2®. Garnett Kelsoe and his team studied the role and
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evolution of a GC in the generation of long-lived antibody-secreting cells in the bone marrow of mice
immunized with NP-OVA®. Their work confirmed that GCs are necessary to generate high-affinity
antibody-producing cells but that they are not the only sites for affinity-driven clonal selection. They also
showed that affinity-based selection in the bone marrow occurred long after the end of the GC reaction.
Nonetheless in this mode, the localization and mechanism of clonal selection post GC environment
remains unanswered. One possible explanation is that affinity maturation continues to take place after GC
disappearance in the bone marrow, but it is also possible that high affinity plasma cells proliferate more
after getting out of the GC than those with lower affinity, so the overall affinity of the plasma cell
compartment in the bone marrow increases which increases the overall antibody affinity. The fact that
subsequent selection for higher affinity antibody-producing cells does not necessarily require GCs could
explain why Patient#1 still possesses NMBA-specific Bmem long after antigen exposure. The remaining
guestions are: how does clonal selection take place in the post-GC environment and how are Bmem cells

maintained with time?

The evolution of Bmem GCs is thought to be tightly driven by antigen exposure by follicular dendritic cells
even though it is still unclear whether memory necessitates a persistent antigen exposure or if Bmem can
be re-activated years later by a punctual stimulation. It was first shown by adoptive transfer experiments
that antigen presence is necessary for the persistence of Bmem?'’®, then experiments on mice lacking
follicular dendritic cells and GCs disputed these results and demonstrated that the antigen-specific Bmem
cells were resting and can persist in the absence of antigen persistence!’’. The second hypothesis was
further supported with a model of mice possessing a genetic switch mediated by Cre recombinase’.
Mitsuo Maruyama et al., generated an irreversible switch in the VH locus to equip mice with a Bmem
specificity that did not recognize the inducing antigen. They showed that Bmem persistence did not require
persisting immunizing antigen and that Bmem switching their antibody specificity away from the

immunizing antigen was indeed maintained in the animal over long periods of time'’&,

Immune memory is also thought to be influenced by the first cohort of B cells that encountered the original
antigen, which is referred to as the theory of the antigenic sin?”’. At a close time point to the first antigen
exposure, the antigenic sin phenomenon is highly predominant, and the existing antibody response
prevents the emergence of novel antibodies due to the boost of primarily established GC. But this
tendency decreases as time increases between the priming and the boost2%. This theory initially exposed
in the 1950s%%7 is nowadays supported by molecular fate-mapping tools established by D. Victora2®® which

permit the tracking of antibody generation by distinguishing old antibodies from new ones in mice serum
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following antigen exposure. In the case of NMBAs, it is highly probable that patients were continuously
exposed to similar antigens in their environment but that this antigen was not unique, hence generating
cross-reactive BCRs. An elegant bioinformatics model studied the evolution of cross-reactive GC. This work
tried to explain the evolution of affinity maturation after immunization either by a “chimera”
(heterotrimer) or a cocktail of three homotrimer epitopes. Previous in vivo work demonstrated that
immunization with the chimera elicits better neutralizing antibodies. They showed that the valency and
diversity of the antigens were two important factors in engaging cross-reactive B cells*®. In the context of
our work, the immunized mice would have a closer mechanism to the chimera antigen whereas patients
would be exposed to a cocktail of antigens, which could explain the difference in diversity and affinity of

both repertoires.

Since the original antigen triggering the immune response remains speculative in NMBA-mediated AHR
cases, it is very difficult to understand the dynamic of antibody generation and maturation. Our results
hint at a GC-dependent response given the high mutation load of the BCRs. Since patients are likely
exposed to distinct antigens over time with related epitopes, it is highly probable that pre-existing GC
centers generating antibodies against the conserved motif can be recalled to improve affinity maturation
against the culprit NMBA. This affinity maturation process and the generation of antigen-specific BCRs
allows B cells to be involved in the humoral response by secreting antibodies following exposure to
antigen-presenting cells and T cells. The potential mechanisms for B cell activation, including non-

canonical pathways will be discussed in the following sub-sections.

6.2.3 The effector phase of AHR and the role of T cells

In rocuronium-immunized mice, we can anticipate that the generation of NMBA-specific B cells is T-cell-
dependent with a bystander activation effect. This bystander effect occurs when an antigen-induced T cell
is activated in an antigen-independent manner (TCR independent) due to the presence of a cytotoxic
context and inflammatory cytokines (Fig 12). Indeed, KLH is an immunostimulant carrier protein that drives
T-cell mediated immune responses, which has been extensively studied in mice and humans since it is
often used as an adjuvant in cancer vaccine?®. Concerning the generation of NMBA-specific mAbs in
humans, it still remains unclear if the pathway is T-dependent or independent. One could speculate that
the generation of specific IgE and IgG antibodies would require NMBA-specific T cells to trigger the
humoral response by activating B cells and inducing a class switch. Indeed, the existence of NMBA-specific

C211

memory T cells has been demonstrated in human PBMC-**, and the consensual pathway to generate slgE

requires T helper cells (CD4+ cells) or cytotoxic T cells (CD8+) to generate B cell producing IgE antibodies.
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Studies in mice have shown that in the absence of T cells, sIgE generation requires additional stimuli than

IL-4%12, such as Toll-like receptors ligands?'® or BAFF stimulation?“.

Interestingly, Marine Peyneau showed in her thesis?'®> that QA-containing compounds and pholcodine
induced activation and maturation of dendritic cells and T cell proliferation whilst rocuronium and
suxamethonium did not. Indeed, pholcodine activated opioid receptors on monocyte-derived dendritic
cells and induced T cell activation and proliferation. These results are an additional argument in favor of
NMBA sensitization by pholcodine or QA-containing compounds in the context of NMBA-mediated AHR
since the activation phase of the immune response by pholcodine has been elucidated®® (Fig 12). Allergic
reactions triggered by cross-sensitization have, indeed, been previously described in the context of
anaphylaxis against the anti-cancer mAb cetuximab or allergies to non-primate red meat (referred to as
the Alpha-gal syndrome) in non-exposed patients. For instance, tick bites were shown to induce IgE pre-
sensitization to galactose-alpha-1,3-galactose (an oligosaccharide found in mammalian cell membranes)
which concomitantly triggered cross-reactive IgE antibodies involved in allergies to red meat or
cetuximuab?®®, In the context of NMBA-mediated AHR, the activation of antigen-presenting cells and T cell
proliferation via QA-containing compounds such as pholcodine could explain NMBA-mediated AHR via this

cross-sensitization pathway.
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Figure 12: Comparison of the potential sensitization routes at the origins of rocuronium-specific mAbs
in the different models.

Allergic patients are probably exposed to QA-containing compounds present in the environment. Mice are
immunized with KLH-rocuronium, hence potentially initiating a bystander T cell activation effect. KLH,
Keyhole Limpet Hemocyanin; MHC, Major histocompatibility Complex; QA, Quaternary Ammonium.
(Biorender).

Even though it is less probable, we cannot eliminate the possibility of a T cell-independent mechanism.
Indeed, T-independent mechanisms can be of type | (activation mostly by bacterial polysaccharides which
causes B cell proliferation independently of BCR specificity but via Toll-like receptors) or type Il (antigens
with a repetitive structure which leads to the cross-linking and activation of BCRs). It was shown in mice
that T-independent type Il immune responses can generate Bmems lasting for months after immunization
elicited by liposaccharide and bacterial antigen®'. In the case of haptens, it is highly probable that the
underlying mechanism requires T cell activation but since the hapten can be presented in the form of a

repetitive structure carried by a protein, a T-independent type Il immune response cannot be 100%

excluded.

Regardless of the involvement of T cells, B cells are necessarily activated to explain antibody production,
hence the activation of effector cells and the symptoms of an AHR. The following subsection will discuss

on the different antibody isotypes potentially involved in NMBA-mediated AHR.

6.2.4 The role of antibodies: the close (or not) relation between IgG and IgE antibodies

My lab has previously demonstrated that two pathways can be involved separately or concomitantly to
mediate an NMBA AHR. The canonical type 1 AHR involves slIgE leading to mast cell and basophil activation
with histamine mediator release whereas the non-canonical type 2 pathway involves IgG antibody immune
complexes leading to neutrophil and monocyte activation and subsequent PAF release. Both mediators
are responsible for the clinical symptoms inducing vasodilation, bronchoconstriction, and cardiac and
pulmonary failure®. Therefore, we decided to isolate IgG-expressing B cells in the first place, as they might
be precursors of class-switched activated B cells expressing later IgE antibodies. A main challenge remains
the understanding of the origin of IgE antibodies. Would the specific IgE antibodies necessarily originate
from IgG antibodies or could they come from a direct switch from an IgM antibody? Looney et al.,
demonstrated that in humans, most IgE originate from mutated IgG1-expressing B cells and to a lesser

extent from IgM or IgD®®’.

The existence of IgE Bmem remains controversial. On one hand, it was shown in a reporter mouse

expressing green fluorescent protein associated with membrane IgE transcripts, that serum IgE can be
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produced by IgE* Bmem that later differentiate in plasma cells?!8. On the other hand, even if IgE Bmem
would exist, their life span is limited by several factors: 1) IgE switched B cells are programmed to rapidly
differentiate into PC, 2) IgE bearing cells in GC are transient and rapidly undergo apoptosis®'®, 3) the
generation of IgE-B cells is less favored (genetic mechanism that induces inefficient processing of mRNA

of the membrane-bound form of IgE in the murine and human epsilon heavy chains)?%.

The existence of IgE-secreting plasma cells in chronically exposed mice to house dust mites and in the bone
marrow of human allergic patients was described by Asrat et al.,?’!. These results in humans were
supported by two recent studies in which Ota et al. and Koenig et al. demonstrated the existence of a type
2 Bmem population characterized by the expression of IgG antibodies, CD23 (the low-affinity IgE receptor,
FceRll), IL- 4 receptor (IL- 4R), and germline IGHE in peanut-allergic children®? or birch pollen/house dust
mites allergic individuals??®. Koenig et al., further demonstrated that this type 2 B cell phenotype with the
presence of Th2 cells required IL-4 but that circulating IgE and GCs were not essential. Their results also
demonstrated that somatic hypermutation and the production of high-affinity allergen-specific IgE were
driven by IL-13 and IL-4 produced by follicular Th cells. These two papers draw the conclusion that “it takes
two” to make IgE in allergy: 1) a type 2 phenotype mediated by the presence of IL-4 and 2) high-affinity

BCR specific for the allergen®*.

Interestingly, in my PhD work, not all the human IgG anti-rocuronium mAbs isolated could activate mast
cells, and basophils and induce passive systemic anaphylaxis when switched to an IgE isotype, only the
ones with the highest affinity. The question remains if there is an affinity threshold for antibodies to switch
from an IgG to an IgE or for these IgE antibodies to activate effector cells. Similar results were obtained in
short-term exposed mice to house dust mites that resulted in the production of IgE from plasma cells that
could not degranulate mast cells using a passive cutaneous anaphylaxis model and serum transfer??!,
Nonetheless, with chronic allergen exposure, the mice could generate long-lived IgE PC niched in the bone
marrow and the IgE antibodies were capable of inducing anaphylaxis. In the context of our work, patients
were exposed to a variety of compounds and it is difficult to track if their exposure was chronic or not
since their route of sensitization can be punctual and diverse: oral (syrop), cutaneous (detergents,
cosmetics, disinfectants) or respiratory (hair products, aerosolized droplets from cleaning sprays). In most
cases, excluding professional allergies (hairdressers or employees frequently exposed to cleaning
products), we could speculate that the exposure would be punctual which could partially explain the low-
affinity of the human mAbs isolated. Since the existence of long-lived IgE+ PC has been demonstrated in

allergic donors, a perspective of the project would be to isolate IgE+ plasma cells in the bone marrow of
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the allergic patients and to compare the repertoires with the ones obtained from IgG+ Bmem. If the
existence of Ige+ Bmem were to be true, and if this cell subset would originate from IgG+ Bmem, then the

two repertoires obtained would have similar clonal families and predominant V(D)J genes.

Whether the incapacity of the human IgE antibodies to trigger anaphylaxis reflects the biological reality or
if it could be explained by experimental limitations, remains an open question. Indeed, our models show
some limitations since the lower sensitivity of the basophil activation test compared to the mast cells
activation test could be explained by experimental factors. First, the basophil test is undertaken on whole
blood whilst the mast cell test is performed on mast cell cultures derived from isolated CD34" cells that
were cultured for one week in serum-free conditions. Therefore, mast cells have their FceRl free from any
IgE, whereas IgE antibodies were pre-bound to the basophil. In addition, serum proteins present in the
basophil activation test could interfere with the binding of IgE so this test could be optimized by pre-
washing the cells. For the passive systemic anaphylaxis model, with very high-affinity mAb generated from
immunized mice (IP2, IP11, and IP8), anaphylaxis was triggered with mAb concentrations as low as 1ug of
IgE and allergen concentrations as low as 2ug of HSA-rocuronium. Whereas for lower affinity mAbs such
as murine IP12 and human 1F10, doses of 20 ug of specific IgE antibodies were injected twice within 24H
and challenged with 267ug of HSA-rocuronium. This protocol forces the overexpression of FceRl on the
surface of effector cells (that upregulate their receptor expression in the presence of monomeric IgE)**®

but certainly does not reflect reality due to the scarcity of circulating IgE antibodies in humans.

Whilst this project did not directly focus on the antibody-independent pathway mediated by MRGPRX2,
our results showed that HSA-rocuronium alone on unsensitized isolated mast cells could not trigger their
degranulation. These results are in line with the findings of Elst et al., demonstrating that atracurium could
induce mast cell degranulation via the activation of MRGPRX2 but not rocuronium??®, It is still unclear why
not all the NMBAs tend to activate MRGPRX2 as intensively as others. Indeed, suxamethonium and
cisatracurium have been shown to possess the lowest potency for mast cell activation and atracurium the
highest in human volunteers using intradermal insertion of microdialysis capillaries®®. Can the higher
incidence of anaphylactoid reactions mediated by atracurium be explained only by an isomer-specific
effect or also by the higher potency of cisatracurium, thus lower dose injected than atracurium since this
study also demonstrated that atracurium and cisatracurium had similar ED50 value for mast cell
activation?® Nonetheless, the possible activation of human mast cells via the binding of NMBAs to
MRGPRX2 receptor is mitigated by the fact that the NMBA doses tested in the previous studies are supra-

therapeutic, even sometimes toxic. Most of the research has been performed on the ortholog murine
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receptor (Mrgprb2)®> which was shown to be more sensitive to NMBAs than the human receptor which

guestions the reliability of the results in vivo.

A lot of questions remain unanswered concerning the underlying mechanism of rocuronium-mediated
AHR. The canonical pathway would require a GC and T cell-dependent generation of specific B cells that
can produce IgG antibodies able to switch in the IgE isotype with both antibody classes involved in the
activation of effector cells. Nonetheless, the incapacity of most human mAbs we isolated in this work and
expressed as IgE antibodies, to activate basophils and mast cells suggests the involvement of IgG-mediated
or antibody-independent potential additional pathways. Another unanswered question resides: how is the
allergenic epitope presentation possible for such as small drug in the context of a GC-reaction and T cell

help?

6.3 NMBAs' partner in crime: do they have one, who is it and do they need one?

6.3.1 The concept of haptenization to explain the effector phase

In the mouse immunization model, we artificially haptenized NMBAs on carrier proteins to elicit an
immune response and to perform the downstream experiments. In humans, it is still unclear if a similar
haptenization process occurs naturally with NMBAs. The first part of section §6.3 will defend the
hypothesis of a natural haptenization phenomenon to induce NMBA-mediated AHR and the last part will

propose alternative mechanisms.

At first sight, it seems necessary that NMBAs would naturally bind to a bigger carrier molecule to activate
cells responsible for immune response. Given size considerations (rocuronium being equivalent to 2-3
amino acids, the CDR3s of mAbs between 10-20 amino acids, and the length of presented peptides by

227 we would presume that a multivalent drug-

MHC molecules being typically between 8-11 amino acids
carrier complex would be required for rocuronium be presented by an MHC molecule (on follicular
dendritic cells in particular) for T cell activation, to induce the cross-linking of IgE-FceRl complexes on mast
cells and basophils or to be bound as an immune complex by activating FcyRs. In our work, the 10-100 fold
difference in affinity measured from the isolated mAb when rocuronium is grafted on the carrier HSA

(using biolayer interferometry) or when it is a free molecule (using surface plasmon resonance), also

suggests that rocuronium needs to be haptenized to bind antibodies with high avidity.
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Figure 13: Underlying mechanisms to explain an NMBA-mediated AHR with the cross-sensitization and
self-haptenization theories.

In this theory, patients are sensitized by QA-containing compounds found in the environment (such as
pholcodine in anti-coughing syrop or detergents) for which T cell activation has been demonstrated®">.
Then, natural haptenization with a carrier molecule would occur to explain the activation phase. A
carrier:rocuronium complex would allow the rocuronium to be presented by an MHC molecule (on
dendritic cells or B cells) for T cell activation, to induce the cross-linking of IgE-FceRl complexes bound as
an immune complex by activating FcyRs on neutrophils. DC, Dendritic Cells; NMBA, Neuromuscular-
Blocking Agent; PAF, Platelet Activating Factor; QA, quaternary-ammonium. (Biorender)

To prove if the carrier molecule is present in human serum, we could passively immunize mice with human
serum of allergic patients and challenge them with free rocuronium. So far, our experiments lack to show
evidence for this natural haptenization process. Indeed, mast cells and basophils pre-sensitized with sIgE
could degranulate in the presence of HSA-rocuronium but failed to do so with rocuronium alone, even
when pre-incubated with bovine serum albumin (BSA), HSA and human serum. The fact that even by
preincubating rocuronium with human serum we never succeeded in reproducing natural haptenization
might be due to chemical modifications of either rocuronium or the carrier with pH or temperature
changes that remain unknown, potentially performed via intracellular enzymatic reactions. Indeed, since
NMBAs lack chemically reactive groups it is highly probable that they would need to be metabolized to

become chemically reactive to be able to bind to a carrier molecule.

