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Résumé: Les neurones nocicepteurs jouent un role clé dans la défense de I'organisme. Dans le cas des réactions
inflammatoires, ils initient des réflexes protecteurs tels que la toux, les vomissements, ou les démangeaisons, et
participent a la régulation de plusieurs mécanismes physiologiques, notamment la réponse immunitaire. lls jouent
ainsi un réle prépondérant dans I'inflammation de type 2, souvent associée aux allergies. Mais les mécanismes
qui permettent 'activation de ces neurones dans ce contexte sont encore mal connus. Au cours de ce projet de
recherche, nous avons exploré la capacité des neurones nocicepteurs a détecter les signaux immunitaires
spécifiqguement associés a I'asthme. Nous avons ainsi identifié les caractéristiques des nocicepteurs des voies
aériennes. Nous avons également démontré leur sensibilité aux allergénes grace a I'expression du récepteur aux
immunoglobulines de type E, FceR1, ainsi que leur capacité a modifier leur transcriptome en réponse aux
cytokines IL-4 et IL-13. Ces travaux soutiennent I'importance de la communication entre systémes nerveux et
immunitaires, et mettent en évidence de nouvelles cibles pour limiter la contribution neuronale aux réactions
allergiques.

Mots-clés: Nocicepteur, Neurone Sensoriel, Asthme, Inflammation, Cytokines, IL-13, FceR1, Complexe Nodose-
Jugulaire, Ganglions spinaux, Voies Respiratoires

Abstract: Nociceptor neurons play a major role in organism defense. In the context of inflammation, they initiate
protective reflexes such as cough, vomiting, or itch, and participate in the regulation of various physiological
mechanisms, including the immune response. They notably participate in type 2 inflammation, often associated
with allergies. But the mechanisms driving the activation of nociceptor neurons in this context are still elusive.
During this research project, we investigated the ability of nociceptor neurons to sense immune signals
specifically associated with asthma. We identified the characteristics of airway innervating nociceptors. We also
demonstrated their sensitivity to allergens through the expression of the Immunoglobulin E receptor FceR1, as
well as their ability to change their transcriptome in response to IL-4 and IL-13. This work supports the
importance of bidirectional communication between the nervous and immune systems and unravels new
targets to regulate neuronal contribution to inflammation.

Keywords: Nociceptor, Sensory Neurons, Asthma, Inflammation, Cytokines, IL-13, FceR1, Jugular-Nodose
Complex, Dorsal Root Ganglia, Airways



cv

PhD in Pharmacology, University of Montreal May 2018- May 2023
Project focused on the ability of airway sensory neurons to detect immune signals and change their phenotype in
the context of asthma and allergies. The objectives were to:

e Characterize the molecular profile of airway sensory neurons in naive and pathological states

e |dentify new immune signals detected by these neurons

e Demonstrate the impact of neuromediators on immune cells

First author publications:
1. Crosson T, Bhat S, Wang JC, Salaun C, Roversi K, Herzog H, Rafei M, Blunck R, and Talbot S. IL-13

reprograms airway nociceptors transcriptome in allergic airway inflammation. (under review, Journal of Clinical
Investigation, BiorXiv)

2. Crosson T and Talbot S, Anatomical differences in nociceptors sensitivity, Journal of Bioelectronic medicine,
2022.

3. Crosson T, Wang JC, Doyle B, Merrison H, Balood M, Parrin A, Pascal M, Mindt BC, Seehus CR, Ozcan A,
Huang X, Semenara E, Lai N, Majdoubi A, Abdulnour RE, Rajchgot T, Rafei M, Foster SL, Thibodeau J, Fritz JH,
Levy BD, Woolf CJ, and Talbot S. FceR1 expressing nociceptors trigger allergic airway inflammation. Journal of
Allergy and Clinical Immunology, 2021.

4. Crosson T, Roversi K, Balood M, Othman R, Ahmadi M, Wang JC, Pereira PJS, Couture R, Latini AS,
Prediger RDS, Rangachari M, Seehus CR, Foster SL, Talbot S. Profiling of how nociceptor neurons detect
danger, new and old foes. Journal of Internal Medicine, 2019.

Co-author publications:

1. Roversi K, Tabatabaei M, Desjardins-Lecavalier N, Balood M, Crosson T, Costantino S, Griffith M, Talbot S,
Boutopoulos C, Nanophotonics Enable Targeted Photothermal Silencing of Nociceptor Neurons. Small, 2022.

2. Bikorimana JP, Salame N, Beaudoin S, Balood M, Crosson T, Jamilah Abusarah J, Sebastien Talbot S,
Raimar Lobenberg R, Sebastien Plouffe S, Rafei M. Promoting antigen escape from dendritic cell endosomes
potentiates anti-tumoral immunity, Cell reports, 2022;

3. Mathur S, Wang JC, Seehus CR, Poirier F, Crosson T, Hsieh YC, Doyle B, Lee S, Woolf CJ, Foster SL, and
Talbot S. Nociceptor neurons promote IgE class switch in B cells. JCI Insights, 2022.

4. Rajchgot T, Thomas S, Wang JC, Ahmadi M, Balood M, Crosson T, Dias JP, Couture R, Claing A and Talbot
S. Neurons and microglia; a sickly-sweet duo in diabetic pain neuropathy. Frontiers in Neuroscience, 2019.

5. Wang JC, Crosson T and Talbot S, Analysis of airway vagal neurons. Book chapter; Asthma: Methods and
Protocols, part of Methods in molecular biology, Springer. 2022.



Table of contents

Y o] o] 1=V = 4T 1 TSP RSRPRRR 55
ACKNOWIEAGEIMENTS ...ttt st st e et e et e e e bt et e e steesseesseessseenseenseensseesseesseennes 56
| - General INtrOAUCTION .......coiiiiiciic ettt bttt n et eb e 57
[I - SENSOry NEUrONS @NA PAIN....ccuiiiiriiiiiiieirerert ettt sttt sb e b sttt eae bt b nne e e e e ene e 57
Cellular biology of sensation and NOCICEPLION ..........coiiiriiiiiiirrereee e 57
Anatomy of sensory and pain peripheral ProCESSING .......cceviiieiieiiiieeceeeee e et 57
NOCICEPLOrs ClAaSSIfICALION .....ccuicueeiiiiceeee et be bt aeean e resreas 59
Sensory innervation 0f the @ITWAYS ........c.eceiiiicee e et s eas 61
Other innervation of the @INWAYS...........oiiiiii e 61
Motor neurons and respiratory regulation ..o 61
Autonomic innervation Of the @INWAYS...........ccviiiiiiieceeee e saeere s 62

Il - Lung immunology and asthma...........c.ooiiiiiiii et 62
Mucosal and immune defenses iN the @IMWAYS. .......cccoiiiiiirin e 62
Antibody classes and fUNCHION .........cc.oiiiiiii et 63
AIIBIGIES ...ttt et b et h et a e bbb bt et a e eh bt bt et n e eae e bt b b et et et ne b e nnen 64
Asthma pathophysiology and IuNg iMMUNOIOGY. ......cccueriiiiiiiiiiece et 65
=1 210] 0] 0)VZ51 o] [0 VSRS 65
IVIUCUS ..ttt ettt et e te st e e st e b e sse e st e se e st e s s e eseeseen s e et e eseensenseessenseeneenseseeseensansenreenes 65
BronChOCONSTICHION .......cviiiiiiic e 65

F V2= A =T 0 4o o (=] LT o Vo [OOSR 66
Treatment Of @SthMa ...t 66
Animal models Of @SthMa ..o 66

IV - Nociceptor neurons and airway inflammation .............ccooerieiiinice e 67
Nociceptors and iNflAaMMALION ...........c..ooi it sbe e sbe e e be e e ae e s aresanas 67

[N\ [oTeio7=T o] (0] = 3=T o I eto 18 e | o ISR UR 67
Nociceptors, neuropeptides, and inflammation ... 67
VASOQIALION ...ttt e ettt b e e 68
MUGCUS SECIEEION .....cvtictct e ettt ettt b 68
BronChOCONSTICHION .......cviiiiiic e 68
IMMUNOMOAUIBTION ...ttt sttt b e b e e 68
Discussion regarding the role of Nociceptors in inflammation ..., 69
Discussion regarding the opposite effects of nociceptors in inflammation ............cccccoeeeviieenn 70

V - Nociceptors sensing Of IMMUNE SIGNAIS........cciiiiiiiiiiicieeceeee et e re e sreenes 70
Pain sensitization and inflammation..............ccoii 70