Natural haptenization or chemical modification of haptens has been identified in several small allergens.
For example, B-lactam antibiotic piperacillin (~500Da) has been shown to naturally form irreversible
covalent bonds with the HSA in the serum, forming a protein abduct processed by antigen-presenting cells
that exposed peptides associated with MHC molecules to activate T cells. Using quantitative mass

spectrometry on the human plasma of drug-tolerant and hypersensitive patients, hydrolyzed haptens
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were identified on lysine residues of HSA of both groups??42292%, This natural haptenization process is
thought to occur via chemical modifications on the lysine residues of HSA to generate antigenic HSA-
derived peptides. Direct chemical modifications on the haptens enabling their immunogenicity can also
occur. This phenomenon has previously been described in allergies against the antibiotic sulfamethoxazole
(~253Da) that gained antigenicity by intracellular mechanisms occurring in the liver leading to its
oxidation®!. Haptens chemical modifications have also been described in the context of chemicals in skin
allergies, in which electrophilic haptens interact with nucleophilic skin sensitizers or proteins®3?. In the case
of non-electrophilic haptens, it has been hypothesized that disulfide linkages were formed which allows
the binding to enzymes or cysteine residues®?. Concerning rocuronium, we could have hinted at a
potential in vivo chemical pathway by inspiring ourselves from the structure of rocuronium metabolites
but it is excreted unchanged in urine (10-25%) and bile (>70%)?33. Even though we are facing difficulties
in understanding the chemical modifications occurring to rocuronium, can we provide more tangible leads

to identify the potential carrier molecule?

6.3.2 Potential leads to identify a carrier molecule

In the context of allergic patients to NMBAs, it is highly probable that the carrier molecule would be a self-
molecule already present in the body such as a protein. It is also possible (but less likely) that the carrier
molecule would be a foreign molecule administered during surgery, such as an additive found with the
administration of other drugs like hypnotics, sedatives, antibiotics, diuretics, or local anesthetics co-
administered. So far, such an additive is not found in commercial rocuronium since it is conserved with

)34, Jénsson et al., tried to understand the haptenization

classical salts (acetate and sodium chloride
chemistry as it may occur in vivo by looking at the interaction of NMBAs with HSA, orosomucoid (a carrier
of acidic and neutral compounds), transferrin, and human IgG1 using microscale thermophoresis. Their
conclusions lead to the observation of interactions in the millimolar range at NMBA concentrations 100

times higher than the standard intubation doses®3.

Presuming that the carrier molecule would be present in the body, how could we show evidence of its
existence? We could try to first deprive antibodies from the blood, serum, or skin tissue of allergic donor
using a protein G (for IgG) or omalizumab (for IgE) high-affinity columns, then pre-incubate a high-affinity
rocuronium-specific human mAb with the “clean” human samples and free rocuronium. Admitting that
the mAb would possess a very high-affinity with the carrier:rocuronium, the mAb:carrier:rocuronium
would stay as a complex and we could purify again this complex using a protein G column (for IgG) or

omalizumab (for IgE). Another idea would be to perform this technique the other way around by binding
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rocuronium-specific mAb to an affinity column, eluting serum of allergic patients, and pulling down the
mAbs theoretically bound to the carrier:rocuronium complex. Using size exclusion chromatography,
western blot, mass spectrometry, or mass photometry, we could compare the sizes of the mAb alone and

the mAb in complex with the potential carrier to prove the existence of the carrier molecule (if it exists).

Another caveat that we are facing in identifying the carrier molecule is that we are not certain where this
haptenization process would occur, would it be in circulation in the blood or at the skin level? Depending
on the localization of the potential haptenization process, then the cell subsets involved, the environment
(pH), and the proteins (enzymes?) would be different. It is more probable that haptenization would happen
at the skin level than in the blood since the elevation of total IgG1 and IgE in blood from exposure to a

235 and elevated IgE concentrations in

small drug has not been reported in humans, only in mouse models
humans has only been shown on bigger proteins such as house dust mite and pollen. Most models on
allergies to haptens are indeed studied at the skin level where it has been shown that haptens alone can
sensitize mice and cause skin inflammation with an increase of plasma IgE and IgG1 and gene expression
of IL4 and IFNy?%¢. This study was in line with the one of Dhingra et al showing that hapten allergens induce

both Th2 and Thl-type responses on patch-tested human skin samples.

Despite the lack of evidence of the carrier molecule for NMBAs, it is difficult to conceive the effector phase
of NMBA-mediated AHR without its existence. Could this natural haptenization process occur at a different

stage as well?

6.3.1 A case scenario: haptenization during the sensitization phase explained by a
break of self-tolerance

In this subsection, we will imagine that haptenization occurs during the sensitization phase to look at the
impact on the cells that could be involved. Haptenization could occur during allergen exposure in two

scenarios:

1) Patients sensitized by exposure to NMBAs. This includes patients who were exposed to an NMBA, did
not do a shock for years and one day did a shock to the same NMBA or another one. This is possible given

the profile of Patient#1 who did a shock to atracurium but possesses rocuronium-specific antibodies.

2) Patients never exposed to NMBAs but potentially cross-sensitized by QA-containing compounds for

which the sensitization mechanism has not been elucidated and that are also haptens that would
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necessitate binding to a bigger molecule to activate cells during the sensitization phase (pesticides,

disinfectants, detergents, sanitizers, and cosmetics).

Since NMBAs are non-immunogenic and the carrier molecule is very likely to be a self-molecule already
present in the body, the immune response could be explained only if self-tolerance would be broken. This
context would explain the low-affinity of the antibodies identified and would open a door to the theory of

poly-reactive cell subsets involved in the mechanism.

To understand the potential underlying mechanism we need to travel back to the 1970s when vaccination
against the hapten 2,4-dinitrophenyl (DNP) bound to BSA was performed in rabbits rendered
immunologically tolerant to BSA. The authors rendered rabbits immunologically tolerant to BSA,
vaccinated them with DNP-BSA, and investigated the binding mode of the antibodies using inhibition
ELISA. This study revealed three main results: 1) rabbits tolerant to BSA and immunized to DNP-BSA
produced antibodies with a greater avidity for DNP-BSA than BSA, (they bound little or not to BSA), 2)
immune tolerance against the carrier protein led to the production of better avidity antibodies against the
hapten-BSA than “normal” rabbits not rendered tolerant to the carrier, 3) the cross-reactive antibodies
produced in tolerant rabbits had no specificity for the DNP group alone, and were probably binding to BSA
via modifications of the BSA molecule resulting from the presence and/or coupling of DNP group. This
work argues in favor of tolerant immune cells that could play a role in immunization against hapten-self-
carrier proteins. In this context, an antibody recognizing a self-antigen would break tolerance when the

antigen would be slightly modified (e.g.: coupling to haptens).

In the context of self-haptenization, the antigen would need to bind to a self-molecule already present in
the body. This molecule would be non-immunogenic under its natural form (if we consider that the patient
is not autoimmune), but tolerance would be broken when haptenized to rocuronium/QA-sensitizing
compounds by potential conformational/structure modifications. Tolerant immune cells such as Th could
be involved by predominantly recognizing the self-protein carrier protein to which the body is tolerant. By
sorting CD27+ cells, we inadvertently excluded a subset of Bmem, referred to as T-bet+ B cells that are
protective, GC-derived, and could be involved in this tolerant mechanism. A perspective of the project
would be to use a more appropriate Bmem marker that would identify the early memory population,
referred to as the CD45RB to include this subset of protective Bmem?°L. This hypothesis would also explain
why it was difficult to identify real negative controls in the general population. Indeed, when screening for
NMBA-specific IgG in the serum of human samples, the “negative” controls used as a reference often

possessed high levels of IgG NMBA-specific antibodies. It is also possible that self-reactive cells like
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regulatory T cells (Tregs) might be involved, which would dampen the immune responses since the carrier
is not immunogenic. It is probable that what we observe is part of the adaptive immune response and that
the majority of the population possesses weak antibodies against QA-containing molecules (and/or

NMBAs if they have been exposed to them).

As mentioned previously, work on AHR to small drug B-lactam antibiotic piperacillin could give us more
insights into the mechanism underlying natural covalent modification of self-proteins that induce self-
tolerance disruption since this antigen has been demonstrated to covalently bind to HSA molecules?-22°-
230 1t has been shown that levels of piperacillin-HSA modifications that activated T cells were equivalent
in tolerant and sensitive groups but that the CD4+ clones expressed a more restricted VB repertoire in
hypersensitive patient?*°, Thus in this context, the propensity to develop an AHR depends on the T cell
repertoire and/or an imbalanced immune regulation rather than antigen concentration or
conformation?®. A similar conclusion was drawn concerning nickel-mediated AHR (metal of 44Da) in which

allergy severities were correlated with the content of TCR repertoire. It was shown that specific amino

acids in the CDR3a of the VB17+ of CD4+ TCRs were crucial for antigen recognition?” 238,

This concept of NMBA natural haptenization to sensitize patients is counterintuitive since in immune
system is trained not to elicit an immune response against self-proteins. In this context, haptenization to
a self-protein would require breaking immune tolerance to sensitize the patients either by the generation
of a neo-epitope due to conformational changes during the haptenization process or by generating
reactive T cells possessing restricted TCR repertoire specific for the antigen. The sensitization phase is
therefore very likely envisioned without the haptenization theory with the concept of cross-sensitization
by QA-containing compounds that do not require self-haptenization. Given the difficulty in identifying a
carrier protein and the absence of chemically reactive groups of rocuronium, would it be possible that
NMBAs are not haptenized in the body? In the following subsection, we will question the haptenization

theory and provide thoughts for alternative mechanisms.

6.3.3 Proposition of alternative mechanisms bypassing haptenization to a carrier

molecule

First of all, kinetic considerations favor a carrier-independent mechanism. Indeed, when considering the
rapidity of the symptoms of anaphylaxis that can appear within a few minutes after injection of the NMBA,
it seems incompatible with the timeframe of natural haptenization that has been demonstrated to take
hours (up to 24H)®° in the context of natural haptenization of beta-lactam antibiotics to HSA?%. Self-

haptenization kinetic has only been studied in this context, therefore it is impossible to state whether this
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time frame can be generalized. Additionally, NMBA grafted on a carrier protein would not be able to
extravasate the cutaneous blood vessels to activate mast cells in the skin due to their high molecular
weight if conditions would not enable vasodilatation and barrier opening. Only free rocuronium molecules
which are hydrophobic and small enough could diffuse, enter the extracellular matrix, and activate
basophils in a competitive timeframe that could explain the rapidity of the symptoms. Therefore, either
the carrier molecule that induces effector activation would be located also in tissues (nearby mast cells)
or non-covalent binding with rocuronium and a serum protein could activate basophils in the blood and
mast cells in tissues. One can also imagine that basophil activation would lead to systemic inflammation

and could allow NMBA-molecule complexes to extravasate towards tissue mast cells.
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Figure 14: Mechanism to explain mast cell activation if the theory of self-haptenization were to be true
or not.

Since mast cells are mostly located under the skin, their activation would require the extravasation of
rocuronium outside blood vessels. Supposing that the haptenization theory was to be true, then we would
difficulty understand how the carrier:rocuronium complex would extravasate cutaneous blood vessels
given the high molecular weight. Therefore, the first hypothesis is the activation of basophil (1) that would
lead to a systemic inflammation that would allow the rocuronium:complex extravasation (2) and the
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activation of mast cells (3). If the self-haptenization theory were to be false, then the activation of effector
cells would require non-covalent binding with a serum protein present in the nearby environment (4).

An alternative hypothesis to the carrier:hapten dogma would be that dendritic cells and/or T cells can be
activated via direct binding to TCRs or MHC molecules (Fig 15). For instance, concerning allergies to metal,
it has been shown for nickel allergies that the metal-protein bounds are not strong enough to survive
antigen processing by antigen-presenting cells. It was proposed that nickel links TCRs and MHC in a carrier-
protein independent manner by forming non-covalent coordination complexes in which Ni*ions can
interact with MHC-embedded peptides to form a hapten-like epitope for nickel-reactive T cells*37%38,
Additionally, Pichler et al., introduced the pi-concept which consists of the direct activation of T cells via
non-covalent binding of the TCR with haptens through Van der Waals forces/hydrogen bonds. This

mechanism has been described in allergies against small drugs such as lidocaine (234Da) and p-

phenylenediamine (108Da)**°.

Other mechanisms that could explain the humoral response in the absence of haptenization would be
through bystander T and B cell activation. Through this mechanism, non-antigen-specific lymphocytes can
be activated in the presence of signals that favor an inflammatory environment: cytokines, chemokines,
pathogen-associated molecular patterns, etc (Fig 15). This mechanism is well studied to understand
autoimmune diseases that are characterized by a loss of immunological tolerance to self-antigen®®°. The
concept of T cell activation independent of TCR signaling has been studied since the 1980s in the context
of viral infection?*! and several cytokines (type | interferon, IL-2, IL-6...) have been shown to mediate this
activation. Bystander B cell activation has been demonstrated in vitro and in vivo in mice by using B cell
mitogen (lipopolysaccharide), which leads to the transfer of antigen-specific BCR. Since B cells have been
demonstrated to activate T cells by capturing and processing a specific antigen for presentation on HMC
class Il molecules®?, the authors addressed the question of whether bystander B cells could also play this
role. They showed that bystander B cells also gained their ability to activate CD4* T cells which could

increase the antigen-presenting pool?*.

Alternatively, the antibody-independent pathway through MRGPRX2 activation is another potential lead
that could explain symptoms of AHR without activation of lymphocytes or dendritic cells (Fig 15).
Concerning rocuronium it is very unlikely given the receptor's low-affinity for rocuronium in humans, but

for other NMBAs, it remains speculative.
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Figure 15: Potential mechanisms to explain the effector phase in the absence of the haptenization
theory.

In this theory, T cells, B cells, and DC could be activated either by non-covalent binding or bystander
activation. The MRGPRX2 pathway could also explain mast cell activation with free rocuronium. DC,
dendritic cells; MRGPRX2, Mas-related G-protein coupled receptor member X2; NMBA, neuromuscular
blocking agent; VDW, Van Der Waals. (Biorender).

To summarize, we are uncertain about the underlying mechanism that can explain the activation of
antigen-presenting cells, T cells, B cells, and effector cells (basophil/mast cells) by NMBAs. The
haptenization hypothesis remains the most plausible one but the nature of the carrier protein and the

chemical pathway are unresolved. Alternative activation pathways relying on non-covalent binding or

bystander effects could provide some answers.

All'in all, it remains highly probable that patients are cross-sensitized by QA-containing compounds that
can activate DC, leading to T cell proliferation. Following an intravenous injection, the high NMBA
concentration rapidly activates effector cells due to the presence of cross-reactive antibodies that can

recognize the common epitope between the sensitizing antigen and the culprit NMBA.

6.4 What do we learn from the binding of antibodies to rocuronium?

Insightful information could be drawn from the crystallographic structures of the complexes of rocuronium
with the scFv or Fab antibodies. The data generated showed that both the VH and VL chains of the

antibodies were involved in the binding of rocuronium by forming non-covalent Van der Waals bonds and
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hydrogen bonds. The rocuronium molecule was buried in the chains, even locked with a conformational
change for the mAb IP11. This binding mode of the antibodies forming a deep pocket that grooved
rocuronium is in agreement with the previously described binding mode with hapten binders forming a
concave interface®. This study also demonstrated that antibodies that recognized haptens tended to have
shorter CDR3-H loops to favor the formation of a pocket or grooves. The grooving of rocuronium inside
the antibody chains is one more argument in favor of the haptenization of rocuronium to activate BCRs
since the cross-linking of two antibodies onto the rocuronium molecule seems incompatible with the
binding mode revealed by the crystal structure. The crystallographic data also confirmed the QA atom to
be the allergenic epitope since it forms strong bonds with the mAbs in all crystal structures. One may
wonder if it is a consequence of the immunization strategy we chose that biases QA presentation to
immune cells by grafting the rocuronium molecule to the carrier via the hydroxyl group on the opposite

side of the QA.

Our data also pointed out the importance of the light chain in the binding which was unexpected since the
VH CDR3 is often considered as solely responsible for antibody specificity***. Indeed, the VL chains are
generated after the VH and the CDR-L3 loop is less diverse than the CDR-H3 loop of the VH chain one due
to the absence of the D gene. Surprisingly, our data showed that in the murine antibody repertoires we
generated, the VL played a crucial role since two mAbs (IP11 and IP12) sharing identical VH but distinct VL
chains have a 400-fold difference in affinities. This observation was in line with the fact that in the
crystallographic structures, the VL chains played a major role and were the ones involved in the binding

with the QA.

Moreover, the crystallographic data highlighted the importance of the 3D conformation of the NMBAs.
Indeed, rocuronium has been reported to exist in two different conformations, the twist-boat, and the
chair conformation, depending on the polarity of the solvent (Fig 16). In a hydrophobic medium (e.g:
Deuterated chloroform: CDCI3), rocuronium was in a twist-boat conformation, whereas in a polar solvent
(e.g: Dimethyl sulfoxide: DMSO) the chair conformation was favored. This conformational change may
help rocuronium to cross membranes. The different spatial rearrangements of its substituents are another
argument in favor of its capacity to be chemically modified to bind to a carrier protein or to form
neoepitopes?®?. In the structure of the scFv-m1B6-rocuronium complex, the rocuronium ring adopted the
chair conformation, whereas in the Fab-IP11, IP8, and IP2-rocuronium were found in its twist-boat
conformation. One must mitigate these results since the crystal structure is a snapshot of the complex,

therefore it might depict the favored conformation which does not imply that the mAbs do not bind the
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other conformation. A recent crystal structure of rocuronium binding to the nicotinic receptors revealed
that its binding mode occurred in two different states: one with rocuronium blocking the channel in a
resting-like state and another one in which rocuronium is bound in the pore?*. In the two states,
rocuronium bound the receptor?*®, but unfortunately, the electron density was too poorly defined to
determine if rocuronium bound to the receptors in the chair or twist-boat conformation. Literature also
lacks evidence concerning the presence of either conformations of rocuronium in the commercial mixture
or in the body which are aqueous polar environments, that can potentially favor the twist-boat
conformation. Rocuronium probably exists in both conformations, which would orient our therapeutic
strategy by administrating a cocktail of therapeutic antibodies that can capture both isomers and/or a
bispecific capture antibody if our mAbs do not bind both conformations. Further investigations are

necessary to address this question.

yellow : ring A chair conformation
green : ring A twist-boat

Figure 16: Rocuronium conformers observed in anti-rocuronium scFv-1B6-rocuronium complexes in
the chair conformation (yellow) or twist boat conformation (green).
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7 How can this work improve the diagnosis or treatment of NMBA-mediated AHR?

7.1 Ideas for novel tools to improve AHR diagnostic work-up

Following a perioperative AHR, the anaesthesiologists seek to identify the underlying mechanism (IgE or
non-lgE-mediated) to identify the culprit allergen, and therefore decide a strategy for subsequent
anesthetic procedures. However, current tools lead to inconclusive diagnostic work-up in up to 30% of
AHRs, partially because they rely exclusively on the detection of the IgE-dependent pathway (drug-specific

IgE, histamine, tryptase levels, skin test, and basophil activation test), thus overlooking other pathways.