Mechanisms of peripheral SENSItIZALION ..........c.ooveieiiieic s 71

Central SENSIHIZATION .......ocuiiii ettt naea 72

VI- Neuro-immunology in the context of aSthma..............cceiiiriiiniii e 73
VIl - Rationale, hypothesis, and research ObJECHVES .........cccoovviiieiecc e 73
VIII- Article 1. Profiling of how nociceptor neurons detect danger, new and old foes............cccceevrenns 75
IX - Article 2. Anatomical differences in nociceptors SENSIIVILY..........ccoereriiiiinincnccece e 76
X - Article 3. FceR1 expressing nociceptors trigger allergic airway inflammation. ...........c.cccccceinininnn 61
XI - Article 4. IL-13 promotes sensory-sympathetic neurons crosstalk in asthma............c.ccccccevininenene. 75
XI = DISCUSSION ...ttt ettt b e et s a bbbt b e eb s n et besaenes 116
AIrways and Vagal NEUIONS ........coiiiiiiiie ettt see e saee e e e sreesaeebe e beesbeesseesseesseesseesnsesnseenns 116
Antigen SeNSING DY NOCICEPIONS ....c..iiiiiiiiriereee ettt st 116
Nociceptor transcriptome during allergic airway inflammation .............cccocvninineinnncee 116
FCERI IN RINASEQ. .. ettt ettt ettt ste et s e st e et e b e e st e e s teesseesseessseasseesteesseesteesteestaesseesseessseeansensseans 116
IL-13/JAK/STATE iN NOCICEPLOLIS ...ttt ettt ettt s ettt e e be e e e st e sbe e s e beereessesbeeseensenns 117
Cytokine expression DY NOCICEPIONS ......c..couiiiiiieiccieceeece ettt ettt a e s b b esteereensesrens 117
Relevance in human DIOIOgY ......ccooiiiiiiiee e et 118
Role of nociceptors in the development Of @llergies. ... 119
FUTUI WOTK ... ettt st b et b e b b et ea b e s 119
Pain and neuro-immunology, from basic science to pharmaceutical outcome..........cccccccvcvrvrennnee. 120
CONCIUSIONS ...ttt bbbt b et bbbt b et b et e bbbt nas 121
REFEIBNCES. ...t bbbttt e b ettt 121

Table of figures

Figure 1 Conversion of physical and chemical stimuli to action potentials............ccccooereieininienineenen. 58
Figure 2 Anatomy of sensory peripheral iINNErvation............ccoiiiririieneie e 59
Figure 3 Classification of neural crest derived SENSOrY NEUIONS..........ccccveeerereeienieseeeerie e 60
Figure 4 Innervation Of the @IMWaYS ..ottt sttt 62
Figure 5 The neurogenic inflammation ...........c.ooi oo 70
Figure 6 Peripheral SENSItIZAtION ..........cc.ooiiiiiiceee et s reesae e e 72
Figure 7 Mechanisms of central SENSItIZation ..o 72
Figure 8 Nociceptors do not contribute to BALF IL-6 increase in AAl.........cccooveeeveveeeeciceeese e 118
Figure 9 Npy1r and l113ra1 are co-expressed in PEP1 DRG neurons in mice and human.................. 118
Figure 10 IL-13 does not affect nociceptor neurite growth and TRP channel responses..................... 120



Abbreviations

AAl:  Allergic airway inflammation

Ach:  Acetylcholine

ASIC: Acid-sensing ion channel

ATP: Adenosine triphosphate

BALF: Bonchoalveolar lavage fluid

BDNF: Brain-derived neurotrophic factor

Ca**: Calcium

cAMP: Cyclic adenosine monophosphate

CD: Cluster of differentiation

CGRP: Calcitonin gene-related peptide

CNS: Central nervous system

CREB: C-AMP Response Element-binding protein
CRL: Calcitonin receptor like

DNA: Deoxyribonucleic acid

DRG: Dorsal root ganglion

ERK: Extracellular signal-regulated kinase
GPCR: G protein-coupled receptors

IFN-y: Interferon gamma

IgE:  Immunoglobulin E

IL: interleukin

ILC:  Innate lymphoid cell

JNC:  Jugular Nodose Complex

K*: Potassium

LTMR: Low threshold mechanoreceptor

MAPK: Mitogen-activated protein kinases
MRGPR: Mas-related G-protein coupled receptor member
mTOR: mechanistic target of rapamycin

Na*:  Sodium

NGF: Nerve growth factor

NK1R: Neurokinin receptor 1

NMU: Neuromedin U

NE: Norepinephrine

NPPB: Natriuretic peptide B

NPY: Neuropeptide Y

NTRK?1: Neurotrophic receptor tyrosine kinase 1
NTRK2: Neurotrophic receptor tyrosine kinase 2
NTS: Neurotensin S

PACAP: Pituitary adenylate cyclase-activating peptide
PKA: Protein Kinase A

PKC: Protein Kinase C

preBotC: preBotzinger complex

RAMP1: Receptor activity modifying protein 1
RNA: Ribonucleic acid

SP: Substance P

SST: Somatostatin

STAT: Signal transducer and activator of transcription
STING1: Stimulator of interferon response CGAMP interactor 1
TG: Trigeminal Ganglion

TH: Tyrosine Hydroxylase

Th1,2 and 17: T helper 1, 2 and 17

TLR: Toll-like receptor

TNF-a: Tumor necrosis factor alpha

TRKA: Tropomyosin receptor kinase A



TRPA1:Transient receptor potential ankyrin 1
TRPM: Transient receptor potential melastatin
TRPV1:Transient receptor potential vanilloid 1

VIP:  Vasoactive intestinal peptide

VPAC: Vasoactive intestinal peptide receptor type 1

Acknowledgements

| would like first to thank my PhD advisor, Dr. Sebastien Talbot, for all his support and mentoring throughout my
PhD. I've had the chance to learn a lot of various techniques, be involved in stimulating projects, in the very
dynamic and passionate lab environment he has built. | would also like to thank all my lab co-workers. Special
mention to Jo-Chiao Wang, from whom I've learned everything related to immunology and flow cytometry, as
well as Katiane Roversi, who's helped me with all the neuroscience parts of my research. They are both deeply
involved in most experiments I've produced during this PhD. | also want to thank Maryam Ahmadi, Ali Ahmadi,
Mohammad Balood, Alissa Dory, Tuany Eichwald, Karine Roversi, and all past and present members of the
Talbot lab for their help and for making this lab such a great place to work in. Many thanks also to Clara Salain,
who has made a tremendous work which allowed significant progress for my last project within her few months
of internship. Thanks also to Clara Soulard, who as an intern helped me set up various techniques and assays
when the lab was just starting. Thanks also to Shreyas Bhat, and his supervisor Dr. Rikard Blunck, for their help
and the electrophysiology experimentations they made with sensory neurons, which greatly improved the Article
4. Thanks to Dr. Rafei Moutih, with whom our lab has had several collaborations and who allowed me to use his
lab to finish my experimental work after Dr. Talbot moved to Queens university. Many thanks also to Dr. Jean
Philippe Gratton and his lab members Yassine El Bakkouri and Chantal Delisle for teaching me how to use their
confocal microscope. Many thanks to Dr. Louis-Eric Trudeau and his lab members, in particular Marie-Josée
Bourque, who significantly helped me out, especially when we were setting up our new lab. Thanks also to Dr.
Réjean Couture for his insights on physiology and autonomic neurons, as well for letting us use his lab and
equipments. Finally, thanks to all members of flow cytometry and genomic platforms at the Université de
Montréal and the IRIC for the great work they made that largely supported my research (Armelle Le Campion,
Angélique Bellemarre-Pelletier, Annie Gosselin, Raphaelle Lambert, and Patrick Gendron).



| - General Introduction

Sensory neurons form an essential source of information for the organism to perceive and interact with its
environment. These specialized cells are part of the peripheral nervous system, and most of the sensory neurons
have their cell bodies located in peripheral ganglions. Sensory neurons are defined by their ability to detect physical
or chemical stimuli, translate it into electric signal, and relay this information to the central nervous system.
Amongst the sensory neurons, nociceptors are specialized in detecting threatening stimuli, that can eventually be
processed into the sensation of pain. They form a key line of defense of the organism, and their activation triggers
protective reflexes such as withdrawal, cough, vomiting or scratching. In addition, the feeling of pain eventually
shapes the brain’s memory and helps anticipating and preventing harmful situations. Nociceptors are also involved
in autonomic reflexes, with activation of smooth muscle, regulation of energy homeostasis, body temperature or
blood pressure. Finally, nociceptors can have an efferent action, through the release of neuromediators in the
periphery, thus affecting various physiological functions, including the regulation of inflammation and immune
responses. Overall, these cells play an important and diverse role in protecting the organism which includes but is
not limited to sensation.

In the context of allergies and asthma, nociceptor neurons play an essential role to mount the inflammation. Yet,
the mechanisms driving their activation in this type of immune responses have not been elucidated. The main
objective of this thesis is to address what type of signals activate the nociceptors during asthma and allergies. We
review the roles and functions of nociceptors, from molecular to physiological scale, and define their different
subtypes. We also review the current literature regarding the mechanisms driving asthma and allergies, and their
connection with the peripheral nervous system with a focus on the lung mucosa. Both neurons and immune cells
communicate and affect each other’s phenotype, and we detail the state of literature regarding the mechanisms
of this crosstalk.

We reveal new evidence demonstrating the characteristics of airway nociceptors, their role in lung inflammation,
and their sensitivity to immunoglobulins and cytokines. Finally, we discuss how this new work integrates into the
current knowledge, and its possible clinical implications. This work provides new evidence supporting the crosstalk
between sensory neurons and immune cells, and unravels potential targets to inhibit maladaptive allergic
reactions.

Il - Sensory neurons and pain
Cellular biology of sensation and nociception

A principal characteristic of sensory neurons is their ability to detect physical or chemical information and convert
it into electrical signal as trains of action potentials (Figure 1). To do so, sensory neurons express ionotropic
receptors sensitive to these stimuli. Once activated, these ion channels open, allowing influxes of Na* and Ca**
ions into the neurons, which depolarize the membrane, activate voltage-gated ion channels (Nav1.1, Nav1.6,
Nav1.7, Nav1.8, and Nav1.9)3, and trigger action potentials. Transient receptor potential channels TRPV1, TRPM3,
TRPM8 and TRPA1 are key receptors in temperature sensing*?. Acid-sensing ion channels (ASIC1, ASIC2, and
ASIC3)10.1" are activated by pH changes. PIEZO2 is the main mechanoreceptor'?, which opens in response to
changes in pressure or membrane tension. In addition, TRPA1 was also shown to mediate responses to
electrophilic pungent chemicals®. Finally, P2X receptors are ATP-sensitive ionotropic receptors that allow the
activation of sensory neurons by neighboring sensory cells. This is the case for instance in complex neuroepithelial
structures like taste buds™*.

Anatomy of sensory and pain peripheral processing

Sensory neurons are pseudo-unipolar neurons. They have a single axon, that split in two branches, one branch
innervating the periphery, and the other reaching the central nervous system (CNS) to communicate with other
neurons. Virtually all primary afferent sensory neurons somas are located in peripheral ganglia, namely dorsal root
ganglia (DRG), Nodose-Jugular complex (JNC) and Trigeminal Ganglia (TG) (Figure 2). DRGs innervate mostly
the skin, muscles, and joints, plus some internal organs'. TG neurons innervate the head and face'®. Finally, JNC
neurons innervate most internal organs™. Interestingly, JNC neurons innervate the mucosa in the lung and
intestines, but also organs devoid of mucosa such as liver, heart, or spleen’17. Then, some of these neurons are



not meant to detect exogenous threats, but rather to monitor physical and chemical parameters within the
organism. For this reason, the concepts of interoception versus exteroception have emerged’®, underlying the
complex and diverse role of sensory neurons. Consequently, it also involves that some sensory neurons signal to
the CNS to trigger mechanisms regulating the body’s homeostasis, without necessarily triggering pain or
sensation'®19,

DRG sensory neurons are the most abundant in the body. They project to the spinal cord, where they signal to
secondary neurons through the release of glutamate. Activated secondary neurons either trigger reflexes by
directly activating motor neurons2%2!, or transmit the information to the brain. Most sensory information enters the
brain at the level of the brainstem. Spinal cord interneurons project to the thalamus, the periaqueductal grey (PAG),
and the parabrachial area (PB)22. JNC neurons project mostly to the nucleus of the solitary tract'®, and TG neurons
all project to rostral principal nucleus and the caudal spinal nucleus?3. The sensory information is subsequently
processed in various parts of the brain, in order to trigger the sensation of pain.
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Figure 1 Conversion of physical and chemical stimuli to action potentials In peripheral nerve endings of
sensory neurons, TRP, PIEZO, ASICS and P2X channels open in response to temperature, pressure, pH or ATP
stimulation. This allows the entry of cations in the neurons, depolarizing the membrane. If the membrane voltage
reaches a given threshold, voltage gated channels (Nav) are activated, and propagate an action potential through
the axon.
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Figure 2 Anatomy of sensory peripheral innervation Primary afferent sensory neurons are located in DRG,
JNC, and TG, which respectively innervate the skin and muscle, the internal organs, and the face. They project to
the central nervous system, in the spinal cord and brainstem.

Nociceptors classification

Sensory neurons, and in particular nociceptors, form a very diverse and heterogenous group of neurons. They
differ in their molecular profile, anatomic position, site of innervation, level of myelination, the cues they are
sensitive to, and their electrophysiological properties. This heterogeneity contributes, in part, to the diversity of
sensations they can trigger. Various studies have aimed at defining subpopulations, and consensus has recently
emerged, supported by the generalization of single-cell sequencing technologies. DRG, Jugular and Trigeminal
neurons originate from the neural crest and display similar molecular profiles, while Nodose neurons, originating
from the placode, stand apart?*. While several markers and functions are shared in neurons of these ganglia, those
different developmental origins induce specificities, in part because of a differential contribution of neurotrophic
factors. Nerve growth factor (NGF) is notably essential in the development of peripheral sensory neurons in the
neural crest, but not in placode derived sensory neurons?25:25,

The classification of the neural crest derived neurons has then been more thoroughly established, with the
definition of 5 large groups (Low threshold mechanoreceptors (LTMR), Proprioceptors, Non-peptidergic
nociceptors, peptidergic nociceptors, and C-LTMRs), further divided for a total of 10-12 subgroups of neural crest
derived sensory neurons' (Figure 3). This classification is rather well conserved across mammalian species'. The
sodium channel Nav1.8 is the most specific marker to identify nociceptors, while other sensory neurons rather
express Nav1.1'24. These-non nociceptor sensory neurons are more thickly myelinated, have a larger diameter,
express NEFH and parvalbumin, and are divided into LTMRs, which relay gentle touch sensation, and
proprioceptors.

1"



Nociceptor neurons are divided into 3 subgroups, peptidergic, non-peptidergic, and C-LTMR. This last group
stands apart as Tyrosine hydroxylase (Th)+ Piezo2+ fibers that can transmit pleasant touch signals?”28,
Peptidergic and non-peptidergic nociceptors used to be defined based on the presence or absence of the
neuropeptides Calcitonin gene-related peptide (CGRP) and Substance P (SP). This classification may however
be considered outdated since new omics studies do not identify these markers as the most specific to segregate
neuronal subgroups. In addition to that, other neuropeptides can be released by non-peptidergic nociceptors such
as Somatostatin (SST), TAFA4, NPPB, and the CGRP isoform CGRP. Yet, this terminology is still widely used
and will be applied in this thesis. Peptidergic neurons have a small diameter and express high CGRP levels'. They
are subdivided into 2 groups, one non-myelinated thermosensitive subtype expressing SP, and another one lightly
myelinated responsive to mechanical stimuli. Non-peptidergic nociceptors are divided in three subtypes, all likely
to be involved in itch and pruritus2°-3', and express various neuropeptides, G protein-coupled receptors (GPCRs),
and ionotropic receptors.

Placode-derived nodose neurons have been less thoroughly described. They share the expression of most
markers identified in neural crest derived neurons (Nav1.8, Nav1.1, Nav1.7, TRPV1, TRPA1...), but are divided
into different subtypes. Despite the low total number of JNC neurons (about 6000 in mice), they display an even
greater diversity than neural crest sensory neurons, with 20 to 30 different populations depending on the study?+32,
The classical distinction between small peptidergic nociceptors and large myelinated low threshold
mechanoreceptors does not apply to nodose sensory neurons. As depicted in Article 2 PMID: 35382899, they
are larger in size than neural crest neurons, display higher sensitivity to thermal and chemical cues, are responsive
to different neurotrophins, and express different sets and amounts of neuropeptides. We can hypothesize that this
broad diversity of neurons is due to the diversity of tissues innervated by the nodose ganglia. The innervation of
airways, gut, liver, and other internal organs may thus require different types of sensors to regulate their
physiology. An elegant study recently unraveled that 3 major dimensions, i.e., organ innervated, layer of mucosa
innervated, and modality sensed, explain this heterogeneity in the JNC'. In this thesis, we will focus on the
neuronal subtypes that have been identified in the airways.

. NP NP NP nociceptor PEP PEP
Subtype LTMR1 LTMR2 LTMR3 Proprioceptor . . . X C-LTMR
nociceptor1l nociceptor2 3 nociceptorl nociceptor2
Pain/ itch/ Pain/ Pain/
. . . . ) . . . Pleasant
Function Gentle touch Proprioception  Pain/ itch neurogenic Pain/itch neurogenic neurogenic .
. . ) \ . ) touch / Pain
inflammatio inflammation inflammation
. Temperature/
Iy temperature mechanical/ Temperature/ Mechanical/ Mechanical/
. . : ] i u i
Stimuli Mechanical Mechanical mechanical/ P ) ) .p. . -
) / ATP/ acid ATP/ acid/ irritant ATP/ acid irritant
acid/ ATP .
irritant
Nav Nav1.1/7 Nav1.7/8/9 Navl1.7/8/9  Navl.7/8/9 Nav1.7/8/9 Nav1.7/8/9 | Navil.7/8/9
Myelin High High No No No No Yes No
SP/ CGRPq,
. CGRPa/ SST/ NTS/ / /
Neuropeptide CGRPB CGRPB/ NTS/ CGRPa/CGRPB | CGRPB
CGRPB/ NTS NPPB
PACAP
specific
K Necab2 Calb1 ? Mrgprd Mrgpra3 NPPB/ SST SP/PACAP TAFA1 TAFA4
marker

Abundance 5% 8% 20% 5% 2% 10% 3% 37%

Figure 3 Classification of neural crest derived sensory neurons. The table depicts the 10 sensory neurons subtypes
often described in the literature, along with their markers and characteristics. The table is adapted from the work of Usoskin
et al.".
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Sensory innervation of the airways

Innervation of the respiratory system plays an essential role to regulate breathing and protect the airways. Most
of the sensory innervation of the airways, which include the lung and trachea, originates from the Jugular-Nodose
complex (JNC) through the vagus nerve33-35, Despite a limited number of neurons (500-800 in mice), vagal sensory
subtypes innervating the airways are still heterogenous. This heterogeneity aims to provide a fully functional
innervation in a complex organ, with a variety of sensory fibers characterized by the type of airway innervated
(trachea, bronchi, alveoli), the physiological function of the neuron (breath regulation, expiratory reflexes, pain,
neurogenic inflammation), the layer of mucosa innervated (smooth muscle, epithelium), or the sensory modality
(mechanical, chemical, thermal)'”33.35. Consensus has emerged to define three large groups of airway sensory
neurons, which we will name here as follows: stretch mechanoreceptors (essential to the respiratory cycle), cough
mechanoreceptors, and airway vagal nociceptors.