This work might help to improve future diagnostic tools after an NMBA-mediated allergy. First, the anti-
rocuronium antibodies isolated in this project will be useful positive controls for the screening methods
(ImmunoCap, ELISA, Basophil Activation Tests), to establish a threshold or determine a concentration of

polyclonal anti-rocuronium antibodies in the serum of patients.

Currently, the detection of NMBA-sIgE in the clinic relies on the detection of mAbs to morphine conjugates
grafted on a solid phase which faces several limitations. First, we detect rocuronium-specific antibodies
with a chemically distinct molecule: the backbones of the two molecules are different (not the same
number and type of aromatic rings) and the morphine molecule possesses a tertiary ammonium that
becomes QUATERNARY at physiological pH, therefore not a "real" QA. The detection of rocuronium-
specific antibodies could be improved by using our rocuronium derivative on which a linker and a reactive
carboxylic acid group would be grafted on the hydroxyl group. This chemical modification allows
rocuronium to easily bind to a solid phase or a carrier protein possessing amines. Nonetheless, it remains
uncertain if drugs bound on a solid phase retain their antibody binding capacity after coupling. Indeed, can
the poor correlation mentioned previously (§6.1) in the study of Baldo et al., between the allergenic drug
and the most potent inhibiting drug be explained entirely by the cross-reactivity of the sera of the patients

or also by the limitations of the diagnostic tools?

In the clinics, it remains very difficult to assess or anticipate anti-NMBA antibody cross-reactivity. The gold
standard remains in vivo skin tests, nonetheless, it is argued that it might not reflect sIge-mediated
anaphylaxis but the activation of MRGPRX2 on mast cells?*’. However, the outcome of the tests did not
always correlate according to the techniques used. For instance, a study demonstrated only 15% of
matching results between the assessment of cross-reactivity by skin tests and the Basophil Activation
Test?*8. Some claim that drug-provocation tests should be the gold standard to anticipate cross-reactivity,

but the potentially dangerous outcomes of this method remain under debate. Understanding and
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anticipating cross-reactivity in NMBA-mediated AHR is of the utmost importance if a patient needs to
undergo another subsequent anesthesia, especially in case of an emergency. As it remains too costly to
test the sensitivity of every patient to each NMBA before each anesthesia, it would be beneficial to
establish a trend or a decision tree for the “typical” allergic profiles but so far, our study is not broad
enough to do so. If the patient was already exposed to an NMBA before, should he/she be re-exposed to
the same one if he was not allergic years ago? The case of Patient#1 is complicated for instance since we
would recommend avoiding exposure to atracurium and rocuronium, but would cisatracurium be a safer

alternative than suxamethonium?

The protein-NMBA derivatives we developed could be used as an alternative to drug provocation tests.
Indeed, those diagnostic tools sometimes remain the most conclusive method to decipher an allergy, but
anaesthesiologists are often reluctant due to one of the dangers associated with symptoms of
neuromuscular blockade resulting even if 1/10 of the therapeutic dose is used. To circumvent this
aftermath, we could use NMBA bound to carrier proteins to test the sensitivity: the carrier-NMBA complex
being too big to enter the neuromuscular junction, we could test the specificity without inducing
neuromuscular blockade in patients. However, the detection would largely favor the binding of anti-

NMBA-IgG immune complexes due to the big size of the carrier-rocuronium complex.

Current diagnostic tools are limited not only by experimental factors but also by biological reality that can
cause false negative results which can severely undermine correct secondary prevention. Indeed,
circulating sIgE are very scarce (low concentration, short half-life) and their non-detection does not
implicate their non-existence. It can mean that they are already bound to FceRI on effector cells (mast
cells/basophils), ready to activate them and trigger mediator release (histamine, PAF). An identical
reasoning is applied for basophil activation tests that would be falsely negative if the receptors are
unavailable due to pre-bound culprit slgEs. This shows the importance of the timing of sampling. If
sampling is performed too early after the AHR, we will end up in the previously described situation. Overall,
it is better to sample the patient 4-6 weeks after the event!®* and it is recommended to rely on different
tests before drawing conclusions on negative results. After having depicted the limitations to diagnose

NMBA-mediated AHR, are there potential solutions to treat these allergies?
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7.2 Could desensitization be a potential solution?

In chronic allergies, the only available long-term disease-modifying treatment is allergen immunotherapy.
This therapy consists of continuously administrating the allergen either sublingually or subcutaneously.
Mechanistically, the immune tolerance induced by antigen-immunotherapy is explained by a shift towards
the immune phenotype Thl and T cells with a downregulation of the Th2 response, which drives the
production of allergen-specific IgG antibodies?*. These antibodies diminish the effect of IgE by blocking
IgE-dependent mediator release on histamine/mast cells by binding to the inhibitory receptor FcgRIlb?>*
251 1gG antibodies also neutralize allergens which decreases T cell responses by preventing IgE-allergen
complexes from binding to antigen-presenting cells?*2.. Among the antibodies produced, the isotype 1gG4
was identified as playing the biggest role as a blocking antibody?>3. Other key players are T that secrete
the inhibitory cytokine 1L-10 which suppressed antigen-presenting cells and innate lymphoid cells*** and

favors B cells class-switch to produce IgG4.

In the context of NMBA-mediated allergies, it is difficult to envision the use of antigen immunotherapy as
a routine, first due to economic costs and second given that the risk to re-expose a patient to the culprit
NMBA is very high. Additionally, allergens must be available in a safe format for allergen immunotherapy
to be considered, so NMBAs might never be used unless grafted to a carrier large enough to block its
diffusion and therefore prevent neuromuscular blockade. Nonetheless, in the rare case of a cross-reactive
patient who is sensitive to all the NMBAs (who did a shock to one or more NMBAs and possesses cross-
reactive mAbs to all the NMBAs in his serum), then one potential solution (except not exposing him/her

to NMNBAs which is not always feasible) could be allergen immunotherapy.

Despite the potential improvement of allergen immunotherapy in the future, the hopes to use this method
in the context of NMBA-mediated AHR are slim, what are the other perspectives of immunotherapy, this

time by valorizing the potential of anti-NMBA mAbs?
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8 Perspectives for rocuronium-specific antibody-based immunotherapy

8.1 How could a therapeutic antibody reverse neuromuscular blockade?

Antibodies can be used as therapeutics due to their high-affinity and specificity for their target. We
hypothesized that antibodies with high-affinity for free rocuronium could capture NMBAs, hence inhibiting
their binding to nicotinic receptors and therefore reversing neuromuscular blockade. We selected the
rocuronium-specific antibody with the highest affinity, validated a prophylactic model in mice, and
succeeded in reversing neuromuscular blockade in 1-2 minutes in cynomolgus macaque. Nonetheless,

antibody engineering and optimization can be anticipated as a future perspective of this work.

First, the format of the therapeutic antibody would need further improvement to decrease the chances of
antibody-dependent cell cytotoxicity since mouse IgG antibodies were injected in cynomolgus macaques.
Indeed, we had to produce almost a gram of antibodies (up to 15mg/kg in cynomolgus macaques weighing
between 3-10kg with three replicates) so we produced antibodies from hybridoma technology that

permits high production yields (up to 50mg of antibody in 1L of cell culture) at low cost.

To use the antibody as a therapeutic tool, optimization of the antibody format would be necessary by
modifying the full IgG (~180 kDa) into an effector-less IgG (N297A%° or LALA?*® mutation) that inhibits the
activation of effector cells, preventing side-effect allergic reactions (Fig 17). We would also need to shorten
the antibody half-life if the patient would require a prompt NMBA re-administration which could be
performed by mutating the antibody to alter binding to the FcRn?*’ but it would increase the cost of
production. To circumvent those two limitations, we could also design single domain antibodies (VHH,
scFvs) or Fabs that lack heavy chain constant regions and that also diffuse better in the tissues and can
extravasate from the bloodstream due to their small size (Fig 17). VHH are camelid-derived single-chain
antibodies consisting of a heavy-chain variable domain, scFvs are composed of the VH and VL chains joined
together by a flexible peptide linker and Fabs are composed of VH/VL chains, and one constant domain of
each chain connected by disulfide bonds. In mice, scFv fragments have a terminal half-life of approximately
10-30 minutes and Fabs of 4-6 Hours?>®. Even though no adverse events were observed after administering
the therapeutic mAb to macaques, we would need to mitigate the risks of immunogenicity and antidrug
antibody development in humans, by humanizing (using human frameworks) the final drug candidate (Fig

17).
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Figure 17: Transition from mouse mAb to less immunogenic and shorter half-life potential therapeutic
antibodies format.

Cu, Constant Heavy; C,, constant Light; Fab, Fragment antigen binding; scFv, Single-Chain Fragment
Variable; Vy, variable Heavy; VHH, variable heavy chain; V,, variable light. (Biorender).

The antigen binding affinity and specificity can also be optimized using site mutagenesis and computer-
aided design. A lot of progress has been made in this field with in silico approaches that can perform affinity
maturation models. The affinity can be improved more than 100-fold by combining in silico affinity
maturation and mutagenesis, such as anti-lysozyme mAb that reached a 140-fold affinity improvement?®.
The co-crystal structures of the rocuronium:mAb complexes give us insights into the critical amino acids
involved in the binding of rocuronium allowing performing mutagenesis around these residues to verify
their importance and improve the binding efficiency. We would also probably need to target residues not
in direct contact with the antigen since it has been shown that during affinity maturation, somatic
mutations in residues in direct contact with the antigen are less frequent than in residues adjacent to the
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residues in contact*®”. Modeling will greatly help in this regard, or antibody library generation based on

our best anti-rocuronium VHH, ScFv, or Fab.

A lot of improvement can be achieved in the design of a therapeutic antibody, but would this tool still be

competitive with the already existing capture molecule, sugammadex?
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8.2 Is a therapeutic antibody competitive with sugammadex?

The only commercially available drug that can reverse deep rocuronium-induced neuromuscular blockade
is sugammadex, a modified gamma-cyclodextrin (Fig 18.A). It is administered intravenously to encapsulate
aminosteroid NMBAs (rocuronium and vecuronium) in the plasma. After rocuronium infusion, a
concentration gradient of free rocuronium between the neuromuscular junction and blood plasma is
created with an accumulation of free rocuronium at the neuromuscular junction. With the administration
of sugammadex, there is a reduction of rocuronium concentration in the blood plasma where rocuronium
is encapsulated which reduces the amount of rocuronium in the neuromuscular junction that can bind to
the nicotinic receptor (Fig 18.B). The elimination half-life of sugammadex is 2 hours with 90% excreted
within 24 hours via the kidneys without being metabolized®®!. Cyclodextrins are rigid rings of sugar
molecules with a lipophilic cavity that allows sugammadex to bind to the lipophilic steroids of rocuronium.
During the design of this cyclodextrin, a negatively charged end group was added to hold the positively

charged QA of rocuronium in a fixed position.

To compare the efficacy of the therapeutic antibodies with sugammadex to reverse neuromuscular
blockade, we performed in vitro and in vivo experiments. The theoretical KD of sugammadex is 107 M,

262 \We were not able to confirm these

which was measured using isothermal titration microcalorimetry
results experimentally with free rocuronium since it would require to chemically modify sugammadex to
bind it to a surface plasmon resonance chip. Nonetheless, the anti-rocuronium mAb avidities/affinities for
free rocuronium and HSA-rocuronium were measured: avidities ~10pm-5nM and affinities with free
rocuronium ~5-10nM for the best antibodies. We also evaluated the efficacy of the mAbs to prevent
rocuronium-induced neuromuscular blockade in vivo using a prophylactic model. Since the molecular
weights of sugammadex (2 178Da), of a full IgG (180kDa), and a scFv (25KDa) are widely different, it was
necessary to compare the effective doses using molar weight considerations. In the prophylactic model of
prevention of neuromuscular blockade in mice, full protection (no lethality) was obtained with ratios of
rocuronium:drug as low as 1:7 for sugammadex, 1:0.05 for m1B6 as an IgG1 and 1:1.4 in its scFv format
(Fig 18). The bivalent binding capacity of a full IgG antibody compared to sugammadex or a scFv needs to
be taken into consideration in these results. The scFv format protected mice from a lethal dose of free

rocuronium with a dose 2 times higher than the full IgG1 but 2-3 times lower than sugammadex in molar

ratio which validated the model (Fig 18.C)
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Figure 18: Reversal of rocuronium-induced neuromuscular blockade using sugammadex or
immunotherapy.

(A) Structure of sugammadex sodium*, (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 in green)*®. (C) Prophylaxis of rocuronium-induced neuromuscular
blockade in mice. Suggamadex and rocuronium-specific murine antibody m1B6 were injected as full IgG1
or scFv followed by rocuronium injection at a lethal dose of 2ug/kg. Vitality was scored as follows: 5 (no
behavior changes), 4 (transient inactivity; <30 seconds), 3 (respiratory distress and intermediate inactivity;
>30 seconds), 2 (flipping or inactivity; >1 minute), and 1 (death).

Next, in a curative strategy, the potency to reverse neuromuscular blockade was tested in non-human
primates by first inducing deep-neuromuscular blockade and injecting the capture molecule (either the
mAb or the positive control sugammadex). The neuromuscular blockade was monitored similarly to
patients in care units by measuring the TOF ratio on the ulnar nerves of the cynomolgus macaques.
Spontaneous ventilation recovery and TOF ratio superior to 90% was achieved with 1mg/kg of
sugammadex versus 10mg/kg of mAb m1B6. This antibody dose is not financially competitive with
sugammadex. When considering molar concentrations, given that sugammadex has a molar weight ~90
times lower than a full IgG1, the molar mass required to reverse neuromuscular blockade is 9 times lower
for m1B6 than sugammadex (1mg/kg sugammadex with molar weight: 2 178 Da - 0.5umol/kg versus
10mg/kg m1B6 with molar weight: 180 000 Da-> 0.055umol/kg). Once again, if we consider that one mAb
can capture two rocuronium molecules, as justified by the crystal structures, then the mAb is 4-5 times
more competitive than sugammadex when considering the molar perspective. If we were to design a single
domain mAb with one binding site and a size approximatively 10 times higher than sugammadex (molar
weight: 25 000Da), then with the same molar calculations, by injecting an identical mass of antidote, 10
times fewer moles of therapeutic mAbs would be administered, making this approach competitive in terms
of dose, but probably not economically in regards of scFv/Fab production costs, since in January 2026,

commercial sugammadex will not be protected from generic competition anymore?63,
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These results validate the capture potency of single-domain antibodies in a prophylactic model of
rocuronium-based neuromuscular blockade, but the production costs are in favor of sugammadex even
though its use is restricted in some countries due to existing side effects. Indeed, AHR can arise by the

creation of a neoepitope during the complex formation of rocuronium:sugammadex*..

Moreover,
sugammadex is specific only to aminosteroid NMBAs rocuronium and vecuronium. To improve the efficacy
of the rocuronium-capture antibody we could mutate mAb residues, modify the immunization strategy,
generate a bi-specific mAb or generate a cocktail of mAbs each specific for a different conformation of

rocuronium.

8.3 Could a capture molecule mitigate NMBA-induced AHR?

So far, mAbs commercially available to mitigate allergies either directly target IgE antibodies (e.g.
omalizumab), FceRl, cytokine receptors (dupilumab that targets IL-4Ra), or inhibitory receptors on mast
cells (anti-Siglec mAb)?®*, but rarely the culprit molecule. One recent study targeted the antigen Arah 2
involved in peanut allergy but this treatment was effective as a prophylactic to protect for the allergy and

not as a therapy?®°.

Administration of sugammadex following a rocuronium-mediated AHR has been shown and reported to
successfully treat anaphylaxis in a few several clinical cases, without pre-injection of adrenaline which is
the commonly used drug to treat the symptoms of anaphylaxis?®®. These results are surprising since it
seems complicated that a capture molecule can cease an already initiated allergic reaction with pre-bound
IgE antibodies on effector cells. In our case, the IgEs are also pre-bound to their receptors on effector cells
so the reduction of mediator release would be mediated by hindering the cross-linking of the IgE by
removal of the allergen rather than the classical FceRl down-regulation due to the decreasing
concentration of specific IgE antibodies. Experiments performed on basophils in vitro confirmed that
encapsulating rocuronium by sugammadex can prevent, but not stop, basophil activation by the NMBAs
since pre-incubation of sugammadex with rocuronium could prevent basophil activation but not after 3

minutes exposure to rocuronium?®’,

Nonetheless, even without stopping the activation of effector cells, reducing the allergen concentration
by capture can only decrease the severity of the AHR and be proposed as an additional treatment to
NMBA-mediated AHR complementary to adrenaline. When designing the therapeutic mAb two criteria
will need to be taken into consideration: first, the affinity of the antidote for rocuronium will need to be
higher than the affinity of rocuronium for the endogenous antibodies of the patient at the origin of the

allergy. Therefore, isolating antibodies from human patients might not be sufficient, the therapeutic might
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need to be optimized by mutagenesis. Second, if the allergenic epitope of rocuronium is unique
(supposedly the QA), then ideally the therapeutic mAb would need to bind this allergenic epitope to mask

it to the allergenic IgE paratope.

All'in all, in the context of perioperative NMBA administration, immunotherapy seems like a promising
strategy either to reverse neuromuscular blockade or to attenuate the symptoms of an already triggered

NMBA-mediated AHR.
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. This work proved for the first time the existence of
rocuronium-specific IgG+ B cell antibodies in immunized mice
and allergic patients. The B cells (Bmem and plasma cells)
i,}u » isolation allowed the characterization of their antibodies in
terms of specificity, affinity, structure, involvement in
anaphylaxis, and therapeutic efficacy. This work helps to
elucidate the underlying causes and mechanisms of NMBA-

mediated AHR, it could improve diagnostic tools and it paves

the way for therapeutic solutions using antibody

L4 immunotherapy. A lot of questions remain following the
Qr SP@ C{.l. \/’CS results obtained concerning the sensitization phase in allergic

patients, the activation phase, the nature of the allergen during
these two phases, the involvement of antibodies and their isotype. A wide range of future perspectives for

the project was mentioned in the discussion and will be quickly summarized in the following section.