Electrophysiological studies have defined stretch mechanoreceptors as slowly adapting receptors (SARs) and
rapidly adapting receptors (RARs), based on their pattern of response to lung inflation or deflation3637. SARs and
RARs are myelinated AR mechanosensitive fibers that are active throughout the respiratory cycle3338, and show
increased activity in response to deep inspiration or lung deflation. These afferent signals are transmitted to the
nucleus of the solitary tract in the brainstem, which in turn relays the information to the phrenic motor neurons that
control the diaphragm, thus playing a key role in the normal physiological control of breathing3840. As a result,
complete vagotomy causes severe respiratory depression which eventually leads to death*!. However, it is still
debated whether SAR and RAR are two distinct classes of neurons, or similar neurons innervating distinct tissue
layers®”. These mechanosensitive fibers sense the degree of airway stretch with the mechanosensitive ion channel
PIEZO2. This channel is then essential to the respiratory cycle, as patients with dysfunctional PIEZO2 display
breathing difficulties, while PIEZO2 knockout mice suffer respiratory distress and die within a day after birth32:42,

Another class of airway innervating mechanosensory neurons, referred to as cough mechanoreceptors, are lightly
myelinated Ab fibers that sense punctate mechanical stimulation rather than airway stretch*3. As a result, these
sensory neurons are meant to trigger cough reflexes to expel a physical intrusion in the airways. They rather
innervate the larger airways and trachea33. In addition to mechanical stimulation, they were also shown to be
activated by acidic pH33.

Airway sensory neurons responsive to thermal and chemical cues are largely unmyelinated C-fibers neurons and
lightly myelinated Ad-fibers neurons3®3. They represent the majority of airway vagal afferent fibers*4, and their
sensitivity to cues relies mostly on the expression of TRPV1, TRPA1, or acid-sensing ion channels (ASICs)*.
They are recruited in response to tissue injury, inflammation, noxious chemicals or temperatures, and their
activation can trigger different types of reflexes including apnea, glottic closure, bronchoconstriction, cough,
sheeze, or protective swallowing. This group is likely to be divided in different nociceptor subtypes.

Airway sensory neurons have been deeply investigated in laboratory animals, but similar innervation patterns have
been observed in human airways, suggesting it would be conserved across mammals*647,

This consensus classification of airway vagal neurons relies mostly on observed phenotypic responses to various
stimulation33, in addition to immunostaining and electrophysiological studies. But a complete classification of the
airway neurons at the molecular level is still lacking. This area of research is still ongoing'7-48.

Other innervation of the airways
Motor neurons and respiratory regulation

The peripheral nervous system, and by extension the airway innervation, is not limited to sensory neurons (Figure
4). Motor neurons control the diaphragm and intercostal muscle to trigger inspirations and expirations. These
neurons are located in the ventral and dorsal respiratory groups in the brainstem and innervate these muscles
through the phrenic nerve*. These neurons are controlled by the preBoétzinger complex (preBotC), in the
brainstem, which processes information such as blood CO2 concentration, pH, temperature, airway and muscle
stretch (some of this information originating from sensory neurons) to regulate the breath rate9.%.
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Autonomic innervation of the airways

Airways are also largely innervated by autonomic sympathetic and parasympathetic fibers. Parasympathetic fibers
share the vagus nerve with JNC sensory neurons, but their cell body are located in the brainstem+%:5', They project
to the intramural ganglia, from which postganglionic cholinergic neurons, innervate the airway smooth muscle®'.
They represent the predominant bronchoconstrictor pathway®? by releasing of acetylcholine (ACh), which through
muscarinic receptors triggers the contraction of airway smooth muscle cells. Sympathetic innervation of the
airways originates mostly from the superior cervical ganglia and stellate ganglia in the sympathetic trunk®!. They
innervate the blood vessels and airway smooth muscle cells. They release primarily noradrenaline and are positive
for neuropeptide Y (NPY) and vasoactive intestinal peptide (VIP). Sympathetic nerve activation has an opposite
effect to parasympathetic fibers, eliciting airway smooth muscle relaxation and bronchodilation53.54,

JNC (sensory)

Vagus nerve

SCG and SG
(sympathetic)

Intramural ganglia
(parasympathetic)

Phrenic nerve Diaphragm
(motor neurons)

Figure 4 Innervation of the airways Motor, sympathetic, parasympathetic, and sensory neurons innervate the
airways. Sensory neurons are the only neuronal type with afferent function, transmitting signal to the brain in both
steady state and injury conditions. The sensory signals influence the efferent peripheral neurons to regulate lung

physiology.

[Il - Lung immunology and asthma.
Mucosal and immune defenses in the airways.

The respiratory tract carries out the crucial function of gas exchange. Airways are thus characterized by a
vulnerable mucosa, which can get in contact with noxious pathogens or particles. Several layers of defense,
including the immune system, are meant to sense and eliminate these threats without altering the lung respiratory
function. The intrusion of these exogenous particles can induce mucosal damage, inflammatory response, and
possibly severe pneumonia. Several specialized cells participate in maintaining lung homeostasis®®. The
epithelium and secreted mucus provide a physical and chemical barrier. Goblet cells produce mucus that covers
the mucosa and can entrap foreign particles. Ciliated cells are abundant epithelial cells that activate their cilia and
continuously propel the mucus toward the larger airways where it can be expelled via cough or swallowing. Finally,
club cells secrete antimicrobial compounds. In the airway space and within the mucus, alveolar macrophages are
a specialized type of immune cells that clear particulates, apoptotic cells, and cellular debris from the airways®%®.

Mucus is composed of water, ions, lipids, proteins, and complex macromolecular glycoproteins called mucins®’.
Secreted mucins are synthesized in goblet cells and released by exocytosis upon stimulation. MUC5AC and
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MUCS5B are the most prominent secreted mucins in the respiratory tract. When secreted, these gel-forming mucins
form a dense macromolecular matrix providing the adhesive properties of the mucous layer. Mucus provides a
physical barrier, trapping pathogens and particles before they reach the epithelium.

In the context of an infection, or intrusion of pathogens, allergens, viruses, venoms or parasites, the threat has
first to be detected, following which signaling molecules are secreted to mount a protective response. The variety
of types of threats has led to the development of tuned immune responses with distinct features. Three major
types of immune responses are usually distinguished, namely type 1, type 2, and type 17 inflammation35%8, Type
1 inflammation is commonly activated in response to intracellular pathogens including bacteria, fungus, and
viruses, and is also active in the context of cancer. Type 2 inflammation is triggered in response to venom,
pluricellular pathogens and parasites, or allergens. More recently, type 17 inflammation has been associated with
infection by extracellular bacteria and fungus. Each type of immune response involves different types of immune
cells, cytokines, antibodies, and may induce different physiological pathway in non-immune cells (mucus secretion,
pain and itch, vasodilation...). The diversity of immune responses allows fighting the threats more efficiently, while
minimizing the damage of the tissue®.

A tuned immune response involves that the lung mucosa can both detect and segregate the different types of
pathogens, to trigger the proper set of immune cells. Type 1 and type 17 immune responses can be triggered by
dendritic cells, macrophages, or even epithelial cells. The intrusion of a foreign body is sensed by pattern
recognition receptors (PRR); a large family of receptors that recognize a variety of molecules found in pathogens®°.
This detection drives the release of first order cytokines (IL-12, IL-23, IL-1B3)%, which activate a range of other
immune cells, amongst which CD4 T cells and innate lymphoid cells 1 and 3 (ILC1 and ILC3). These orchestrate
the immune response through the release of second order cytokines. In type 1 inflammation, CD4 T cells polarize
into T helper 1 (Th1) cells, and, along with ILC1, release IFN-y. In case of type 3 inflammation, yoT cells, ILC3,
and Th17 polarized CD4 T cells secrete IL-17 and IL-22. Various effector immune cells are activated, or recruited
in the inflamed tissue, amongst which CD8 T cells and neutrophils are major effectors in these types of immune
responses. Neutrophils are rapidly recruited by chemoattractants released by sensor immune cells and act through
phagocytosis, and through the release of neutrophils extracellular traps (NET), which contain DNA, histones,
proteases and antimicrobial proteins®®. CD8 T cells recognize and eliminate infected cells®’.

Th2 immune responses are directed against extracellular pathogens or parasites and rely less on detection by
PRR. Instead, it is triggered by tissue damage and by the recognition of proteases®%62 often released by these
extracellular pathogens. Damaged cells in the epithelium release first order cytokines, also called alarmins: IL-33,
IL-25 and Thymic stromal lymphopoietin (TSLP)83. Mast cells are also key sensor cells that detect proteases, and
in turn release effector molecules like proteases, histamine, and prostaglandins, along with cytokines. These
signals, in particular type 2 specific alarmins, activate ILC2, and trigger the polarization of CD4 T cells in Th2.
These lymphocytes then release type 2 specific second order cytokines, amongst which IL-4, IL-5 and IL-13. IL-4
drives the type 2 immune response and activates a variety of immune cells. IL-13 is notably associated with
increased mucus secretion by epithelial cells®. IL-5 activates and recruits eosinophils, a type 2 specific effector
cell type®s. Eosinophils degranulate to release compounds that are toxic to helminths: major basic protein (MBP)
and eosinophil cationic protein (ECP). Finally, IL-5 and IL-13 also promote epithelial regrowth.

Of note, type 1, type 2, and type 17 immune responses are not always entirely segregated based on the type of
pathogens detected. These types of inflammation can have complementary functions. For instance, type 2
immunity triggers more processes associated with tissue repair and regeneration, and it is postulated that type 2
mechanisms are also involved to in the resolution phase following type 1 and type 17 immune responses®®.

Upon reinfection, or repeated exposure to the foreign organism, adaptive immunity will develop. Memory B cells
recognize specific antigens with the B cell receptor (BCR), while memory CD4 T cells recognize antigens
presented by dendritic cells with the T cell receptor (TCR). In all type 1, type 2 and type 17 immune responses, B
cells then produce and secrete antigen-specific antibodies, although type 2 inflammation is commonly associated
with higher antibody titers®”. Conversely, Type 1 immunity relies more on cell-mediated immune response. Indeed,
the neutralization and expulsion of large extracellular parasites are more efficiently achieved by antibody mediated
immunity, while intracellular pathogens are cleared by CD8 cytotoxicity to eliminate infected cells%®.

Antibody classes and function

Antibodies are composed of an antibody binding fragment (Fab), and a crystallizable fragment (Fc) that deploys
effector functions®8. The Fab contains the variable domains that makes the specificity of the antibody for a given
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antigen. The Fc defines the class of antibody. B cells differentiate into producing a specific class of antibody by
DNA recombination®. There are 5 different isotypes IgA, IgM, IgG, IgE and IgD, further divided into subclasses.
IgM takes a pentameric form and can bind to the complement, a cascade of small proteins that has the ability to
break into the membrane of a pathogen®70, |gG is an abundant monomer that plays an important neutralization
role, and can also activates the complement, opsonization (a mechanism promoting phagocytosis), and antibody
dependant cytotoxicity by NK cells (ADCC)"". IgA is a secreted form of antibodies, that is actively transported in
mucus, saliva, and other secretions, where it plays mostly a role of neutralization. The IgD function has been a
puzzle in the immunology area but is thought to interact with basophils and mast cells and to play a role in mucosal
immunity?2.

Finally, IgE is the least abundant isotype, and has a short half-life®8. This isotype is specific to type 2 immune
responses, and its production by B cells is driven by the Th2 cytokine IL-473. While IgE is maintained at a low level
in the serum, it binds to FceRI on mast cells where it can remain fixed for months”. Upon antigen sensing by IgE
bound to FceRI, mast cells degranulate to release histamine, proteases, and cytokines”3. This mechanism allows
a quick and antigen-specific detection and effector response mediated by these cells. FceRl is also expressed on
basophils, where its activation triggers the production and release of leukotrienes and cytokines”. FceRl is a
multimeric receptor with three different subunits. FceR1a binds to IgE, whicle FceR13 and FceR1y are signaling
subunits that activate Src kinases’®. It should be noted that another less characterized IgE receptor exists, FceR2.
It has lower affinity for IgE and is thought to regulate IgE production by B cells’®.

Allergies

Immune responses are meant to protect organisms against harmful pathogens. But it may in some circumstances
become maladaptive and trigger misdirected inflammatory responses. This is the case for auto-immune conditions,
and allergies. Allergic disorders are rising in developed countries, with 47.1% of the American population now
reporting to have allergies”’. These are defined as “an abnormal adaptive immune response directed against non-
infectious environmental substances (allergens), including non-infectious components of certain infectious
organisms”78.

The reason for the increased prevalence of allergies is not clearly established. One of the main theories is the
“hygiene hypothesis”’8, according to which the limited exposure to infections during childhood would result in the
development of biased immune responses against non-harmful substances. The mechanism explaining this
phenomenon is still elusive, but one possibility is that persistent immune challenges would promote robust anti-
inflammatory mechanisms, for instance the release of IL-10, that prevent maladaptive immune responses. The
limited exposure to pathogens would dampen these regulatory functions. This proposed mechanism is backed by
the observation that elevated anti-inflammatory cytokines, known to be induced by helminth infections, inversely
correlates with allergies™.

Allergies often develop when the immune system in epithelial barriers encounter an allergen that triggers a type 2
immune response. Whether or not long-term allergic responses develop depends on several factors. The quantity,
route, and frequency of exposure to the antigen will impact the development of allergies. In addition, the propension
of this antigen, and surrounding molecules, to trigger a type 2 immune response explains why some substances
are more allergenic than others. For instance, proteases and certain air pollutants promote this type of
inflammation®28. Finally, the host genetics, as well as environmental factors, affect the barrier integrity of the
epithelium and mucosa, which greatly impact the development of immune responses. Genetic mutations altering
skin integrity are often associated with increased prevalence of allergic disorders8'-82, In addition, genomic studies
showed that mutations in genes associated with type 2 immune responses, such as genes involved in alarmin
signaling, are often observed in patients with allergic disorders®3.

Allergic disorders manifest differently depending on the tissue exposed. Atopic dermatitis, asthma, food allergies,
or allergic chronic rhinitis are all consequences of allergies. Interestingly, it was shown that these manifestations
are often connected, for instance children with dermatitis often develop asthma later in life. This phenomenon is
described as “the atopic march”8. It is thought that sensitization to an allergen in one site may result later in the
onset of systemic Th2 inflammation®, increasing the risk of developing other types of allergies.

Overall, the mechanisms explaining the development of allergies are still elusive. Great advances have been made
lately on the exogenous signals promoting the mounting of a type 2 immune responses, in which sensory neurons
may play a role. In the next section, we focus on the pathophysiology of asthma.
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Asthma pathophysiology and lung immunology.

Asthma is an umbrella diagnosis that encompasses a collection of different pathologies and phenotypes®.
Clinically, asthma is defined by the presence of symptoms such as wheezing, shortness of breath, chest tightness,
and cough®®. Several mechanisms, called endotypes, can trigger those symptoms®. This heterogeneity often
results in differences of appreciation by the scientific community in the literature as to what exactly defines asthma
and what are the mechanisms of its pathophysiology. Most asthma cases are associated with airway
inflammation®:86, but cases of exercise-induced bronchoconstriction independent of immune responses are also
reported, which may or may not be considered as asthma depending on the definition that is applied.

Various causes have been investigated to explain the development of asthma. Genetic variations have been found
in patients for genes such as IL33, IL1RL1/IL18R1, HLA-DQ, and IL2RB983 suggesting a genetic predisposition to
dysregulated mucosal Th2 immune responses. In addition, risk factors such as smoking and obesity can increase
the chance to develop late-onset asthma??.

Asthma can be divided in two different major subtypes, namely eosinophilic and non-eosinophilic (or neutrophilic)
asthma. Eosinophilic asthma is characterized by type 2 inflammation in the airways. It is the most prevalent form,
with an even higher prevalence amongst children and early onset forms of asthma. It is in most cases triggered
by exposure to an allergen8s. Eosinophilic asthma in young patients is commonly associated with other atopic
pathologies such as eczema, rhinitis, or food allergy.

Non-eosinophilic asthma is characterized by type 1/type 17 immune responses, and neutrophil infiltrations in the
lung. It usually develops later in life, and although it is less prevalent than eosinophilic asthma, it can lead to more
severe exacerbations. The pathogenesis of this endotype is less characterized, but the identified risk factors
include smoking, bacterial infections, or obesity.

In this thesis, we focus on the most common type of asthma, induced by type 2 allergic airway inflammation.

Pathophysiology

As described in previous sections, tissue damage, pathogen intrusion, or allergens, trigger immune responses in
the airways. The inflammation associated with the immune response results in several physiological changes that
obstruct airflow and ultimately lead to an asthma phenotype. Different alterations modify the physical properties of
the airways: the quantity and type of mucus secreted, the bronchoconstriction by smooth muscles, and the
thickening of the epithelial layer.