Firstly, the sorting strategy of human Bmem could be improved in terms of capture probes, markers, and
culture systems. As mentioned previously, we could sort a double positive population binding rocuronium
labeled with 2 different dies to optimize the yield of specific B cell clones to eliminate the BCRs that bind
to the fluorochromes. We could also replace the marker CD27 that excludes Tbet+ B cells with the marker
of early Bmem CD45RB and we should add an IgM dump in the sort. Moreover, it would be interesting to
obtain crystal structures of human mAbs that are monospecific and cross-reactive to different NMBAs to

compare their binding modes.

Concerning the mouse models, we could improve the sensitization phase to mimic more closely the natural
route of human sensitization by environmental factors. Sensitizing the mice with QA-containing
compounds such as pholcodine or detergents and identifying NMBA-specific mAbs would validate the
cross-sensitization theory. Work can also be undertaken to identify the carrier molecule (if it exists) with
passive sensitization, mAb:rocuronium:protein pull-downs as mentioned in §6.3.2. Extending the work on
human models could greatly benefit the diagnostic work-up following an NMBA-mediated AHR in the
clinics to better anticipate the (cross)-reactivity to NMBAs by establishing a trend for the “typical” allergic

profiles.

Regarding the therapeutic applications and the reversal of neuromuscular, a lot of improvement can be

done in terms of therapeutic potency by optimizing antibody engineering, generating single domain mAbs,
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bi-specific mAbs, or using a cocktail of mAbs each targeting a distinct NMBA. Targeted mutagenesis could

be performed based on the crystal structures.

Finally, the major perspective of the project would be to identify anti-rocuronium IgE plasma cells and
their repertoires. We would need to access the long-lived IgE+ plasma cells that niche in allergic individuals
in the bone marrow and to sort antigen-specific plasma cells. For instance, we could use the technology
implemented in my lab that relies on the relocation of fluorescence onto a cluster of magnetic particles
inside a 40pL microfluidic droplets. It allows sorting based on the class of antibodies that is secreted by a
cell within a droplet (IgG, IgE) and if that antibody binds a given antigen'®. Patients are currently being
selected according to their IgE levels in the serum (ImmunoCAP or ELISA) and positive skin test to generate

a bone marrow aspirate biobank.

Hopefully, this work has cast light on the mechanisms and therapeutic applications of rocuronium-
mediated AHR and opens a lot of doors to unravel the mysteries behind these life-threatening and

unpredictable allergies.
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Sorting data

Monoclonal cultures

(8)
©) Total of
. A -
9 gamond HSA-roc+ ) Positive . sequenced
CD27+ Bmem L Total rocuronium- .
HSA- among HSA-roc Not inhibited " and paired
" and among cultured binding cultures
Patient Sort IgD- Bmem by free
total cells cells h
ELISA rocuronium VH + VL
% # (% among A)
0
% # # (% # (% among B) #)
among A)
49 10
1 56.2 -2.7 2.7 576
(8.5%) (20%)
#1_2014 57 (3.9%) 25
19 1
2 46.7 -1 6.5 864
(2.1%) (5%)
142 14
#1_2023 1 31.3-1 1 768 128 (16.7%) 76
(18%) (10%)
23 1
1 42.7-1 1.5 576
(4%) (4%)
20 5
#2 2 258-1 2.2 576 45 (2.6%) 32
(3,5%) (25%)
3 0
3 34.9-12 2.2 576
(0.5%) (0%)
5 0
1 29-0.7 3.7 576
(0.8%) (0%)
16 2
#3 2 20.5-0.9 3.9 576 23 (1.3%) 19
(2.8%) (13%)
4 0
3 453-11 3.1 576
(0.7%) (0%)

Supp. Table 1: Summary of sorting data, monoclonal culture data rocuronium-binding human CD27* memory
B cell sorting and monoclonal cultures. (Left) For each sort of each patient, the percentage of memory B cells sorted
(IgD) is indicated. IgD- memory B cells stained with HSA-roc but not with HSA (HSA-roc* HSA") are considered
rocuronium-specific. (Right) The number of rocuronium-specific monoclonal B cell cultures (identified by positive
anti-rocuronium ELISA and at least 50% signal inhibition using competitive ELISA with free rocuronium) are shown,
as well as the number of paired VH/VL sequences retrieved.
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Clonal HSAxoc | Competition
culture name| ELISA (D) ELISPA(OD) Inhibition (%)
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2611 0.263 0,357 5.7 17816 1017 0,751 26.2
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DIALL 033 0,028 915
D183 1,033 0,032 96.9
D1C8 0313 004 87.2
DID10 0,569 0,024 95.8
DIF1L 0519 0,068 86.9
DIHL0 1107 0,064 94.2
D2E2 1343 0156 88.4
D3F7 0,233 005 785
D3F8 1,459 0,246 83.1
D3H12 0218 0,053 75.7
D4G11 1,083 0,233 785
DaH7 0,293 0,041 86.0
D5B8 0,353 0,033 90.7
D5D5 0,235 0,034 855
DSE4 1213 0,002 924
DSEL0 0,872 0,581 334
D6B9 0.247 0,043 82.6
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onal roc | Competition .
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D6G1 0,832 0,039 95.3 B1A12 1416 0115 91,9
D6H8 0,228 0,037 83.8 B1C9 0,497 0041 918
Patients2
G3EL 1943 0,419 784 B1G2 0,669 0,098 854
GaHg 105 0,303 711 8289 0971 0,055 943
GaE12 0,003 0,353 645 82G12 0653 0039 94,0
GaG12 1419 0865 39.0 B2H2 0,766 0032 95.8
G5A4 0,872 0,129 85.2 B3A9 0441 0046 896
G5D1 0,432 0,284 343 B3FLL 1115 0.06 946
G264 0,845 0,147 82,6 B4D8 1402 0,465 66.8
G3AT 0,457 0,195 573 B4G4 1346 0046 96.6
Gar2 0,313 0,049 843 B4G8 0379 0029 92.3
G3G8 0,365 0,055 84,9 B5F3 0,549 0,029 94.7
G3F11 1319 0,398 69.8 Patienti3 BSFS5 026 0036 86.2
G3H10 1415 0,206 85.4 B5G9 1271 0,208 83,6
GaF12 1,404 0,044 32.8 B86C3 1,268 0041 96.8
GaE12 1453 0,465 68.0 B6E3 035 0042 88,0
GSHe 1018 0,283 72.2 H3Ad 0536 0139 74,1
G5HY 0,904 028 69,0 H3ca 0402 0,286 28,9
G683 0,786 0,788 03 H2A12 0859 0157 81,7
G6D6 0,756 0,276 635 H6C2 1328 0814 38.7
G6G5 12908 082 36.8 F3A6 1539 0117 924
G6B12 1245 0,189 84.8 F103 1394 012 914
E£788 1479 0345 76.7 F2F6 1422 0154 89.2
E11G7 0,278 0,073 73.7 F3HS 1,485 0,289 805
E1188 1401 0,391 721 F5E.L 1722 0341 80.2
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Supp. Table 2: ELISA results of all monoclonal cell cultures. Supernatant of monoclonal cultures with an ELISA
signal of HSAss-rocuronium minus the ELISA signal of HSA (HSA-roc ELISA) superior to 3 times the background
(i.e., OD>0.2) are shown. Competition was performed with 3,000 uM of free rocuronium. A monoclonal culture with
a percentage of inhibition > 50% was considered specific. Grey, non-specific cultures. Blue, cultures from which mAbs
were recombinantly produced.

Crystal

Fab m2B1+rocuronium

ScFv m1B6+rocuronium

Reservoir solution

70% (v/v) MPD
0.1M HEPES pH7.5

30%(v/v) PEG400
0.1M MES pH6.5
0.1 M Na Acetate

Protein concentration, mg/nm 7.1 15
Data collection
Synchrotron beamline PROXIMA 1 PROXIMA 2
Space group C2 C2221
Unit cell dimensions
ab,c(A) 161.57, 40.52, 69.78 135.47, 165.34, 127.52
a,b,g (°) 90, 100.40, 90 90, 90, 90
Resolution, A 47.8-1.65 (1.68-1.65) 128-1.70 (1.73-1.70)
Rmerge 0.092 (1.372) 0.079 (1.707)
Rpim 0.038 (0.561) 0.027 (0.594)
Unique reflections 53958 (2663) 93815 (4304)
<I/sigma(l)> 10.7 (1.4) 16.4 (1.4)
Mn(l) half-set correlation 0.998 (0.603) 0.999 (0.567)
Completeness, % 100.0 (100.0) 100.0 (100.0)
Multiplicity 6.9 (6.9) 9.6 (9.2)
Refinement
Resolution, A 37.5-1.65 (1.67-1.65) 50.0-1.70 (1.72-1.70)

No. of reflections

Rvalue, working set

Rfree

Non-hydrogen protein

atoms

No. of Waters

RMS deviations from ideal
bond length, A
bond angles, °

Ramachandran plot, %
preferred regions
allowed regions

outliers

52843 (1948)
0.173 (0.200)
0.301 (0.344)
3644

340

0.012
1.86

98.07
1.45
0.48

153886 (5647)
0.167 (0.299)
0.189 (0.288)
6409

818

0.015
1.99

96.15
3.11
0.74

Supp. Table 3: Crystallization conditions, data collection and refinement statistics of the m1B6-rocuronium and
m2B1-rocuronium co-crystal structures. Crystallization conditions, data collection and refinement statistics. Values
in parentheses are for the highest resolution shell.
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A. LuLISA IgG anti-Roc B. ImmunoCAP IgG anti-Roc C. ELISA IgG anti-Roc

Ty
E® . E
=) S .
26 ] o+ Patient#1_2014
s % ~=— Patient#1_2023
£ 4 = £ —o— Patient#2
g2 % -] —e— Patient#3
] Threshold E —e— Control serum
§ Ol 0 2ug/mL 8 0.0-
a5 100 1000
RO R & "
NSNS Serum dilution
ST
& ¥
O A AN
P P

Supp. Fig. 1: Screening for anti-rocuronium IgG in patient’s sera. IgG anti-rocuronium detection by (A) LuULISA
with a cut-off level at 0.2 ug/mL (n=1), (B) ImmunoCAP with a cut-off level at 0.13 KUA/L (n=1) (C) ELISA
performed in triplicates, in the serum of indicated patients or serum from five blood bank donors.
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Supp. Fig. 2: Gating strategy for the sorting of rocuronium-binding human memory B cells from human
PBMCs. (A) Full gating strategy for the single-cell sort of rocuronium-binding memory B cells (CD3- CD14 CD19*
CD38 CD27* IgD" HSA-roc* HSA") from the PBMCs of Patient#1 2014, as in Figure 1D. (B) Dot plots showing the
final sorting gate for all the sorts with percentages of cells gated among the represented cells in each panel.(C) Back
gating of the CD27+ population among CD3-, CD14-, CD38-, CD19+, HSA-Roc+, HSA-, IgD- cell populations.
Histogram of the CD27+ population for Patient#1 (orange), Patient#2 (blue) and Patient#3 (purple) are superimposed
on the histogram of the CD3-, CD14-, CD38-, and CD27- population. Percentage of CD27+ among antigen specific
cells are calculated compared to the CD27- population.
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Supp. Fig. 3. (A) Analysis of single-cell sorts of rocuronium-binding atypical and typical memory B cells. CD3
CD14  CD19* CD38 PBMCs from Patient#1 2023 were gated for (top, left) CD27+ IgD- cells, or (middle, left and
bottom, left) CD45RB+ IgD- cells, and immediately on their right for (top & middle) HSA-roc-APC+/HSA-roc-FITC+
(“HSA-roc double positive)”’or HSA-roc-APC+/HSA-FITC- (“HSA-roc+ HSA-*). Numbers in the panels indicate the
percentage of cells gated among the represented cells in each panel. The gates in the right column were used for single
cell sorting. Numbers in the panels indicate the percentage of cells gated among the represented cells in each panel.
(B) Summary of sorting data and monoclonal cultures. Note: Rocuronium specificity was assessed using
competition ELISA for which free rocuronium inhibited a minimum of 50% of the OD value in the absence of free
rocuronium. Strong versus weak binding (extreme right column) was determined by the ratio of the OD of the HSA-
rocuronium ELISA on the OD of the 1gG ELISA, with a ratio>1 being considered a strong binder.
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Supp. Fig. 4. (A) Analysis of single-cell sorts of rocuronium-binding typical and atypical memory B cells from
Patient#1 2023 and a healthy donor (HD). CD3 CD14  CD19* CD38 PBMCs from indicated individuals were
gated for (top) CD27+ IgD- cells, or (middle and bottom) CD45RB+ IgD- cells, and immediately on their right for
(top & middle) HSA-roc-APC+/HSA-roc-FITC+ (“HSA-roc double positive)”or HSA-roc-APC+/HSA-FITC- (“HSA-
roc+ HSA-*). Numbers in the panels indicate the percentage of cells gated among the represented cells in each panel.
The gates in the right column were used for single cell sorting. Numbers in the panels indicate the percentage of cells
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gated among the represented cells in each panel. (B) Summary of sorting data and monoclonal cultures. Note:
Rocuronium specificity was assessed using competition ELISA for which free rocuronium inhibited a minimum of
50% of the OD value in the absence of free rocuronium. Strong versus weak binding (extreme right column) was
determined by the ratio of the OD of the HSA-rocuronium ELISA on the OD of the 1gG ELISA, with a ratio>1 being
considered a strong binder.

VH mutations VL mutations
Patient mean median standard deviation mean median standard deviation
#1 2014 16.9 14 12.9 9.2 10 4.9
#1 2023 11.5 11 6.5 5.0 4 3.6
#2 15.0 15 8.4 7.8 8 4.8
#3 6.0 2 8.7 2.9 1 3.7
All 13.0 12 9.6 6.3 515} 4.7
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Supp. Fig. 5: Anti-rocuronium human VH and VL nucleotidic mutation frequency. (A) VH and VL mutation
frequencies compared to germline among VH-VL pairs from each patient or VH-VL pairs from all patients pooled
together (All). (B) Distribution of mutation frequency among (top) VH sequences and (bottom) VL sequences
compared to germline in indicated patient samples and from all patients pooled together (All).
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Supp. Fig. 6: Antibody repertoire analysis of the different patients. (A) Donut plot of V(D)J gene usage among all
the VH (n=211, indicated in the center of the donut) sequenced from monoclonal B cell cultures of the 3 patients. The
major V-J recombinations and their frequency (in parentheses) are indicated in color. (B) Sequence alignment of the
amino acid VH sequences from the 22 V-J families composed of at least 3 members using MUItiple Sequence
Comparison by Log- Expectation (Muscle) and colored by percentage identity. CDRs are framed in red. Names of the
V-J families are indicated over the alignments and colored in the donut plot.
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——@  mapsasn L
—» MABFZH11_VL
’ Germiine
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B
VH (V gene) VH (D gene) [VH (J gene) CDRS3
mAbF3D12_VH IGHV1-3*01 IGHD3-3*01 | IGHJ3*02 |[CARGAEYYDFWSGYSGGSDAFDIW

mAbB2G12_VH |IGHV3-23*01,IGHV3-23D*01|IGHD3-10*01| IGHJ4*02 |CEAVYGSGSYGVDYW

mAbB4D8_VH IGHV4-39*01 IGHD3-16*02| IGHJ4*02 [CARHPSYDYVWGNYRILLAYYFDYW
mADbB3A9_VH IGHV3-64D*06 IGHD6-19*01| IGHJ5*02 |[CVKDRSVAGKYNWFDPW
mABF2H11_VH IGHV3-74*01 IGHD3-3*01 | IGHJ4*02 |CARVRGVYYDFWSGYSSYFDYW

C
mAbF3D12 | mAbB2G12 | mAbB4D8 mMADbB3A9 | mABF2H11
mAbF3D12 - 48.30 44.62 50.39 55.47
mAbB2G12 - - 50.76 83.61 79.2
mAbB4D8 - - - 50.76 49.24
mADbB3A9 - - - - 78.4
mMABF2H11 - - - - -

Supp. Fig. 7. Characteristics of the VL clonal group encoded by KV3-20*01_J1*01 from Patient#3. (A) Tree
showing nucleotidic distances among the clonal group (identical VV-J genes and CDR3 length) composed of the five
VLs corresponding to a KV3-20*01 J1*01 rearrangement from Patient#3, and the GKV3-20 IGKJ1 germline
sequence. (B) Heavy chain V-D-J gene identity, CDR3 amino acid sequence and (C) peptidic sequence homology of
the antibodies belonging to the KV3-20*01_J1*01 clonal group from Patient#3.
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Supp. Fig. 8: Anti-rocuronium antibody repertoire comparison between Patient#1 2014 and Patient#1 2023.
(A) Sequence alignment of the amino acid VH sequences coded by identical V-J genes using MUItiple Sequence
Comparison by Log- Expectation (Muscle) and colored by percentage identity. CDRs are framed in red. Among those,
two VH sequences also share the same light chain rearrangement and are highlighted in green. (B) Comparison of
mAbs A2B4 and 12G11 with percentage similarities of pairwise alignment of the complete sequence.
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Supp. Fig. 9: Characterization of human anti-rocuronium mAbs. (A) Binding of human mAbs to rocuronium by
ELISA. (B) “Competitive ELISA” of anti-1gG rocuronium ELISA from (B) Patient#1_2014 and Patient#2 at fixed
mAb concentration (1.5 ng/mL) but increasing concentrations of indicated molecules free in solution. 5aDHT: 5-alpha-
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Di-Hydro-Testosterone; 1C50, Half-maximal inhibitory concentration. (C) Cross-reactivity test by ELISA of
representative mAbs. Various allergens (peanut extract, amoxicillin, and ovalbumin) were coated at 1 ug/mL with
mADb concentrations (2ug/mL - 0.03 ug/mL). For a fixed mAb concentration giving a signal ~OD0.7 the signal given
for the representative allergen is represented.
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Supp. Fig. 10: Affinity of human anti-rocuronium mAbs for haptenized or free rocuronium. (A) Bio-layer
interferometry affinity measurement of the interaction between immobilized HSA-roc and varying concentrations of
human mAbs in solution. A scheme of the setup is provided. (B) Surface Plasmon Resonance affinity measurement of
the interaction between immobilized human mAbs captured by an anti-Fc and varying concentrations of free
rocuronium in solution. A scheme of the setup is provided. (A-B) The KD was obtained by fitting the curves using a
heterogenous ligand model.
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Supp. Fig. 11: Affinity of mouse anti-rocuronium mAbs for haptenized or free rocuronium. (A) Bio-layer
interferometry affinity measurement of the interaction between immaobilized HSA-roc and varying concentrations of
mouse MADbs in solution. (B) Surface Plasmon Resonance affinity measurement of the interaction between
immobilized mouse mAbs captured by an anti-Fc and varying concentrations of free rocuronium in solution. (A-B)
Fitting was performed using kinetic analysis and 1:1 binding, and the Kp are indicated.
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Supp. Fig. 12. Density map of rocuronium within the binding cleft of mAb m2B1 and mAb m1B6. 2Fo-Fc electron
density omitmap contoured at 3.5¢ of Fab-m2B1-rocuronium (A) and scFv-mi1B6-rocuronium (B) showing the
rocuronium molecule in the binding site of both antibodies.
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Supp. Fig. 13: TOF measurement in the non-human primate cohort. TOF measurement in macaques following
rocuronium injection (200 pg/kg) to monitor neuromuscular reversal following injection of indicated compounds. The
time points of rocuronium injection, compound injection, resumption of spontaneous ventilation (SV) and TOF ratio
T4/Tref > 0.9 are indicated. Once deep neuromuscular blockade was established (absence of T1 response), indicated
concentrations of (first row) sugammadex, (second row) vehicle, (third row) m1B6 at 2.5 mg/mL, (fourth row) m1B6
at 5 mg/mL, (fifth row) m1B6 at 10 mg/mL, (sixth row) m1B6 at 15 mg/mL were injected. The ID of each macaque
is indicated. Red box illustrates the interruption of monitoring.
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Supp. Fig. 14: Follow-up of physiological parameters in macaques. Median and standard deviation of the macaques
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APPENDIX 2. Supplementary material from Article 2