Mucus

The two major gel-forming mucins produced in mammals’ airways are MUC5B and MUCS5AC. At baseline, only
MUCS5B is expressed and secreted®”, while both MUC5B and MUC5AC are secreted at high levels in the context
of airway inflammation. Such hypersecretion is meant to trap foreign organisms, before their killing, and their
removal by ascension to the pharynx before swallowing or coughing. In type 2 immune responses, IL-13 is the
most recognized inducer of mucus hypersecretion®4. This cytokine is detected by goblet cells through IL4RII,
driving the drastic overexpression of MUC5AC and a more moderate overexpression of MUC5B®. Mucus
hyperproduction is also present in neutrophilic asthma?®, where potential activators suggested in the literature are
IL-6%, IL-179, TNF-a®! or neutrophil elastase®. While mucus hypersecretion is beneficial for the neutralization,
killing and removal of pathogens, an excessive or misdirected activation, like in the case of allergies, will contribute
to airflow obstruction.

Bronchoconstriction

Airway smooth muscles (ASM) surround most of the airways from the trachea to the bronchioles and are located
in a deeper layer around the epithelium. While they have the ability to narrow or enlarge the airways, their actual
function remains unclear®. The proposed ASM roles include peristalsis to assist mucus expulsion, enhancing the
effectiveness of cough, protection in response to irritants®, or lung embryonic development®. It has also been
postulated that airway smooth muscle is a vestigial organ that no longer provide an evolutionary advantage®®,
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since no known disease or physiological deficit associated with loss of ASM function have been reported®97. ASM
in asthmatic patients are excessively contractile in response to little provocation, a phenomenon called airway
hyperreactivity (AHR), which is a key defining clinical feature of asthma®. ASM can contract in response to
chemical or physical stimuli, such as heat or cold®-1%, an effect that is exacerbated in patients with asthma. In
addition, ASM contractility is largely driven by the autonomic nervous system, adrenergic sympathetic fibers
inducing bronchodilation, while cholinergic parasympathetic fibers can trigger bronchoconstriction. Inflammatory
derived mediators are thought to play a key role in modulating ASM function and responsiveness. Mast cell-
released histamine, leukotrienes (LTC4 and LTD4), and prostaglandin D2 (PGD2), have long been recognized as
potent bronchoconstrictors'01-193, |n addition, various cytokines can modulate the contraction of ASM such as TNF-
a, IL-1B1%4, IL-5 and [L-1393.105-108,

Airway remodeling

Reduced airflow can also result from a thickening of the epithelial layer, a phenomenon associated with the airway
remodeling'%9. Airway remodeling refers to the structural alterations in the airways of asthma patients, and involves
a wide array of pathophysiologic features, including epithelial changes, increased smooth muscle mass, increased
numbers of activated fibroblasts/myofibroblasts, subepithelial fibrosis, and vascular changes'°. Inflammation is
believed to be an important driver of these changes. Mediators such as TGF-B'9, IL-5 and IL-13 can promote
epithelial regrowth55. TGF-B is also known to be pro-fibrotic. Overall, repeated or impaired repair process in the
epithelium over time, with inflammatory cytokines and growth factors, can explain the development of airway
remodeling''". It should be noted that remodeling was also sometimes shown to be present in childhood before
the signs of inflammation, suggesting possible other causes, notably genetic''2.

Treatment of asthma

Several classes of drugs are used as treatments for asthma. Short- and long-acting f2-adrenoceptor agonists
target the airway smooth muscles, mimicking the action of adrenaline, which is a strong bronchodilator, to restore
the airflow'3. In addition, corticosteroids are used as control therapies. They interact with glucocorticoid receptors
in immune cells, where it notably inhibits NF-kB, thus blocking the transcription of several inflammatory genes
coding for cytokines, chemokines, or adhesion molecules''3. B2-agonists provide rapid relief of acute symptoms,
while maintenance with daily inhaled corticosteroids is the standard of care for persistent asthma''4. More recently,
monoclonal antibody therapies have reached the approval by regulatory agencies. These are now used when
classic treatments are not sufficient to manage the disease'". Most of these new biologics inhibits the type 2
immune responses. Benralizumab targets the IL-5 receptor IL5RA, while Mepolizumab and Reslizumab targets
IL-5'"6. Given the action of IL-5 on eosinophiles, these are especially efficient for patients with eosinophilia.
Omalizumab targets IgE to prevents its binding to FceRI, and Tezepelumab targets the first order cytokine TSLP 7,
Finally, Dupilumab is a drug targeting IL4RII, hence preventing the action of both IL-13 and IL-4, that was originally
developed against atopic dermatitis. It was recently shown to be also efficient to treat asthma''8. Despite this
variety of treatments, progress can still be made. Several patients still suffer uncontrolled exacerbations'. In
addition, asthma is still an important burden for the society given its large prevalence (300 million people
worldwide)*>!9 it complicates the daily life of the patients, and no treatment is truly curative. It is then still
important to investigate the mechanisms of this pathology to understand both how it develops and how to treat it
more effectively.

Animal models of asthma

Rodent models of asthma have provided useful insights in the pathophysiology of this condition. Most models
require a first step of sensitization, during which the immune system detects the allergens, mounts an adaptive
immune response with selection of antigen specific T cells and B cells, and develops a memory of the allergen.
Another step of those protocols is the challenge, where the animal is exposed, usually intranasally, to the
allergen, which triggers an allergic airway inflammation, mimicking an allergic reaction observed in humans
asthma patients'20. Allergens typically used are ovalbumin (OVA), house dust mite (HDM) extracts, fungi
(Aspergillus fumigatus, Alternaria alternata) or cockroach extracts'?°. The OVA and HDM mouse models are the
most common in the literature. The OVA model requires intraperitoneal sensitization with aluminum hydroxide as
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an adjuvant. Airway OVA challenges subsequently induce robust pulmonary inflammation and IgE secretion20,
This model is convenient for researchers as several tools are commercially available such as OVA-specific IgE,
but its relevance is sometimes questioned as OVA allergies in humans do not lead to airway inflammation. The
HDM model is thus considered more clinically relevant as it does not require adjuvants and is also a common
allergen in human asthma.

IV - Nociceptor neurons and airway inflammation
Nociceptors and inflammation

Inflammation is an ancient medical term that refers to a set of clinical signs and symptoms. Inflammation is not
synonymous with immune response, but is a broader concept that englobes all physiological changes that take
place in response to an injury or a threat, and which involves several cell types and mechanisms. Two thousand
years ago, Celsus defined inflammation as involving four cardinal signs: dolor (pain), calor (heat), rubor (redness)
and tumor (swelling)'2'. All those 4 signs are deeply connected to the nervous system, and particularly to
nociceptor neurons.

In the context of inflammation, sensory neurons can trigger unpleasant sensations such as pain, itch, or sore
throat. They are also essential to trigger motor reflexes like scratching and coughing. In addition, their peripheral
nerve endings locally release mediators in the inflamed tissue, mainly neuropeptides, that have various effects on
the tissue physiology.

The rationale proposed to explain the evolutionary advantage conferred by the recruitment of sensory neurons in
inflammation relies on their ability to quickly signal through action potentials, while immune and other cells secrete
molecules that require more time to diffuse through the tissue. This was highlighted by the discovery of the “axon
reflex”: following the activation of a nociceptor nerve ending, the action potential propagates toward the soma and
the brain (orthodromically), but also antidromically when it reaches a nerve branching, resulting in local
neuropeptide release in all nerve endings from this same neuron. This allows a quick and localized signaling in
the injured tissue following the detection of the threat'?2-124 (Figure 5). The role of nociceptors in inflammation can
also be indirect, with the triggering of reflexes mediated by the autonomic nervous system?25,

All the mechanisms associated with the neuronal contribution to inflammation are qualified as part of the
neurogenic inflammation. Here, we detail the mechanisms by which nociceptor neurons mediate physiological
inflammatory responses, including motor reflexes, immune modulation, and other physiological reactions.

Nociceptors and cough

Nociceptors are essential to initiate protective reflexes, such as withdrawal reflexes in response to physical or
chemical stimuli. In the context of inflammation, skin-innervating nociceptors are responsible for itch and
scratching, while in the airways, they initiate the reflex of coughing. Two different types of airway fibers described
in previous sections can initiate cough: thinly myelinated Ad-fibers “cough mechanoreceptors”, and C-fibers
nociceptors. They are believed to innervate mostly the larger airways (larynx, trachea, bronchi), but studies also
suggest a modest innervation of deeper lung airways'26. The cough mechanoreceptors are activated by punctate
mechanical stimulation, and by acid stimulation, and help to protect against foreign body intrusion, or to expel
excessive mucus secretions33126, The C-fibers nociceptors involved in cough are more responsive to irritant
chemicals, inflammation, and tissue damage33.126,

Nociceptors, neuropeptides, and inflammation

Increasing evidence demonstrate that the role of nociceptors in modulating inflammation is not limited to motor
reflexes. Peripheral nerve endings also communicate locally with other cells in the tissue through the release of
neurotransmitters and neuropeptides. The most abundant neuropeptides identified in primary afferent sensory
neurons and released in the periphery are Substance P and Calcitonin gene-related peptide (CGRP), to which we
can add Vasoactive Intestinal Peptide (VIP) in vagal neurons''. Other neuropeptides include neuropeptide Y,
Somatostatin, pituitary adenylate cyclase-activating peptide (PACAP), neurotensin S (NTS), gastrin releasing
peptide, neuromedin U (NMU) and natriuretic peptide B (NPPB) but their expression and peripheral release by
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sensory neurons is less established. Notably, some of these neuropeptides also play a role in pain and
inflammation at the level of the CNS nerve ending of the neurons, and regulate signal transmission to the brain or
central sensitization127-129,

Vasodilation

Neuropeptides released in the periphery by nociceptors were originally identified for their vasoactive properties'30-
133, CGRP is an extremely potent microvascular vasodilator'32, found to be very active in the skin of all species'34.
Through the RAMP1-CLR receptor, it activates endothelial and vascular smooth muscle cells, thus triggering
vasorelaxation'2. Substance P, through its receptor NK1R, is also detected by endothelial and smooth muscle
cells, but is more prone to increase vascular permeability and plasma extravasation'3®136, Through these
vasoactive functions, these neuropeptides promote the infiltration of immune cells and protein mediators in the
inflamed tissue'7”13 and participate to the formation of oedema®?. VIP and PACAP are also potent
vasodilators'39.140

Mucus secretion

Nociceptor-released neuropeptides are also extensively reported to influence mucus secretion in various
inflammation models. Substance P was found to increase bronchial mucus secretion in different species'41-143,
although the mechanisms at play are not yet elucidated. Substance P was also associated with mucus secretion
in guts in the context of inflammatory bowel disease. Albeit less established, CGRP was also found to promote
gut mucus secretion'#4145 with a strikingly specific expression of CGRP receptor (CRL-RAMP1) in the goblet cells
of the guts™>.

Bronchoconstriction

Nociceptor ablation was shown to reduce airway hyperresponsiveness6. However, little evidence supports a role
for neuropeptides released by sensory neurons to directly promote bronchoconstriction. VIP, and its receptor
VPAC?2, were found to promote bronchodilation'?, while Substance P and Neurokinin A were also described as a
potential bronchoconstrictor48-150, Qverall, it appears more likely that the bronchoconstrictive action of sensory
neurons is indirect and mediated by autonomic parasympathetic reflexes3.

Immunomodulation

Over the past three decades, increasing evidence have also demonstrated the ability of neuropeptides to directly
promote the activation and infiltration of immune cells in the inflamed tissue. Several studies using genetic ablation
or pharmacological silencing of nociceptors, or of the neuropeptides they release, have observed altered immune
responses in mice models of disease'®'-157, Optogenetic activation of nociceptor fibers in the skin, in the absence
of injury or infection, was also shown to be sufficient to induce the activation of immune cells'??, while neuropeptide
injection in the skin induced inflammatory cells infiltration'®8. The mechanisms at play in vivo are still elusive given
the diversity of types of immune responses, neuropeptides, immune cells at play, and the possibility of indirect
effects (i.e., vasodilation promoting immune cell infiltration). The action of nociceptors on inflammation differs
depending on the inflammation model and the immune cells involved'®, which supports the hypothesis of a direct
communication with immune cells. Overall, in vitro data have shown a more established direct effect of
neuropeptides on innate or tissue resident immune cells, consistent with the function of nociceptor to signal rapidly
and locally in case of threat detection. In this section, we focus on the demonstrated effects of direct
immunomodulatory action of neuropeptides on immune cells.

Mast cells

Mast cells are tissue resident cells that detect antigens and proteases and release proinflammatory mediators.
They are probably the most thoroughly investigated cell type for neuro-immune crosstalk'80.16, Accumulated
evidence demonstrated proximity and contact between mast cells and nociceptor fibers in vivo'54160-183, SP has
been thoroughly reported as an activator of mast cell degranulation and chemokine production'64.165_ |t triggers
intracellular pathways in mast cells, although not through the classical SP receptor NK1R, but instead through the
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GPCR MRGPRX2, or its mouse homolog MRGPRB2, which is strongly and specifically expressed in mast cells 66
72, VIP was also found to activate mast cell degranulation through the activation of both VPAC1 and VPAC2
receptors'64.173, Other reports have mentioned a possible role for somatostatin and neurotensin in neuron-mast
cells communication4,

Macrophages and monocytes

Most nociceptor-released neuropeptides appear to limit the inflammatory phenotype of macrophage and enhance
their pro-regenerative functions. A newly described neuropeptide, TAFA4, released by C-LTMR promotes
macrophage repair functions'74. Macrophages also express the receptor NK1R 75177 through which substance P
was shown to induce their polarization toward the anti-inflammatory M2 type'78. The activation of toll like receptors
(TLR) expressed by macrophage induces the expression of the VIP receptor VPAC2, allowing a VIP mediated
deactivation of these cells'’®. Peritoneal macrophage incubated with gastrin releasing peptide (GRP) released
higher levels of TNF-a'8, while CGRP had the opposite effect’®.

Dendritic cells

Dendritic cells (DC) are often found in proximity to nociceptor nerve endings'%3.1%6.181 but the role of this interaction
appears complex and remains to be elucidated. Substance P was shown to activate dendritic cells in type 2
immune response through MRGPRA1 to promote their migration to lymph nodes®. In contrast, another study
showed that the activation of the substance P receptor NK1R biased dendritic cells to induce type 1 immunity'82.
CGRP was shown to promote DC function for activation of Th2 response'®, but also to prevent antigen
presentation84,

Neutrophils

In vivo studies extensively showed that neutrophil infiltration was suppressed by nociceptors, a phenomenon often
attributed to CGRP signaling'%5.185, In vitro, CGRP was suggested to dampen bacterial clearance by neutrophils 83,
VIP was shown to block the activation of neutrophils induced by IFN-y'8. Gastrin releasing peptide (GRP) was
described as a chemoattractant for neutrophilse0,

Innate lymphoid cells

Neuromedin U (NMU) was recently found to activate ILC2 and stimulate their cytokine production and
proliferation'®7-189_ A result that has been abundantly confirmed since9%.1°". However, the expression and release
of NMU in sensory neurons have not been evidenced. It appears likely that the NMU regulating ILC2 function
originates from other cell types, including enteric and parasympathetic neurons'®”.18_ VI|P enhances IL-5
production in ILC2 through VPAC2'%2, CGRP appears to have a complex modulatory role on ILC2s: it enhances
IL-5 expression'93-195 but inhibits their proliferation and IL-13 expression'%+1%. To add another layer of complexity,
CGRP is also found to be strongly expressed by ILC2s themselves 9419,

Adaptive immune cells

The effect of neuropeptides on adaptive lymphocytes is less established as a limited number of studies have
demonstrated a direct action on these cells. CD4 T cell secretion of cytokines was suggested to be induced by
SP, CGRP, and SST'%, but was also shown to be inhibited by CGRP and VIP in a contradictory study'”. SP was
shown to increase immunoglobulin release by B cells'% while CGRP seems to dampen CD8 T cell activity'%.

Discussion regarding the role of Nociceptors in inflammation

The evolutionary advantage conferred by the recruitment of nociceptors in inflammation and immune responses
can be questioned since it is immune cells’ role to detect and fight infections. Several hypotheses have been
proposed. Increasing pain sensitivity in infected wound promotes protective reflexes and behavior to prevent
further damage and infections by other pathogens. ltch and scratching reflexes are also thought to be protective
in the case of insects’ bites?%° and were even proposed as a “mechanical adjuvant” allowing disruption of the skin
to promote the mounting of an immune response?°'. Cough allows to expel mucus and the pathogens it may
contain.

Regarding the inflammatory modulation by neuropeptides, the main hypothesis is that sensory neurons can signal
rapidly by the mean of action potentials, promoting early responses, while immune cells communication depends
on paracrine secretion and molecule diffusion which is a lot slower. For instance, in case of a wound or injury,
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sensory neurons can rapidly trigger the formation of an oedema. But this hypothesis is not sufficient since the pro-
inflammatory action of sensory neurons is not limited to early immune responses?202293 and is in part secondary to
signals released by immune cells204205, Another interesting feature of nociceptors is that their peripheral nerve
projections form a dense grid in all skin and mucosa, with each neuron covering individually a given area (10-
400mm? for each sensory neuron in human skin)2%6.207 \We can then hypothesize that the activation of sensory
neurons allows to drive a localized inflammatory response, limited to the area innervated by the activated neurons.

Discussion regarding the opposite effects of nociceptors in inflammation

Sensory neurons function in inflammation appears to depend greatly on the context, the time point observed, the
pathology or the type of immunity and immune cells at play. To explain this discrepancy, the consensus emerging
from the literature is that nociceptor neurons enhance immune responses in type 2 inflammation, and in innate
and humoral immunity. On the other hand, they have inhibitory action in type 1 immune responses and in cell-
mediated immunity'%°. Their effect in type 17 immune responses is still controversial'22.153.155 Such discrepancy is
also observed in the world of immune cells, for instance IL-4 is considered pro-inflammatory in type 2 immune
responses, but anti-inflammatory in type 1 immunity2°8, while IFN-y works the other way around2®°.