SUPPLEMENTARY FIGURES
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Sup. Fig. 1: Chemical conjugation of rocuronium derivatives to a carrier protein. MALDI-TOF spectra of HSA
alone (top) and conjugated to rocuronium with molar ratios 1:10 (middle) and 1:32 (bottom). The light intensity
according to the mass (m) on charge (z) ratio is represented.
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Sup. Fig. 2: Microfluidic droplet assay to detect rocuronium-specific 1gG secreting cells. (A) Schematic of the in-
droplet assay. Superparamagnetic nanoparticles pre-coated with a VHH anti-mouse kappa chain align into a beadline
under the influence of a magnetic field applied to the microfluidic chip. If a kappa-light chain antibody-secreting cell
is present in the droplet, its antibody will be captured by the VHH onto the beadline. If this antibody is an 1gG it will
be bound by the Alexa Fluor (AF) 647-labeled F(ab’), anti-mouse 1gG Fc. If this antibody has affinity for rocuronium
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of a fixed laser-induced signal to be captured by the photomultipliers (PMTs). The peak fluorescence intensity is
acquired for each droplet. (B) Density plot representation of peak fluorescence intensity values for AF488 and AF6470f
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Supp. Fig. 3: Phylogenic analysis of the VH amino acid sequences of the “functional” antibody repertoire.
Circular plot showing the VH amino acid distance of sequences coded by identical V-J genes of the “functional”
repertoire i.e., with at least one family member having affinity for free rocuronium for each mouse (Fig A-D) and for
two mice combined (FigE). Trees are rooted according to the germline sequence. NB: the length of a branch represents
the number of mutations per residues as indicated by the scale (e.qg., for a sequence length of 100 amino acids, a length
of 0.01 corresponds to 1 amino acid mutation). Recombinantly produced and characterized mAbs for each family, and
their affinity for free rocuronium indicated by an inverted Kp color scale i.e., the better the affinity, the darker the
color.
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Supp. Fig. 4: “Competition ELISA” of anti-IgG rocuronium ELISA. Fixed mouse mAbs concentration at
300ng/mL were used in these competitive anti-HSA-rocuronium ELISA with increasing concentrations of indicated
molecules free in solution. 5a-DHT, 5-alpha-Di-Hydro-Testosterone; DS, Diisiopentyl succinate.
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Supp. Fig. 5: Avidity of anti-rocuronium mAbs for haptenized rocuronium. Bio-layer interferometry affinity
measurement of the interaction between immobilized HSA-rocuronium and varying concentrations of indicated mAbs
in solution. The KD was obtained by fitting the curves using a heterogenous ligand model.
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Supp. Fig. 6: Functional Antibody repertoire analysis of the mouse. (A) Donut plot of VVJ gene usage for the VH
and VL of the two mice. The name of a VV-J rearrangement is indicated if at least one VH or one VL with the same V-
J rearrangement has been identified as an anti-rocuronium antibody. (B) Circos plot of the functional antibody
repertoire for mouse 1 thus showing the VH and VL rearrangements of VH1-7_J2, VH1-55 J2 and VH1-81 J2. (C)
Distribution of nucleotidic mutation frequency among (top) VH sequences and (bottom) VL sequences compared to

germline in Mousel and Mouse2.
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REVIEW ARTICLE

Neuromuscular blocking agent induced hypersensitivity
reaction exploration: an update

Alice Dejoux, Luc de Chaisemartin, Pierre Bruhns, Dan Longrois and Aurélie Gouel-Chéron

Acute hypersensitivity reactions (AHRs) occurring in pres-
ent-day anaesthesia can have severe, sometimes fatal, con-
sequences and their incidence is increasing. The most
frequent allergens responsible for AHR during anaesthesia
are neuromuscular blocking agents (NMBAs) (70% of the
cases) followed by antibiotics (18%), patent blue dye and
methylene blue dye (5%), and latex (5%). Following an AHR,
strategies for subsequent anaesthetic procedures (especial-
ly the choice of an NMBA) may be difficult to formulate due to
inconclusive diagnostic analysis in up to 30% of AHRs.
Current diagnosis of AHR relies on the detection of mast
cell degranulation products and drug-specific type E immu-
noglobulins (IgE) in order to document an IgE-mediated
anaphylaxis (IgE endotype). Nonetheless, other IgE-indepen-
dent pathways can be involved in AHR, but their detection is

not currently available in standard situations. The different
mechanisms (endotypes) involved in peri-operative AHR may
contribute to the inconclusive diagnostic work-up and this
generates uncertainty concerning the culpable drug and
strategy for subsequent anaesthetic procedures. This review
provides details on the IgE endotype; an update on non-IgE
related endotypes and the novel diagnostic tools that could
characterise them. This detailed update is intended to pro-
vide explicit clinical reasoning tools to the anaesthesiologist
faced with an incomplete AHR diagnostic work-up and to
facilitate the decision-making process regarding anaesthetic
procedures following an AHR to NMBAs.

Published online 18 October 2022

KEY POINTS

e Anaesthesiologists may be confronted with an incon-
clusive diagnostic work-up in up to 30% of AHR
cases, thus impairing reliable selection of agents
(mainly NMBA) for subsequent
anaesthetic procedures.

e We suggest that part of the uncertainty concerning
the mechanism and the culpable drug may be related
to non-IgE mediated AHR. We present an update on
potential mechanisms of AHR such as [gG-mediated
and ‘Mas-related G protein-coupled receptor X2’
(MRGPRX?2).

e We suggest explicit decision-making algorithms to
help manage uncertainty regarding the choice of
anaesthetic drugs for subsequent anaesthetic pro-
cedures following an AHR with an inconclusive
diagnostic work-up.

e Potential new tests based on the detection of bio-
markers may open novel perspectives to improve the
diagnosis and guide anaesthesiologists to identify
the endotype responsible for a peri-operative
AHR event.

Glossary

Anaphylaxis: most severe form of AHR; can be fatal even
in healthy individuals

Drug-induced AHR: acute reaction (phenotype) follow-
ing exposure to a drug that does not refer to any specific
endotype (such as [gE-mediated)

Endotype: refers to biomarkers (not available to clinical
observation) that can characterise the sensitisation or the
mediators of an AHR
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Sensitisation endotype: refers to all biomarkers and
molecular mechanisms involved in the sensitisation step
to the culprit agent

Mediators endotype: refers to biomarkers that induce the
clinical signs (phenotype) of the AHR

Phenotype: clinical expression of the disease

Definitions and epidemiology

Allergies and atopy have become major public health
problems, with a rapidly growing incidence over the past
20years for reasons that are not yet fully understood.’
Anaphylaxis is the most severe form of an acute hyper-
sensitivity reaction (AHR) and has been defined in 2006
as ‘a serious allergic reaction that is rapid in onset and may
cause death’.? It can be fatal, even in healthy individuals.
Drugs have become an increasingly identified cause of
AHR in the practice of anaesthesia.” Peri-operative AHR
is relatively rare (1:3000 to 1:20000 patients who un-
dergo anaesthesia)™ but is associated with poor outcome
(mortality rates of ~4% and sequelae in 34% of cases).®’
In France, the most frequent allergens responsible for
AHR during anaesthesia are neuromuscular blocking
agents (NMBAs) (70% of the cases) followed by anti-
biotics (18%), patent blue dye and methylene blue dye
(5%), latex (5%), opioids (1%) and gelatins (<1%).®
Chlorhexidine is also becoming increasingly recognised
as a cause of peri-operative AHR.”

A major challenge during AHR is to identify the culpable
allergen in order to avoid subsequent exposures. This
identification relies on analysis of both clinical pheno-
types and biological endotypes. The clinical phenotype
represents the symptoms and signs of the disecase (e.g.
bronchospasm), whereas the biological endotype is the
underlying pathological mechanism (e.g. [gE sensitisa-
tion or endotype mediators of anaphylaxis). Several endo-
types can share the same phenotype, and vice versa. It may
also be possible that a similar sensitisation endotype is
associated with different endotypes of mediators. This
could explain the differences in the severity of clinical
manifestations for similar sensitisation endotypes. To
date, no detailed endotypes have been described for
allergic reactions, except for some asthma subtypes'’
and chronic rhinitis. Based on the first historical defini-
tion, the term ‘allergy’ often refers to the involvement of
type E immunoglobulin (IgE) endotype. Here, we chose
instead to use ‘AHR’, as this term does not refer to any
specific endotype and only indicates the clinical mani-
festations that are visible.

The purpose of this article is to review the current
knowledge about the pathophysiology of peri-operative
AHR to assist anaesthesiologists in understanding bio-
logical investigations after an initial reaction to an NMBA
and to guide their strategy for subsequent anaesthesia
drug selection. We also provide insights into new inves-
tigations that might help to explore alternative pathways
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that are not IgE-dependent. A comprehensive search of
Medline/PubMed, EMBASE, Scopus and Web of Sci-
ence databases was performed by AD and AGC. Studies
focusing on the pathophysiology of anaphylaxis were
considered, in human and in animal models.

Details related to the classical
immunoglobulin E mediated sensitisation
endotype

Following an AHR, the World Allergy Organisation''
recommends exploring the IgE-pathway'? in determin-
ing the endotype, as it is the most common mechanism.
"T'his exploration includes immediate evaluation of blood
histamine and tryptase concentrations, and delayed
investigations (6 to 8weeks following the AHR), such
as skin tests, serum IgE quantification, which might be
associated with basophil activation tests in some centres
(Fig. 1).

The classical pathway of allergies involves [gE antibodies
bound to their high-affinity IgE receptors (FceRI), which
are mainly expressed on the surface of mast cells and
basophils (Fig. 2). When an antigen binds to its specific
IgE (sIgE)/FceRI complex, this enables cross-linking
of FceRI at the cell surface of mast cells in tissues
and basophils in the circulation. This sIgE/FceRI aggre-
gation triggers degranulation and de-novo synthesis of
inflammatory mediators including, but not limited to,
histamine, tryptase, platelet-activating factor (PAF),
prostaglandin D2 and leukotrienes. Histamine and tryp-
tase are the only inflammatory mediators routinely mea-
sured to determine the endotype of an AHR. Histamine
released by mast cells and basophils is believed to be the
main cause of clinical symptoms and is detectable from 5
to 60 min after AHR onset.'>'* Thus, the detection of
histamine requires blood collection within the first 30 min
after AHR onset." Circulating histamine measurement is
recommended by the French Society of Anaesthesiology
and Intensive Care because peri-operative hypersensitiv-
ity diagnosis is highly probable when both histamine and
tryptase concentrations are elevated.'® Histamine can be
measured by mass spectrometry or competitive ELISA.
"This assay, however, is not used in all countries because
circulating histamine concentrations can be influenced by
various AHR-unrelated factors such as pregnancy, hae-
molysis and circadian rhythm.

Tryptase is a specific biomarker of mast cell degranula-
tion and, as such, is considered a marker of the IgE
pathway involvement. A consensus equation has been
defined to establish a significant rise of tryptase above
baseline, a signature of mast cell activation: peak tryptase
levels (ug1™") > 1.2 (baseline tryptase) + 2 (pgl™'); with
78% sensitivity, 91% specificity, 98% positive predictive
value and 44% negative predictive value.'” Mast cell
tryptase can be routinely measured in plasma or
serum by fluorescence immunoassay (FEIA) method
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Fig. 1 Diagnosis strategy of an immunoglobulin E endotype involvement based on the recommended allergist evaluation after a peri-operative acute
hypersensitivity reaction.
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(ImmunoCAP Tryptase; ThermoFisher Scientific, Wal-
tham, Massachusetts, USA).

Skin tests can identify the culpable agent through local
injection of the diluted suspected allergen'® that is
expected to trigger sIgE/FceRI on the surface of skin/
dermal mast cells, providing evidence of the involvement
of the IgE pathway in an individual. Skin tests mostly
consist of skin prick tests, which should be performed
first, and intradermal tests, which are performed if prick
tests are negative or unconclusive. The tests are per-
formed on the individual’s forearm, including a positive
and a negative control. Results are interpreted 15 min
post injection, a wheal above 3mm is considered a
positive result and a confirmation of IgE-dependent
activation of mast cells. Although skin tests are the
recommended first-line tests in intra-anaesthetic AHR,
interpretation should be cautious, as they can display
false-positive (attributable to the drug-causing skin irri-
tation) and false-negative results (if the drug concentra-
tion is too low). If performed in the conditions
recommended by the European Academy of Allergy
and Clinical Immunology (EAACI), their negative pre-
dictive value is above 95% for IgE-mediated AHR, and
their positive predictive value is considered excellent;
however, this is difficult to establish formally for ethical
reasons. This is the gold standard, despite no categoric
value, as no other appropriate techniques exist. As various
factors can affect both specificity and sensitivity of the

Copyright © 2022 European Society of Anaesthesiology and Intensive Care. Unauthorized reproduction of this article is prohibited.

test, it must be performed and analysed by a trained
physician.

There is debate on the nonirritant concentrations to use
for NMBAs skin tests. Thus, an expert consensus has
recently been published that defines concentrations for
peri-operative drugs.'® Technical procedures should be
consistently followed to permit accuracy and reproduc-
ibility. The tests should be performed from 4 to 6 weeks
until 4 months after the AHR, and after withdrawal of
antihistamine drugs for at least 5days prior to the test.
Other drugs may have to be withdrawn, including corti-
costeroids, drugs with antihistaminergic effects such as
some antidepressants and antipsychotics, beta-blockers
and angiotensin-converting enzyme inhibitors. However,
the latter drugs can only be temporarily withdrawn if
deemed clinically well tolerated by relevant specialists,
without increasing cardiovascular risks. The risk of ana-
phylaxis during skin tests, while feared, is extremely low,
especially if drug concentration recommendations are
strictly followed.'”** One major benefit of skin testing
in an NMBA-suspected AHR is the evaluation of NMBA
cross-reactivity, as recommendations allow reintroduc-
tion of NMBAs producing a negative skin testing, despite
previous documentation of IgE-mediated NMBA aller-
gies.”’ However, some authors recommend a cross-
validation with other in-vitro tests, such as basophil
activation tests (see below), to complement the assess-
ment provided by skin tests.?*

Eur J Anaesthesiol 2023; 40:95-104
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Fig. 2 Acute hypersensitivity reaction endotypes.
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One major cause of a false-positive skin test result is
mastocytosis, which is a rare mast cell clonal disorder
(prevalence 1 in 10000, but underdiagnosedB) charac-
terised by an abnormal increase in tissue mast cells, which
can present in two forms: cutaneous mastocytosis, the
most frequent phenotype, and systemic mastocytosis.**?°
Patients with mastocytosis can develop nonallergic AHR,
triggered by nonspecific stimuli such as histamine-releas-
ing drugs, mechanical (skin irritation) and physical factors
(hyperthermia). However, there is no evidence that there
is a higher prevalence of either nonallergic or [gE-medi-
ated drug-induced AHR in mastocytosis patients when
compared with the general population.*

In addition, the quantification of sIgE in the plasma or
serum of the patient is also used routinely in the diag-
nostic work-up following an AHR. The detection of sIgE
for a specific antigen usually involves a solid phase to
which the allergen is conjugated, and an anti-IgE anti-
body labelled with fluorescent or enzymatic tracer.'' The
sensitivity and negative predictive values of IgE testing

Eur J Anaesthesiol 2023; 40:95-104
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are poor, probably in part because of the very low con-
centration of IgE in serum/plasma. The half-life of IgE in
plasma is short and most IgE are captured and retained by
the high-affinity IgE receptors on mast cells in the tissues
and basophils which can preclude sIgE from being de-
tectable in the circulation. Some tests detecting [gE
against peri-operatively relevant allergens are available
for routine testing, including latex, amoxicillin, chlorhex-
idine, protamine and suxamethonium. Quaternary am-
monium moieties are present in all NMBAs and are
hypothesised to be the immunogenic epitope (Fig. 3).
Although the mechanisms are not fully understood, it is
hypothesised that quaternary ammonium sensitisation is
acquired through the environment as many compounds
contain tertiary or quaternary substituted ammonium
structures (e.g. detergents, cough syrups, cosmetics).?”*
Therefore, to quantify IgE specific to the quaternary
ammonium compound, an IgE-detection assay is avail-
able using a morphine surrogate possessing a quaternary
ammonium (ThermoFisher, Waltham, Massachusetts,
USA).?? Although this test is not used routinely
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Fig. 3 Chemical structures of three neuromuscular blocking agents and morphine.

(a) Succinylcholine; (b) Atracurium; (c) Rocuronium and (d) the morphine compound used in the ImmunoCap assay. Quaternary ammonium

compounds are circled in red.

worldwide, it can be valuable for detection of sensitisa-
tion to quaternary ammonium. It is supposed to detect
specific antibodies to rocuronium (the chemical structure
of which shares some similarities with morphine, in
addition to the quaternary ammonium compounds) and
suxamethonium; these two being the most allergenic
NMBAs (Fig. 3). However, the detection of sIgE against
quaternary ammonium morphine (QAM) should not be
used in individuals to define a risk of NMBA hypersen-
sitivity, as the pathogenic potential of sIgE without a
relevant clinical history is not established. Thus, consid-
ered individually, the positive predictive value of the
QOAM-slgE testing is low. This test does not represent
anything definite and should always be considered with
other investigations and a relevant clinical history.

In-vitro cellular activation tests can also be used, espe-
cially when uncertainty persists as to the culpable drug or
when the results of different tests are discordant. Indeed,
even though mast cell activation can be detected by flow
cytometry,”” the activation of these effector cells is
difficult to assess in humans due to their confinement
in tissues. Basophils circulating in peripheral blood are
taken as surrogates of mast cells using the basophil
activation test (BAT). During this test, several allergens
are tested 7z vitro at different concentrations, allowing the
detection of upregulated activation markers on the sur-
face of basophils as well as intracellular markers by flow
cytometry (when positive). BAT is a useful diagnostic
tool that enables simultancous testing of potentially
cross-reactive NMBAs®! and is an indicator of IgE-medi-
ated reactions. Studies show that BAT cannot replace
skin testing in the assessment of NMBA allergies but
should be used as an additional tool.** In IgE-mediated
AHR caused by a NMBA, BAT sensitivity and specificity
varies, depending on the NMBA tested and the protocol

used, from 38.5 to 92% and from 92 to 100%, respective-
1y.** In NMBA-related AHR, the positive predictive
value is high, whereas the negative predictive value is
around 15-20%.

On the basis of the medical history of the patient, the
clinical features of the reaction, and on the results of
these tests, the allergist will draw conclusions and deter-
mine if suspected drugs could be safely used or not in a
subsequent anaesthetic (Fig. 1.4

Anaesthetic strategy for subsequent
procedure after an neuromuscular blocking
agents induced acute hypersensitivity
reactions

From the above, it is obvious that even the diagnostic
work-up of a classical IgE-mediated endotype may still
give uncertainty and inconsistent results, with both false-
positive and false-negative results. When a single culpa-
ble agent is identified and it matches the clinical history,
the decision-making process is straightforward. The sit-
uation becomes complex when several agents are impli-
cated, when the identified agent does not match the
clinical history, or when the investigations performed
according to recommendations are inconsistent or discor-
dant. In these situations, the allergist cannot draw any
firm conclusion and recommends exclusion of all drugs
administered before the AHR. Unfortunately, this may
have important consequences for the patient’s future
anaesthesia procedures, as this decreases the choice of
drugs available for these.

Recently, we had to treat a woman that presented a year
ago with a grade IIT AHR related to atracurium. All skin
tests were negative, histamine and tryptase levels were
normal. For several medical reasons, she needed a rapid
sequence induction to permit a hernia correction

Eur J Anaesthesiol 2023; 40:95-104
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Fig. 4 Anaesthetic strategy according to allergist work-up.
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procedure. Several questions were raised in this situation.
Should we consider that skin tests have a 100% negative
predictive value (although non-IgE pathways have been
described with atracurium) and permit the administration
of all those NMBAs tested? Should we consider using cis-
atracurium as the NMBA with the fewest reported cross-
reactivities, although this would not be a good choice for a
rapid sequence induction? Should we use rocuronium
directly after a drug provocation test? Finally, should we
perform a procedure without NMBAs, although the sur-
gical procedure would be difficult without them?

Clinical reasoning should integrate all factors and should
be an incentive for anaesthesiologists to anticipate the
clinical consequences of false-positive and false-negative
diagnoses. As such, we suggest an algorithm that could
help anaesthesiologists to manage uncertainty and/or
inconclusive allergology evaluations (Fig. 4).

Non immunoglobulin E mediated endotypes
Immunoglobulin G mediated anaphylaxis
IgG-dependent anaphylaxis has been described, mainly
in animal models but also in humans. However, its
biomarkers are not yet part of routine investigations.*
This mechanism of anaphylaxis is mediated by an IgG/
antigen complex forming in the circulation (i.e. an anti-
body-antigen immune complex), which can engage Fc
gamma receptors (FcyRs) expressed on effector cells,
including neutrophils, macrophages and monocytes,
among other cells. [gG-mediated anaphylaxis has been
described and manipulated in rodents, particularly in
mouse models, and phenotypically resembles [gE-medi-
ated anaphylaxis with severe hypothermia, respiratory
distress and lethality at high allergen doses.***” The

Eur J Anaesthesiol 2023; 40:95-104

model was validated in ‘knock-in mice’ humanised for
the FcyR locus (i.e. mice expressing human IgG recep-
tors, in place of mouse IgG receptors) that were suscep-
tible to anaphylaxis.*® IgG-dependent anaphylaxis in
animal models relies on histamine and PAF as media-
tors.”® Neutrophils are major producers of PAF that is
released upon FcyR activation. Increased PAF levels
have been strongly correlated with anaphylaxis severity
in humans.***® As PAF concentration is extremely diffi-
cult to measure, another marker of interest for this
endotype is PAF acetylhydrolase activity, as this enzyme
regulates PAF levels. A low PAF acetylhydrolase activity
is correlated with increased severity of allergic reactions
in humans.*”~*!

Jonsson ez al.*® showed that IgG-dependent anaphylaxis
to NMBAs in humans is preferentially triggered via
FcyR-mediated neutrophil activation and associated with
the production of neutrophil extracellular traps (NET's).
In this study, concentrations of anti-NMBA IgG, markers
of FcyR activation, PAF release and neutrophil activation
correlated with anaphylaxis severity. Interestingly,
whereas some patients displayed both IgE and IgG
endotypes, others in that cohort presented with only
one endotype, either IgE or IgG. Thus, this work sug-
gests that the IgG-dependent pathway may not only
increase the severity of IgE-mediated hypersensitivity
reactions but may also be triggered in the absence of
activation of the classical IgE-dependent pathway, lead-
ing to potentially (more) severe anaphylactic reactions.

Platelets represent another cell type involved in the IgG
endotype, as they express the activating [gG receptor
FcyRITA/CD32A on their surface. In human FcyR-
expressing mouse models, platelet counts dropped
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markedly within minutes of anaphylaxis induction and
only when mice expressed the human IgG receptor
FcyRIIA/CD32A. Platelet depletion prior to allergen
challenge attenuated anaphylaxis, whereas thrombo-
cythaemia substantially worsened its severity.** Seroto-
nin released by activated platelets contributed to
anaphylaxis severity in this model. These experimental
observations were confirmed in data from a cohort of
patients suffering from NMBA-induced anaphylaxis,
wherein it was shown that platelet activation was associ-
ated with anaphylaxis severity and was accompanied by a
reduction in circulating platelet numbers.** This suggests
that platelets could have a critical role in IgG-dependent
anaphylaxis and function as modulators of the reaction
severity. Furthermore, this study demonstrates that sero-
tonin, in addition to PAF, could be a biomarker of 1gG-
dependent anaphylaxis in humans.

Endotype of mediators responsible for an
acute hypersensitivity reaction in the absence
of previous exposure/sensitisation

It has recently been shown /# vitro that some drugs can
bypass the antibody-mediated activation pathway and
trigger mast cell degranulation directly via a mast cell-
specific receptor known as MRGPRX2. On the basis of
in-vitro data, this pathway has been suggested to repre-
sent around 30% of AHR events* if the local concentra-
tion of the drug is high enough to allow MRGPRX2
activation, which remains a critical consideration for
the importance of this pathway in human AHR. Indeed,
the allergens identified as activators of MRGPRX2
in vitro usually include positively charged small drugs**
that interact with human MRGPRX2 with very low
affinities,** precluding MRGPRX2 activation at clini-
cal doses of these drugs. The mouse ortholog of human
MRGPRX2, Mrgprb2, has significantly higher affinity
for most drugs tested so far,** generating confusion in
the field. Nevertheless, several drugs used in the peri-
operative context have been proposed to trigger such a
mechanism, including morphine, hydrocodone, fluoro-
quinolones (ciprofloxacin, moxifloxacin, levofloxacin,
ofloxacin) and NMBAs, such as rocuronium,*’ atracur-
jum, cisatracurium® and mivacurium.** Nonetheless,
there are several controversies on the role of NMBAs
on MRGPRX?Z-induced anaphylaxis reactions. For exam-
ple, it has been suggested that hypersensitivity to rocur-
onium is mostly [gE-dependentand thatitis only in a few
patients that antirocuronium IgE could not be detected.
In these patients, it has been proposed that their AHR
could be due to off-target occupation of the MRGPRX2
receptor by rocuronium®® even though the affinity of
rocuronium for MRGPRX2 is very low.***

Several mysteries remain unsolved around MRGPRX2
activation. Although MRGPRXZ2 activation is well sup-
ported by in-vitro studies, to the best of our knowledge, it
has never been identified in humans as the sole AHR

pathway, as it is not possible to directly prove its activa-
tion. Furthermore, MRGPRX2 expression is particularly
pronounced in human skin mast cells and is less pro-
nounced in the gut and the lung. Thus, it might be
expected that cutaneous symptoms may be predominant
in MRGPRX2-dependent anaphylaxis, although this has
never been formally reported. The phenotype of
MRGPRX2-dependent AHR and initial biological results
are expected to be similar between IgE endotypes and
MRGPRX2 activation mechanisms, as they both lead to
histamine and tryptase release.”’ Thus, a similar media-
tors endotype can result in similar phenotypes of AHR, in
the absence or presence of a sensitisation (IgE and or
IgG) endotype. Even if MRGRPX2 activation should
only be suspected if the allergen concentrations are high
enough to activate the receptor,®® distinction between
the two pathways might be especially challenging. Some
researchers have suggested that BAT and sIgE could help
to distinguish between IgE and MRGPRX2 endotypes.*”
However, both have a low sensitivity, making them
unsuitable for that purpose.

Determination of the true involvement of MRGPRX2 in
human AHR may be crucial in the future, as some authors
have suggested that a MRGPRX2 blockade could be a
potential treatment to prevent such episodes. Nonethe-
less, most of this work has only been reported in-vitro or
in animal models.>

New diagnoses and explorations tests

"T'o help anaesthesiologists to navigate through the uncer-
tainty and to better understand the endotypes involved in
AHRs, several strategies and assays may be of help in the
upcoming years.

New slgE diagnosis

Although the gold standard in NMBA AHR diagnosis and
cross-reactivity assessment relies on skin testing, aminos-
teroids and some NMBAs (vecuronium, and rocuronium,
cisatracurium and atracurium) have the potential to induce
nonspecific skin reactivities in healthy volunteers.* To
improve IgE pathway investigations and accurate diagno-
ses concerning NMBAs, new NMBA assays have recently
been developed, in particular for sIgE detection of atracur-
ium and rocuronium. These tests, that remain research
tools only, would help to improve the skin testing perfor-
mance if they were validated for clinical use.

For atracurium sIgE, Uyttebroek ez a/>® used a solid
phase to bind a molecule chemically similar to the
hemi-atracurium, named tetrahydropapaverine. This test
is able to detect sIgE to atracurium with a 57% sensitivity
and 100% specificity, but only in seven patients with
positive sensitivity test to atracurium.>® If this test can
reproducibly identify sIgE in larger cohorts of patients
who experienced atracurium-induced AHR, it would be
of major importance. So far, there is no evidence of an IgE
pathway in atracurium-induced AHR in human and
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animal models, suggesting that this reaction might be
related to alternative mechanisms, such as the ones

described above (e.g. MRGPRX2Z-mediated).

For detection of rocuronium sIgE, two assays have been
developed. The first one, a rocuronium-based radio im-
munoassay, failed in terms of diagnostic performances, as
it was positive in only three of 13 patients with rocur-
onium-induced AHR.*® The second one relies on an
ImmunoCAP slgE assay against rocuronium. In a cohort
of 72 patients who presented with severe IgE-mediated
AHR (established through skin test and BA'T positivity),
80% of the positive patients had detectable IgE against-
rocuronium. However, 24% of the patients with an AHR
not related to a NMBA also had positive sIgE against
rocuronium.”” Another team evaluated this same assay in
25 rocuronium allergic patients (defined based on a
positive skin-testing and a medical compatible history),
and demonstrated sensitivity of 88% and specificity of
93%.% If this test were to be validated, one would first
have to resolve the controversy on the threshold to apply.
Indeed, the second team (Leysen er d/.57) used the
conventional threshold used for other ImmunoCAP
assays (0.35 kUa 171), whereas the third team (Uyttebroek
et al™) suggested decreasing the threshold to
0.13kUal™". Of interest, in order to improve the sensi-
tivity and specificity, Goyard ez />® created a highly
sensitive ELLISA method based on bioluminescent de-
tection of IgE using a high-affinity anti-IgE nanobody
coupled to an enhanced luciferase. This method, named
luciferase-linked immunosorbent assay (LulLISA), has
been wvalidated clinically for the detection of anti-
SARS-CoV-2 spike antibodies, and opens new perspec-

tives for the diagnosis of drug-induced allergic diseases.”

Tests for immunoglobulin E and non-immunogloblin E
endotypes

Hopefully, new tests will be introduced in the future to
investigate the AHR endotype and identify the culpable
drug(s). This would increase patients’ safety and help
anaesthesiologists to manage uncertainty. So far, PAF
acetylhydrolase detection is not included in clinical rou-
tine but could be a truly useful tool to investigate the
existence of an IgG endotype. Detection of specific [gG
in sera of patients who suffered from drug-induced AHR
could provide useful additional information on the path-
way involved. The specific IgG levels can be measured
by ImmunoCAP® or classical ELISA, and has been used
in the French cohort on [gG-induced NMBA-anaphylax-
is,°! although in this context, the difference of levels
between patients and controls was insufficient, preclud-
ing clinical use.

Novel biomarkers of anaphylaxis have recently been
identified and could open perspectives to improve the
diagnosis of anaphylaxis. Indeed, increasing levels of
mast cell chymase in human serum measured by ELISA
has been shown to correlate with anaphylaxis severity.®?

Eur J Anaesthesiol 2023; 40:95-104

Moreover, mast cell carboxypeptidase A3 could also be a
predictive biomarker in allergic reactions, as it has been
shown to be higher in serum and saliva of patients after an
anaphylactic episode, especially if they experienced se-
vere symptoms.®> A major advantage of using carboxy-
peptidase A3 as a biomarker of allergic reactions is its
longer half-life compared with tryptase, thus increasing
the time window for investigation. T'wo studies have
looked into levels of dipeptidyl peptidase 1 (DPPI),
another mast cell enzyme, during anaphylaxis in
humans® and mice.”* Both studies established that
DDPI levels correlated with mast cell chymase levels
and could be essential for their activation. The mouse
study confirmed that DDPI, carboxypeptidase and chy-
mase levels were correlated but did not correlate with
tryptase levels.

62

In addition, serum levels of the chemokine CCL2 were
measured in patients who experienced anaphylactic reac-
tions to venom. The study reported elevated CCL2
levels correlating with reduced numbers of circulating
basophils measured by flow cytometry in anaphylactic
patients compared with controls.®®> Finally, another po-
tential biomarker could be basogranulin as an indicator
of basophil activation during IgE-dependent and IgE-
independent anaphylaxis.®®

To date, only one or two reports have been published for
each of these latter biomarkers, making it difficult to
confirm their sensitivity and specificity, or even the
validity of each of these tests. The main limitation of
these studies is the management of anaphylaxis that
differs for each patient. The administration of corticoids,
for example, can affect the levels of lymphocytes, baso-
phils and neutrophils in the blood, thus introducing
variability between patients and studies. Perhaps only
the combination of several new biomarkers could
improve AHR diagnostics and endotype identification.
A larger study including biomarkers of the various endo-
types is warranted to allow the comparison and validation
of these additional explorations, and to report on the
relative contributions of AHR endotypes in drug allergy.

Drug provocation tests

For allergies to food or antibiotics, the gold standard for
identifying the culprit allergen is the provocation test,
which consist of the administration of the suspected
culpable agent (after a negative skin test). The absence
of clinical symptoms confirms the absence of the IgE-
pathway involvement. Although drug provocation tests
(DP'T's) are the gold standard for drug hypersensitivity
diagnosis, no recommendations exist on DPT with peri-
operative drugs,®” as many of them are only to be used in
an operating room or in an intensive care unit. Performing
some DPT's might even require intubation and mechani-
cal ventilation such as test involving hypnotics or
NMBAs. In that context, some centres in Denmark,®®
Spain, New Zealand and Australia®’ reported the
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development of DPT procedures for NMBA-related
AHR investigations. Controversies exist on the validity
of such procedures, particularly regarding the patient’s
safety. However, if standardised protocols could be
applicable under strict ICU surveillance and, without
administering more than 10% of the clinically effective
dose, it would firmly conclude the contribution of a
particular drug to the AHR.

Conclusion

An AHR phenotype observed by the physician in the
operating room may not correlate to a specific endotype
(sensitisation or mediators) identified through routine
biological and allergological evaluations as all of these
clinically used tests rely on investigating the IgE-path-
way, at least for the moment. According to the results, the
allergist may not be able to draw firm conclusions on the
culpable drug/substance and therefore formulate clear
recommendations for the use/exclusion of specific drug(s)
for subsequent anaesthetic procedures. When an IgE
pathway has been diagnosed and a culpable drug identi-
fied, the strategy is straightforward. Uncertainty arises
when the routine clinical diagnostic work-up is discordant
with the clinical phenotype or when it is negative. Despite
the recommendation that a NMBA producing a negative
intradermal test and a negative skin prick test can be safely
injected for subsequent anaesthesia procedures,**” anaes-
thesiologists might be reluctant to do so. However, espe-
cially for drugs responsible for the activation of MRGPRX2
(notably atracurium),?"**7%=72 reintroduction of the sus-
pected agent might be possible if the dose and speed of
administration are lower. There is an urgent need for
validation, and adoption in clinical practice, of new biolog-
ical tests/strategies that would decrease the level of uncer-
tainty (but probably will never eliminate it). It is therefore
necessary to formulate explicit decision algorithms that
could help anaesthesiologists take into consideration the
possible clinical consequences of false-positive and false-
negative results.
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Simple Summary: Anaphylaxis is the most severe form of allergic reactions and can be life-threatening.
It is very difficult to study the mechanisms underlying anaphylaxis in humans since these events
are rare and often lethal. Therefore, animal models have been established. Mice and rats are mostly
used since their biological parameters, such as temperature drop, behavioral changes, and blood
or cell biomarkers, can be easily measured in the laboratory. These animals can also be genetically
modified to express human proteins and cell functions. Different animal models have been established
to replicate as closely as possible the natural route of sensitization to the allergen and to trigger
anaphylaxis in animals. These animal models have deepened our knowledge on human anaphylaxis
with certain limitations, as discussed in this review.

Abstract: Allergies and atopy have emerged as significant public health concerns, with a progressively
increasing incidence over the last two decades. Anaphylaxis is the most severe form of allergic
reactions, characterized by a rapid onset and potentially fatal outcome, even in healthy individuals.
Due to the unpredictable nature and potential lethality of anaphylaxis and the wide range of allergens
involved, clinical studies in human patients have proven to be challenging. Diagnosis is further
complicated by the lack of reliable laboratory biomarkers to confirm clinical suspicion. Thus, animal
models have been developed to replicate human anaphylaxis and explore its pathophysiology.
Whereas results obtained from animal models may not always be directly translatable to humans,
they serve as a foundation for understanding the underlying mechanisms. Animal models are an
essential tool for investigating new biomarkers that could be incorporated into the allergy workup
for patients, as well as for the development of novel treatments. Two primary pathways have
been described in animals and humans: classic, predominantly involving IgE and histamine, and
alternative, reliant on IgG and the platelet-activating factor. This review will focus essentially on the
former and aims to describe the most utilized IgE-mediated anaphylaxis animal models, including
their respective advantages and limitations.

Keywords: allergy; anaphylaxis; IgE; animal models

1. Introduction

Allergies and atopy have emerged as significant public health concerns with a growing
incidence over the last two decades, for reasons not yet entirely understood [1]. Anaphy-
laxis, the most severe form of acute hypersensitivity reaction, has been defined as a “serious
allergic reaction that is rapid in onset and may result in death” [2]. It can be fatal, even
in healthy individuals, with food and drugs being the most widely recognized culprit
agents [3]. There are different definitions of anaphylaxis in the literature: some require
a systemic and generalized reaction, whereas other definitions require symptoms in one
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organ system [4]. Typical symptoms (also called phenotype) of anaphylaxis include skin
rash, respiratory symptoms with bronchospasm, cardiovascular symptoms with arterial
hypotension, tachy/bradycardia and cardiac arrest in the most severe form, and gas-
trointestinal difficulties [5]. According to the World Allergy Organization, anaphylaxis is
diagnosed when one of the following criteria is fulfilled: (1) an acute onset of an illness
with the involvement of the skin or mucosal tissues, or (2) an acute onset of hypotension or
bronchospasm even in the absence of skin involvement.

In human patients, studies of anaphylaxis are challenging because of the rapid onset
and potential lethality of the reaction. For obvious ethical reasons, inducing anaphylaxis in
humans is not acceptable. Most of the time, the reaction takes place outside the hospital,
making it difficult to study the early stage of the reaction. Epinephrine is the predominant
treatment against anaphylaxis since it counteracts the physiologic changes induced by
anaphylaxis through the activation of adrenergic receptors by inducing, among other
effects, vasoconstriction and bronchodilation. Because of this context and the lethality of the
reaction, randomized control trials analyzing epinephrine compared to another treatment,
such as methylene blue, vasopressin, or norepinephrine, would not be acceptable without
strong animal evidence of efficacy. Most data in humans have so far relied on clinical
case series [6,7]. Additionally, the type and quantity of allergens, as well as the route of
exposure, may vary greatly between patients. Symptoms can occur within seconds to a
few hours after allergen exposure and can affect multiple organ systems, although not all
may be affected in a single allergic reaction. Early intervention is essential, and it has been
identified as a positive prognostic factor [8]. The lack of reliable biomarkers to confirm the
clinical prognosis and the difficulties in diagnosis further impede research into anaphylaxis
in the clinic.

Due to these challenges, animal models have been established to reproduce as faith-
fully as possible the pathophysiology of human anaphylaxis [9]. Such tools include genet-
ically modified strains that can express humanized proteins (i.e., receptors and ligands)
or suppress the expression of murine genes. Although findings obtained from animal
models may not completely replicate human anaphylaxis, they provide a framework for
comprehending the mechanisms at work [10]. Furthermore, they are an invaluable tool
for exploring potential new biomarkers that could be included in the allergy work-up for
patients and new treatments.

The classical pathway of anaphylaxis involves immunoglobulin (Ig) E antibodies,
but other alternative pathways have been described in humans. The non-IgE mediated
pathways include the formation of IgG/antigen complexes that can activate effector cells
such as neutrophils, macrophages, and monocytes [11]. This review aims to outline the
most used IgE-mediated anaphylaxis animal models and their respective advantages
and limitations.

2. Physiopathology
2.1. Antibodies in IgE-Mediated Anaphylaxis

Two independent mechanisms have been described in animal models of anaphylaxis,
each of them involving antibodies of a distinct isotype (IgE or IgG); the first of these,
referred to as the classical pathway, is the subject of this review [11]. Ig is a symmetrical
protein composed of two identical heavy and light chains that possesses a variable and
a constant region. The amino acids forming the variable region are involved in antigen
binding and define the specificity of the antibody for a unique antigen. The constant
region is responsible for mediating effector functions by binding to receptors expressed
on the cell surface. This determines the underlying mechanisms activated in response
to the presence of antibodies recognizing the antigen. Such mechanisms can include cell
activation, endocytosis, release of inflammatory mediators, and complement activation.
The heavy-chain constant region also determines the antibody isotype: IgG, IgA, IgM, IgD,
or IgE, each possessing a distinct role [12].
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The binding of Ig to antibody Fc receptors (FcR) expressed on the surface of effector
cells triggers a biological response that can include activating or inhibitory signals. The
formation of an antibody-antigen complex is necessary to trigger the cellular response by
causing receptor aggregation or cross-linking. FcRs possess different affinities for their
respective Ig isotypes, which can vary from one species to another [13]. Most FcRs, however,
are of low affinity and only retain Ig if present as an immune complex, opsonized on a
surface, or aggregated. Rare high-affinity receptors exist that can bind and retain Ig, such
as the IgE receptor FceRI. In humans, FceRI and FceRII (CD23) are IgE receptors, FcyRs are
IgG receptors, and FcaRI (CD89) is an IgA receptor. Mice do not express FcaRI, and most
of their IgG receptors bind IgE with low affinity (inhibitory mouse FcyRIIB and activating
mouse FcyRIII and FcyRIV) [14,15]. FceRI, the high-affinity IgE receptor, is composed
of «, 3, and y subunits (xfy, tetramers) in human and mouse mast cells and basophils,
whereas it is composed of only o« and y subunits (xy; trimers) in human macrophages
and Langerhans cells [15]. These differences in the cell expression pattern might alter the
translation of mouse experimental results to humans. The 3 subunit enhances signaling
through FceRI but is not required for binding; indeed, it has been shown that the « subunit
of the hIgE receptor is sufficient for high-affinity IgE binding [16].

2.2. Mechanisms of IgE-Mediated Anaphylaxis

Although other mechanisms have been described, the classical pathway of anaphylaxis
involves IgE antibodies bound to their high-affinity receptors (FceRI), which are mainly
expressed on the surface of mast cells in tissues and basophils in circulation. This pathway
requires a two-step process. First the sensitization phase: pre-exposure to the antigen
that leads to the synthesis of a specific IgE (sIgE) that binds on the surface of the effector
cells in a T-cell helper type 2 (Th2) environment. Activated Th2 lymphocytes secrete
cytokines IL-4, IL-5, and IL-13, which induce IgE class switch recombination in B cells and
their differentiation into IgE-secreting plasma cells. This secreted IgE binds to FceRI on
mast cells forming IgE/FceRI complexes. The second phase occurs following a second
antigen exposure, during which antigens bind to at least two IgE/FceRI complexes enabling
the cross-linking of the receptor and the induction of signal transduction by the y and
 chains. This sIgE/FceRI aggregation triggers the degranulation of pre-stored and de
novo synthesized inflammatory mediators such as histamine (primarily responsible for
the development of the reaction), tryptase, platelet-activating factor (PAF), prostaglandin
D2, and leukotrienes, leading to clinical signs of anaphylaxis (Figure 1) [17]. Mast cells are
key players in allergic disease and have been recognized as the main cell responsible for
anaphylaxis events for more than 50 years [18]. Indeed, their activation by the antigen-
induced IgE crosslinking of FceRI induces a feed-back loop stimulating mast cell survival
and, in B cells, a mechanism of immunoglobulin class switch to IgE, further promoting Th2-
type immunity [19]. Mast cell mediators can be released by either sIgE/FceRI aggregation
in the presence of the specific antigen or by IgE-independent degranulation. Indeed, some
drugs can directly trigger mast cell degranulation in vitro via the activation of the mast cell
receptor ‘Mas-related G protein-coupled receptor X2' (MRGPRX2) [20], although no formal
proof has been reported in vivo in humans so far. Finally, human cardiac mast cells are also
suspected to be involved in cardiac anaphylaxis phenotypes, such as the type 1 Kounis
syndrome, which is characterized by vasospasm in healthy coronary arteries [21].

Whereas the nature of the allergen and the route of sensitization are usually well
known in food or venom anaphylaxis, this is not usually the case for drug allergies, since
some molecules are non-immunogenic and drug-induced anaphylaxis occurs frequently
upon the first exposure to the patient. The mechanism of drug sensitization has been the
subject of intense research in recent years [22]. The leading theory is that some drugs can
form a complex with a carrier protein (the hapten theory) that will be recognized as a
neo-antigen.
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Figure 1. Pathway of IgE-mediated anaphylaxis. A first antigen exposure is required for specific
IgE synthesis by plasma cells in a Th2 environment. The second antigen exposure enables the cross-
linking of FceRI by the binding of the antigen on the specific sIgE/FceRI complex. The sIgE/FceRI
aggregation triggers mast cell and basophil degranulation, which releases inflammatory mediators
responsible for the clinical symptoms of anaphylaxis.

3. Anaphylaxis Monitoring in Animal Models

The use of animals in research requires approval from an ethical committee and
compliance with the Guiding Principles for Research Involving Animals, regardless of the
species involved. Whereas animal models have been predominantly established in mice
and rats, reports have also been published for other species such as rabbits [8], guinea
pigs [23], dogs [24], sheep [25], pigs, and swine [26]. These have been largely described
elsewhere and are not the subject of this review [27,28].

Anaphylactic reactions can include a large range of symptoms in humans, such as
arterial hypotension, vasodilation, bronchoconstriction, erythema, and arrhythmia as pre-
viously described [4]. To model anaphylaxis in animals, the consequences of the induced
reaction on the hemodynamic and respiratory system must be measured. In mouse models,
invasive monitoring can present challenges because of the small size of the animal. Al-
though feasible, it requires specific equipment, and surgery which is time-consuming to
setup and therefore not often used. To replace this approach, clinical noninvasive tools are
thus required. Hypothermia, measured by rectal temperature, is widely used to evaluate
anaphylaxis severity in mice, as it is considered a surrogate marker of cardiac output. Other
monitoring tools can include a quantitative mouse activity scale (3, normal activity; 2, slow
movement after prodding; 1, no movement in response to prodding; and 0, inability to right
itself after being turned on its side) and diarrhea occurrence, which is thought to positively
correlate with levels of intestinal mast cells [29]. To the best of our knowledge, most of the
anaphylaxis mouse models reported so far relied on these measures to assess anaphylaxis.

As opposed to mice, all anaphylaxis models on rats have used invasive measurements
to assess the impacts of anaphylaxis on the respiratory and hemodynamic system. As
rats are larger in size compared to mice, certain procedures are easier to perform, such
as tracheal intubation or tracheotomy; artery and vein line placement (femoral, jugular,
or carotid); and the insertion of tissue oxygen pressure (PtiO2) and microdialysis probes.
These procedures enable the monitoring of mean arterial pressure, blood flow velocity, vas-
cular peripheral resistance, and muscular interstitial lactate concentration. They also allow
biological sampling such as arterial blood gases and hematologic measurements. A precise
evaluation of the decreased vascular resistance, fluid loss, and hemodynamic impairment
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induced by a reaction can be performed with these monitoring devices (Table 1). Respi-
ratory resistance and elastance, microvascular leakage in the airways [30], and extensive
cerebral monitoring [31] can also be more easily performed in rats, including measure-
ments of cerebral cortical blood flow, carotid artery blood flow, cerebral oxygen partial
pressure, cerebral interstitial lactate/pyruvate ratio, and PtiO2 via electrode insertion af-
ter craniotomy into the right cerebral cortex [32-34]. The objectives are to evaluate the
consequences of the hemodynamic failure induced by anaphylaxis on the cerebral oxy-
genation (Table 1). Hemodynamic measurements (micro- and macro-circulation), including
cardiac output, skeletal muscular oxygen partial pressure, skeletal muscular interstitial
lactate/pyruvate ratio, and PtiO2, can also be extended using perivascular ultrasonic flow
probes placed around the upper abdominal aorta or by inserting an electrode into mus-
cles, among other techniques [32]. Left-ventricular function can be assessed by inserting
a catheter into the left ventricle to measure direct pressure. Similarly, as performed in
humans, cardiac echography enables left-ventricular end-diastolic and systolic diameter
measurements, allowing for the calculation of the left-ventricular shortening fraction [35].
Although these measures have been reported in mice, they have never been assessed in
anaphylaxis models [36].

Table 1. Summary of the different monitoring approaches available in mice or rats to evaluate
physiological parameters during anaphylaxis experiments.

Animal Physiological Parameter Probes for Measurement
Drop in core body temperature Rectal temperature
Level of intestinal mast cells Occurrence of diarrhea
. Reduced physical activity Activity scale
Mice/rats Decreased vascular resistance, fluid loss, Tracheal intubation, vein
and hemodynamic impairment line placement

PtiO2 and micro-dialysis probes
in the quadriceps muscle
Measurements of cerebral cortical
blood flow and oxygen
partial pressure
Perivascular ultrasonic

Muscular interstitial lactate concentration

Hemodynamic failure of
Mostly rats cerebral oxygenation

Hemodynamic failure

flow probes
Left-ventricular function impairment Catheter insertion
Vascular leakage due to histamine release Hematocrit measurement

Acute hemoconcentration, as assessed by an increase in the hemoglobin concentration
in the absence of acute diuresis, has been suggested as a highly indicative marker of
anaphylaxis occurrence and vascular leak. Hematocrit measurement and, consequently, the
correction of hemoconcentration can attest to the efficacy of volume expansion and have
been suggested as a monitoring tool in animal studies [37]. However, performing blood
draws on a mouse during an anaphylactic reaction is hardly feasible, if not impossible,
as the blood pressure is too low. However, animals are often sacrificed at the end of the
anaphylaxis experiments, allowing for blood sampling and tissue collection for biomarker
measurement, cytometry, and histological analyses [38,39].

In most mouse anaphylaxis models reported so far, clinical surrogate measurements
have been used (rectal temperature, behavior scale), whereas the use of larger animals, such
as rats, enables the measurement of particular outcomes such as hemodynamic changes,
particularly in assessing treatment efficacy and its effects on cerebral oxygenation, cardiac
output, and vascular leakage [40,41].

4. Animal Models

In immunization procedures, the use of adjuvants is imperative to bypass the phe-
nomenon of oral tolerance to proteins observed in most animal species. The goal is to
induce clinical responses that closely resemble IgE-mediated food and drug allergies in
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humans. The extent of sensitization depends on various factors, including antigen concen-
tration, administration route and duration, animal age and strain, Th1/Th2 polarization
(which is more distinct in mice compared to humans), and use of adjuvants.

4.1. Sensitization Routes

Sensitization success varies considerably according to the route of administration,
dose, and frequency of injections. Various routes of immunization can be used to induce
sensitization, including oral gavage; epicutaneous, subcutaneous, or intradermal exposure;
and intraperitoneal or intravenous injections.

It is generally accepted that among adjuvants, alum favors the production of IgG1 and
IgE antibodies in wild-type mice, whereas Complete Freund’s Adjuvant (CFA) favors IgG2
antibodies, even if mice with different genetic backgrounds can display different responses
to immunization with these adjuvants [42]. In both cases, however, IgG1 antibodies are the
most abundant and IgE the least abundant.

The route of sensitization chosen should depend on the allergen used and the human
disease studied. In food-driven anaphylaxis, oral sensitization is predominantly used [43].
This model emphasizes the effect of digestion on sensitization and stimulate the interactions
of the epithelia with the allergens. Indeed, it has been shown that the intestinal epithelial
barrier regulates protein antigen passage and guides mucosal immune responses. One
protocol example is intragastric feeding once a week for 7 weeks with the allergen and
cholera toxin using a ball-ended feeding needle [44]. It was established in a mouse model
of anaphylaxis sensitized with different doses of peanut protein via intragastric gavage
that lower doses of peanut protein induced the highest IgE levels and a more severe
anaphylactic reaction [45]. This suggested that lower doses of allergen could induce a
stronger sensitization compared to higher allergen doses.

Sensitization via the skin can be performed epicutaneously or subcutanesouly. Epicu-
taneous sensitization is performed on abraded skin. There are various methods to perform
this type of sensitization: (1) calcipotriol application on a specific skin area for 14 consecu-
tive days, which inhibits keratinocyte proliferation and generates an atopic-dermatitis-like
skin lesion [46,47]; (2) the application of the allergen directly on a shaved skin area under
a transparent bio-occlusive dressing for 7 days, with the same treatment being applied at
the same site for a total of three 1-week exposures, separated by a 14-day period [48-51];
and (3) the induction of a skin injury to mimic the mechanical injury caused by scratching.
This route of sensitization is very useful to mimic skin-driven allergies but is also justified
for other antigens such as peanut proteins. Indeed, a human study demonstrated that
peanut sensitization occurs as a result of environmental household exposures rather than
maternal peanut consumption during pregnancy [52]. Most animal studies support the
evidence that subcutaneous sensitization is the most effective in mouse asthma models.
In a study comparing intraperitoneal, subcutaneous, and aerosol sensitization using the
major birch pollen allergen Bet v 1, the subcutaneous route elicited higher IgE levels and
the preferential production of Th2 cytokines in spleen cells [53].

A fourth sensitization route relies on intraperitoneal injections. Several strategies
can be mixed. Jonsson et al. [54] reported three intraperitoneal injections on days 0, 14,
and 28 using BSA as the antigen either with CFA for the first injection followed twice by
Incomplete Freund’s Adjuvant; or three times with alum; or three times with alum plus
Pertussis toxin. The challenge performed 10 days after the last immunization induced a
strong anaphylaxis reaction in mice with high lethality [54]. This route has been shown to
be more efficient than other routes of sensitization in some animal studies. For instance,
Liu et al. [55] sensitized mice with wheat gluten via intraperitoneal, transdermal, and oral
gavage sensitization routes. They showed that all three methods could induce allergic
symptoms (increased serum antibodies, Th2 secretion, and inflammatory factors). Nonethe-
less, levels of serum antibodies were higher in mice sensitized intraperitoneally, and the
bacterial species diversity in the intestinal flora was more significantly decreased in this
group of mice as well [55]. The comparison of oral, intraperitoneal, and subcutaneous sen-



Biology 2023, 12, 931

7 of 16

sitization in ovalbumin (OVA) anaphylaxis led to the generation of OVA IgE-epitopes in all
models, with more binding epitopes in intraperitoneal compared to oral immunization [56].
However, the answer is not straight forward, as epicutaneous sensitization can elicit a
stronger immune response than the intraperitoneal route in some cases. Several mouse
studies supported this hypothesis, with higher OVA-specific serum IgE and IgG antibody
responses after epicutaneous compared to intraperitoneal sensitization. They suggested
that epicutaneous sensitization may be more prone to inducing a Th2 response [48].

Combining sensitization routes could also be of interest, as the combination of in-
traperitoneal and epicutaneous sensitization has been shown to be more effective than
epicutaneous alone in a mouse model of skin disease (atopic dermatitis) [57].

Intradermal sensitization is mostly used for passive cutaneous anaphylaxis (PCA)
(Section 4.2) by injecting the antigen under the epidermis. This route of injection has the
longest absorption time and the advantage of being easily visualized.

Intravenous allergen injection in mouse is mostly used for antigen challenge after a
prior sensitization. This route of allergen administration is useful to closely mimic drug-
induced anaphylactic reactions in humans, which are often triggered by the intravenous
injection of high doses of drugs. However, it might be used for sensitization when the
mice need to be passively sensitized with an antibody before the antigen challenge during
passive systemic anaphylaxis (PSA) (Section 4.3). The antibody administered intravenously
can directly bind the receptors at the surface of effector cells prior to allergen exposure.

As there has been a lot of variation in the choice of route, immunization frequency, and
the concentration of antigen sensitization across different studies, it is crucial to carefully
optimize these parameters when implementing animal models of anaphylaxis.

4.2. Passive Cutaneous Anaphylaxis

PCA was among the earliest models described, and, consequently, it played a signifi-
cant role in the comprehension of anaphylaxis pathophysiology. The model involves the
intradermal injection of allergen-specific IgE antibodies into mice, followed by intravenous
challenge with the corresponding allergen [58,59]. Mouse IgE monoclonal antibodies
(mAbs) can be used in mice expressing endogenous FceRI (mFceRI), whereas human IgE
mAbs or serum from an allergic patient can be used in transgenic mice expressing human
FceRI (hFceRI).

Evans Blue dye can be administered with or closely following antigen challenge to
determine changes in vascular permeability as demonstrated by the leakage of the dye
into the reaction site. This method provides a visual representation of the hypersensitivity
reaction, as well as a quantitative result when extracting postmortem the dye from the skin
and measuring its optical density.

4.3. Passive Systemic Anaphylaxis

Passive systemic anaphylaxis (PSA) induced by IgE is an established model for the
study of anaphylaxis. The model involves the systemic injection of specific IgE antibodies
in mice, followed 24-48 h later by challenge with the corresponding antigen. Passive
sensitization can be performed with monoclonal antibodies (mouse or human if mouse
express human FceRI) or with a pool of immunized human or mouse sera [60,61]. Anaphy-
lactic shock develops within minutes and can be assessed as described in Section 3, most
practically by recording hypothermia. In the case of oral administration, mice should fast
for 3 to 4 h prior induction. This model has been instrumental in the understanding of the
IgE-dependent classical pathway mediated by mast cells and the release of histamine [62].

Dombrowicz et al. [59]. demonstrated that mice deficient in mFceRI were protected
from developing anaphylaxis, showing that FceRI is necessary for the induction of IgE-
mediated anaphylaxis. In addition, IgE-induced PSA was abrogated in mast-cell-deficient
W /WY mice [63] and after the injection of anti-IgE mAbs [64].

The role of histamine and mast cells in PSA has been demonstrated in studies with
mice lacking histamine (using histidine decarboxylase-deficient mice) or mice injected with
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histamine receptor antagonists to prevent anaphylaxis [65]. All the studies performed using
this model demonstrated the importance of mFceRI and mast cells in IgE-induced PSA, as
they release histamine following the crosslinking of IgE molecules bound to the mast cell
surface via mFceRIL

4.4. Active Systemic Anaphylaxis

The active systemic anaphylaxis (ASA) model differs from the PSA model as it in-
volves sensitization to a specific allergen using the allergen itself rather than bypassing the
immunization phase by providing passively specific antibodies against the allergen. The
purpose of this process is to mimic the sensitization process that occurs in humans prior to
IgE- or IgG-dependent anaphylaxis and requires antibodies to be produced by the host.

Although ASA and PSA present similar symptoms, a higher mortality rate is observed
in ASA, and the results obtained from these models do not always correlate [66]. ASA is
frequently used in research on alternative pathways of anaphylaxis, as it highlights the
indispensable role of IgG and IgG receptors in ASA and the downstream production of
PAF, which mediates the physiological symptoms of ASA [54,67].

4.5. Intestinal Models of Anaphylaxis

Several animal models have been described to study food-allergy-induced diarrhea
and shock. In the model, mice were sensitized via intraperitoneal injection with ovalbumin
emulsified in alum, twice and two weeks apart [68,69]. In the second model, mice were
sensitized through the ingestion of an allergen, such as peanut extract, with cholera toxin
as a mucosal adjuvant [45]. In the third model, mice were sensitized through epicutaneous
exposure to hazelnut extract, where the allergen was applied to the mouse’s clipped back
skin and covered with a bandage for three days [70,71].

Challenges with the appropriate allergen were performed through intra-gastric gavage
after depriving mice of food for 3—4 h. Interestingly, the ovalbumin model only induced
diarrhea, whereas the peanut and hazelnut models induced both diarrhea and shock. The
reason for this difference was not immediately clear and may be related to the allergen
nature, molecular structure, and dose, which could lead to differences in allergen absorption
or activate different pathways.

These studies have played a crucial part in elucidating the role of the classical mast-cell-
and IgE-mediated mechanisms in allergic manifestations with gastrointestinal symptoms,
including diarrhea, in response to food allergens. A mouse model of oral antigen-induced
anaphylaxis with intestinal and systemic symptoms revealed that diarrhea and hypothermia
were mitigated in mFceRI-deficient mice following challenge compared to controls [29].
Intestinal mast cell levels were also found to be correlated with the severity of these symptoms.

4.6. Transgenic Mice and Humanized Mouse Models

Transgenic mouse models have been developed to investigate the involvement of
specific cytokines, such as IL-4 and IL-13, in anaphylaxis [72], as well as the roles of
various effector cells, antibodies, and receptors. For example, mice deficient in cytokine
IL-9 and its receptor were used to study the role of IL-9 in intestinal anaphylaxis [73],
whereas mice deficient in the IL-33 receptor (5T2) were used to evaluate the role of IL-
33 in IgE production and mast cell degranulation [74]. Mice deficient in CC chemokine
receptor 4 (CCR4), which is expressed on skin-homing T cells, showed the involvement of
T-cells during oral sensitization [44], whereas platelet endothelial cell adhesion molecule-1-
deficient mice demonstrated its properties as a counter regulatory mechanism in allergic
disease susceptibility and severity [75].

To precisely analyze the effect of a single human effector cell, antibody, or receptor,
several “humanized” models of anaphylaxis have been developed and can be used in PCA,
PSA, ASA, and intestinal anaphylaxis models. They were established to study anaphylaxis
in a manner that more closely mimics human physiology. These models include mice
expressing hFceRI and mice deficient in various or all FcRs.
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Mice expressing hFceRI instead of mFceRI display a similar cell expression profile of
hFceRI to humans [76]. Whereas mouse IgE can bind to human FceRI, human IgE cannot
bind to mouse FceRI. To investigate the role of hFceRI in anaphylaxis, these transgenic
mice were used in PSA [59] and PCA [58] models. mIgEs are able to bind not only to the
high-affinity IgE-receptor mFceRI but also to low-affinity IgG-receptors, such as mFcyRIIB
and mFcyRIIL The use of knock-out mice has revealed that IgE-mediated anaphylaxis can
be modulated by IgG receptors, such as mFcyRIIB (the IgG inhibitory receptor) (with an
enhanced reaction in mFcyRIIB-deficient mice) and mFcyRIII (an IgG activating receptor,
leading to an attenuated reaction in mFcyRIII-deficient mice). Both receptors are present on
mast cells and can act as regulators of IgE-mediated anaphylaxis in mice [77]. Transgenic
mice with a gain-of-function mutation in the immunoreceptor tyrosine-based inhibitory
motif (ITIM) at position 709 (Y—F) of the IL-4 receptor (IL-4R«x) displayed elevated IgE
levels and increased susceptibility to allergen-induced airway inflammation, similar to
atopic individuals. In these mice, the amplification of IL-4R« signals facilitated allergic
sensitization to ingested antigens and drove IgE-dependent anaphylactic responses [78-80].
These mice could also be useful in experiment setup in which robust allergic sensitization
cannot be achieved due to tolerizing effects. Finally, highly immunodeficient NOD-scid
v/~ (NSG) mice could be engrafted with human hematopoietic stem cells to study
hlgE-mediated reactions and were used for PCA and ASA peanut allergic models [81-83].
Following engraftment, NSG mice developed large numbers of human mast cells in the
peritoneal cavity and peripheral tissues, were able to produce hIgEs and hIgGs in response
to sensitization, and could develop anaphylaxis after challenge.

Other mouse models have been developed to investigate the role of IgG in anaphylaxis
and the importance of the IgG pathway compared to the IgE-mediated pathway. Indeed,
the generation of an anti-allergen IgE response requires an initial IgG response and the
switching of IgG B cells to IgE B cells. Anti-allergen IgG may thus positively or negatively
regulate the IgE pathway in anaphylaxis and hence anaphylaxis symptoms and severity.
Indeed, mice deficient in both IgE receptors, FceRI and FceRII (CD23), developed ASA
similarly to wild-type mice. However, mice deficient in all activating FcRs (IgG and IgE
receptors) were protected from ASA [54], suggesting that mouse IgG receptors are sufficient
to induce anaphylaxis. The same was demonstrated using transgenic mice for human IgG
receptors: in mice deficient in all endogenous mouse FcRs, the expression of hFcyRIIA was
found to be sufficient to induce fatal ASA [84], and the expression of hFcyRI was sufficient
to induce mild ASA [85]. More recent mouse models expressing all human low-affinity IgG
receptors as knock-ins demonstrated the predominance of hFcyRIIA in PSA (using human
IgG antibodies) and ASA (based on endogenous mouse IgG production) models, leading
to neutrophil activation and PAF release [86]. Mice expressing all hFcyRs as transgenes
showed that hFcyRs can induce PSA when injected with heat-aggregated IVIG [87].

Overall, these models offer a powerful set of tools for investigating potential new
human treatments for anaphylaxis, such as histamine receptor 1 antagonists, omalizumab
(an anti-IgE-capture antibody) [82], anti-FcyRIIA blocking antibodies, and PAF receptor
antagonists [86]. More models are currently being developed that aim to reconstitute the
expression of both human IgE receptors, hFceRI and hFceRII, and the production of human
IgE for the study of the human IgE pathway in in vivo models.

5. Animal Strain Influence

The use of mouse models to study anaphylaxis is complicated by the differences
in responses to sensitization and challenge exhibited by mice of different genetic back-
grounds. Strains such as BALB/c, DBA/2, C3H/He], BDF-1, A/J, 129S5, and C57BL/6
have been employed. BALB/c strain mice are the most commonly used, presumably be-
cause BALB/c strain mice favor Th2 over Thl responses, and because of their ability to
develop airway responsiveness during lung challenge. However, they do not systemati-
cally develop anaphylaxis compared to other mouse strains. Indeed, in a peanut allergy
model using intramuscular immunization with DNA encoding for an allergen, C3H/HeSn
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mice displayed anaphylaxis after challenge at weeks 3 and 5 after immunization, whereas
AKR/]J and BALB/c mice did not. All three strains displayed increased specific IgG2a, but
increased specific IgG1 or IgE was only detected in C3H mice [88]. Similarly, in an active
sensitization model using intraperitoneal injections of peanut extract or purified Arah 2,
C3H/HenHsd mice, but not BALB/C and C57BL/6 mice, experienced clinical symptoms of
anaphylaxis and temperature loss following antigen challenge [61,78]. Furthermore, 12955
mice also demonstrated an increased susceptibility to anaphylaxis compared to BALB/c
mice [89]. In a recent study in our laboratory, we found that BALB/c and C57BL/6 mice
produced different subclasses of IgG in response to the same allergen in alum, leading
to the retention of the allergen in the lungs of BALB/c, but not C57BL/6, mice during
anaphylaxis challenge [42].

Regarding rats, the Brown Norway rat is a high-IgE-responder strain that does not
require an adjuvant for sensitization to an allergen and has been widely used. Other
strains such as Wistar, Hooded Lister, and Piebald Virol Glaxo have also been studied,
but their inability to produce antigen-specific IgE make them less suitable for anaphylaxis
models [90-92].

Careful animal strain selection is mandatory to adapt the strain to the sensitization
and challenge method (or vice-versa) and should be considered in the context of results
obtained using other animal strains to draw conclusions on allergen-induced reactions
in humans.

6. Limits of Animal Models in Anaphylaxis

Rodents, particularly mice and rats, are widely used in laboratory models due to
their availability; low cost; and well-understood metabolism, physiology, and biochemistry
pathways. However, their distinct antibody and receptor profiles compared to humans
must be considered when interpreting study results and extrapolating findings to human
patients. Whereas these species share some pathophysiological similarities, such as in
sepsis models [93], the time-course of anaphylaxis development, the lack of supportive
therapeutic interventions, and the relatively allergen-free environment of laboratory facili-
ties limit the translation of animal models to human anaphylaxis. Indeed, human medical
intervention usually takes place minutes (in the peri-operative setting) to hours (when
anaphylaxis occurs outside the hospital or following oral intake) after the reaction, whereas
animal models focus on seconds to minutes after induction. Humans develop in an en-
vironment full of allergens, whereas animals are only sensitized to one defined antigen,
which might modify the immune/antibody response in animals compared to humans.
This will undeniably affect biomarker dynamics and therapeutic efficacy. Animal models
typically use young adult animals with similar genetic backgrounds, age, gender, weight,
and nutritional status, whereas human anaphylaxis occurs in patients with diverse ethnici-
ties/genetics, food diets, gender, age, weight, and potential ongoing medical treatments
and comorbidities. Moreover, most animal models rely on high antigen quantities for
immunization and challenge, which may involve different pathways compared to human
pathways leading to anaphylaxis [67]. The immune systems of animals and humans differ
in antibody subclasses and the distribution of antibody receptors. As discussed previously,
FceRI, for example, is more widely expressed in human subjects, including on macrophages
and dendritic cells, whereas in mice, it is only expressed on mast cells and basophils [66].

Therefore, translating animal model findings to human clinical practice is highly
challenging. Despite these limitations, animal models remain valuable tools to enhance our
understanding of anaphylaxis pathophysiology and treatment, as long as their advantages
and limitations are considered in the study design and result interpretation.

7. Perspectives

One missing aspect in anaphylaxis animal models is the translation of results obtained
in small rodents to larger mammals that are more relevant in terms of physiology to humans.
As illustrated in this review, published mouse and rat models have not focused on the same
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aspects. Whereas rat models have mostly been used so far to investigate treatment efficacy
and physiological changes after anaphylaxis induction and treatment, mouse models
have mostly focused on sensitization and the cellular and molecular physiopathology
of anaphylaxis. Small animals are easier and cheaper to manage and reproduce and
therefore represent a useful tool for developing models of anaphylaxis. However, large
animals might better reproduce human physiopathology and might be considered for
result validation before translation into clinical practice. An ideal animal model should
display the same level of tolerance to antigens as humans, with a similar allergenicity
profile; require the same amount of allergen to induce sensitization via the same route and
duration of exposure; and present the same Th1/Th2 polarization and the same antibody
profile as humans. It should also allow the realization of skin tests or in vitro tests, as
performed in clinical practice. From this perspective, dogs, neonatal swine, and monkeys
might represent particularly interesting species because of their similarity to humans in
terms of physiopathology and immune response. Dogs and swine have demonstrated a
natural tendency for allergic reactions with similar immunopathogenic consequences and
therapeutic interventions as in humans. To the best of our knowledge, these latter species
have mostly been used to investigate food allergies so far. Considering a final validation
of results established in rodent models in the abovementioned animals, especially for
treatment efficacy, might be useful before translation into clinical practice.

From a clinical point of view, anaphylaxis remains a mystery in terms of many as-
pects. The first is the immunization step: why does one individual develop an allergy but
not another? Which route is responsible for the sensitization? What are the key factors
associated with this? Animal models bred in pathogen-free environments cannot provide
answers to these questions, as the experimental conditions do not reflect the complex
and changing environments in which humans develop for many years before noticing
symptoms. The second is the endotype of the reaction and the mediators involved. In
this regard, animal models might be particularly useful, especially for improving basic
molecular knowledge, the analysis of the different pathways involved, and evaluating how
receptor polymorphisms and genetic variations can modulate the reaction. For instance,
knockout mouse models are useful to study the importance of specific genes in different
pathways (IgE/IgG-mediated) and to conduct investigations at the cellular and molecular
level (e.g., mast cell activation and the quantification of histamine /PAF release).

Finally, evaluating new treatments for anaphylaxis is particularly challenging in
humans as anaphylaxis events are rare and mostly unpredictable, and because treatment
must be administered in a life-threatening emergency setting. Controversies also remain
as to the use of adjuvant vasopressors [94], such as methylene blue [32] or vasopressin, in
humans [33], which can be of major help in patients presenting with refractory anaphylaxis.

8. Conclusions

Given the challenges of analyzing the mechanisms involved in human anaphylaxis,
animal models have been established to replicate human anaphylaxis and reproduce its
pathophysiology. In mouse models, monitoring tools such as rectal temperature, quan-
titative activity scales, and diarrhea occurrence are routinely used to assess an allergic
response. Rats offer an ease of invasive measurements, especially regarding hemodynamic,
respiratory, and cerebral oxygenation evaluation. Their use is crucial particularly in assess-
ing treatment efficacy and its effects on cerebral oxygenation, cardiac output, and vascular
leakage. Sensitization procedures in animal models depend on various factors, including
the administration route, antigen concentration, use of adjuvants, and genetic background,
to induce clinical responses that resemble IgE-mediated food and drug allergies in humans.
Opverall, animal models provide valuable insights into the pathophysiology of anaphylaxis
and are essential for testing potential therapies and developing preventive measures for
this life-threatening condition.
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