®
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Figure 5 The neurogenic inflammation Upon epithelium damage or infection, various signals can activate
nociceptor neurons (1). An action potential is triggered, which propagates toward all the branches of the neurons.
It triggers the release of neuropeptides in the nerve endings, promoting neuro-immune crosstalk (2), mucus
secretion (3), vasodilation and immune cell infiltration (4). The action potential also propagates to the soma and
to the brain, to trigger protective reflexes (5).

V - Nociceptors sensing of immune signals.

Pain sensitization and inflammation

Sensory neurons and nociceptors are meant to detect physical or chemical stimuli, allowing the organism to sense
its environment. But these functions can be adapted or modified depending on the context. For instance, sensory

neurons adapt or become desensitized if the external temperature changes. In a situation of injury, wound, or
inflammation, their sensitivity and excitability can also be miodified, to promote protective reflexes and behaviors.

22



This phenomenon is regulated by various signals and influenced by different levels of the sensory processing
pathway. These changes in pain sensitivity may last for a few hours or days, and their dysregulation can cause
long term neuropathic pain2'%, Two types of pain sensitization are distinguished: allodynia, when innocuous stimuli
trigger the feeling of pain, and hyperalgesia, when noxious stimuli elicit exaggerated pain responses?°.

Mechanisms of peripheral sensitization

Peripheral sensitization typically involves either an increased sensitivity of ionotropic receptors to environmental
cues, a decreased threshold of action potential activation, or a reduced action of inhibitory channels. A wide range
of signaling molecules can mediate peripheral sensitization, including protons, bradykinin, histamine,
prostaglandins, leukotrienes, endocannabinoids, neurotrophins (NGF and BDNF), cytokines (IL-6, IL-1B3, TNFa,
G-CSF, GM-CSF, SCF), chemokines, lipids, and diverse proteases?'!. Most of these signaling molecules are
associated with inflammation and immune responses, making neuro-immune crosstalk a major driver of
nociceptors sensitization. We have reviewed the literature extensively for these inflammatory signals sensed by
sensory neurons in the Article 1 included this thesis.

GPCRs can have a rapid action on nociceptors sensitization. Gq signaling activates protein kinase C (PKC) which
can phosphorylate ion channels to promote nociceptors sensitivity. cCAMP, which synthesis is enhanced by Gs-
GPCR and blocked by Gi-GPCR, also sensitize nociceptors2'2217 an effect mediated by protein kinase A (PKA)?218.

Tyrosine Kinase receptors, and cytokine receptors, trigger the phosphorylation and activation of synapse-to-
nucleus intracellular messengers, such as ERK1/2, STAT3, CREB, mTOR or MAPKSs, which can change neuronal
activity at the transcription level. While regulation of neuronal activity in the soma induced by signals sensed in the
periphery is established, the studies focusing on the mechanisms of this retrograde signaling are still ongoing.
Indeed, such signals must travel through axons for a large distance (centimeters to meters in humans), before
reaching the nucleus?'9220, The case of NGF, a very potent nociceptor sensitizer, has been thoroughly described.
NGF binds to its receptor TRKA, and the ligand/receptor complex is endocytosed, before being transported to the
soma?20, Retrograde transport was also evidenced for STAT3 and CREB221-224,

Nociceptors sensitivity can then be regulated at the transcriptional level, or in the peripheral nerve endings (Figure
6). PKC and PKA can phosphorylate TRPV 1225226 |owering its threshold of activation, with a drop of its activating
temperature from 42° to 33-38°227-230_ Sensitization can also result from an increased transcription of TRPV123' or
an increased trafficking and translocation of this ionotropic receptor to the membrane??6232, Similar patterns of
sensitization occur with TRPA1233-236. Nay1.7 and Nav1.8 can also be both upregulated and phosphorylated,
lowering the membrane potential threshold of activation to generate action potentials?18.237-241,

Finally, a variety of modulatory ion channels, including voltage-gated K* channels, large-conductance K* channels,
voltage-gated Ca?* channels, CI- channels, are expressed on nociceptors?42243, Their distribution and relative
density also influence the sensitivity of the neurons?42-244,
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Figure 6 Peripheral sensitization Various signals sensed in the periphery regulates sensory neurons sensitivity.
GPCR can rapidly modulate ion channel properties. Tyrosine kinase receptors activate intracellular kinase, that
regulate nociceptors’ function both in the nerve ending and in the soma.

These complex interplay affecting nociceptors sensitivity may have different physiological outcomes, depending
notably on the type of neurons targeted?5. Sensitization of peptidergic nociceptors can result in thermal and
mechanical hyperalgesia, release of neuropeptides, and thus promote neurogenic inflammation246247, On the other
hand, non-peptidergic nociceptors sensitization is often associated with itching sensation and scratching2.

Finally, peripheral sensitization can be induced by anatomical changes and hyperinnervation of a wounded or
inflamed area. This hypothesis relies extensively on the expression and release of neurotrophins in various injury
models248-254 These neurotrophins also play a role in regeneration and sensitization of the peripheral neurons.
Increasing evidence of hyperinnervation in inflammation models in vivo are now available?04255-259 glthough further
investigations are required to decipher in what context it occurs (chronic or acute inflammation, type of injury and
immune response). Hyperinnervation is thought to increase sensitivity of sensory neurons by increasing their area
of contact.

Central sensitization

Sensory inputs are also in some situations sensitized in the central nervous system, in particular in the spinal
cord. This phenomenon differs from peripheral sensitization, as it may result in sensation of pain from an area

Normal Sensation Central Sensitization

___ Nocieptor

& |l o)) | | &l —ap
% &= &7 — 9/

- Low-Threshold Mechanoceptor ) / Low-Threshold Mechanoceptor S .
- 2 J k| i
— ouch s Touch |

Figure 7 Mechanisms of central sensitization. Copied from the review of CJ Woolf2. Central sensitization in
somatosensory pathways results from increased synaptic efficacy, and reduced inhibitory mechanisms, which
enhance the nociceptor responses to noxious stimuli, and activates normally ineffective synapses between low
threshold mechanosensory neurons and pain associated secondary neurons.
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larger than the one effectively injured. Several mechanisms have been evidenced, which we describe briefly
here. An increased synaptic efficiency between primary afferent and secondary neuron in the spinal cord can
result in long lasting allodynia or hyperalgesia (Figure 7). This can be induced by increased presynaptic release
of neurotransmitters, by an increased post synaptic sensitivity to these neurotransmitters260-263, by a reduced
activity of a type of inhibitory interneurons also located in the spinal cord?64-266_ or by glial cells activation toward
an inflammatory phenotype?67-270. As a result, afferent nociceptors activation will trigger increased
electrophysiological activity in secondary neurons (allodynia), and non-nociceptive afferent fibers activation can
trigger pain processing pathways (hyperalgesia). These mechanisms apply for areas innervated by dorsal root
ganglion sensory neurons, which project to the spinal cord. For vagal nociceptor neurons, which project to the
brainstem, a similar synaptic regulation is thought to occur in the nucleus of the solitary tract271.272,

VI- Neuro-immunology in the context of asthma

Several mechanisms of neuro-immune communication described in the previous sections are important in the
context of asthma and allergies. In the past decade, studies investigating different aspects of the asthma
pathophysiology have demonstrated the proinflammatory role of neurons in asthma. Ablation of nociceptors in
mouse models of asthma'®215” was shown to reduce the number of immune cells (eosinophils, CD4 T cells)
infiltrating in the airways, and to dampen airway hyperreactivity'#6 and mucus secretion#3. Various mechanisms
and pathways have been suggested and investigated. The expression of ionotropic receptors TRPV1 and TRPA1
were shown to be essential in the neuronal contribution to allergic airway inflammation'57273-275 Neuropeptides
are also involved, as Substance P promotes mucus secretion'2276 and VIP enhances lymphocytes activation2.
Although it was not always demonstrated specifically in the context of asthma, it is very likely that the other
immunomodulatory effects of neuropeptides on immune cells described in chapter IV participate in the neuronal
proinflammatory action. Several type 2 specific immune cells activated in the context of asthma and allergies are
known targets of neuropeptides. This is notably the case of mast cells, ILC2s, and some dendritic cell subtypes.

Several hypothesis and pathways are suggested to explain how sensory neurons are activated in the context of
asthma. Most data available was generated in skin models of allergies, but similar mechanisms are hypothesized
to occur in allergic airway inflammation. Direct sensing of allergens was suggested in some contexts. Notably,
proteases released by multicellular pathogens such as house dust mites are strong inducers of type 2 immunity
and appear to directly activate nociceptor neurons'54.156.277 | imited evidence also suggests that alarmins released
by epithelial cells upon damage could also activate nociceptors neurons?7827°  although this observation is not
supported by the expression of alarmin receptors in sensory neurons. Antibodies, including the type 2 specific IgE,
were shown to be detected by Fc receptors expressed on sensory neurons289-283 This was not tested in the context
of asthma or airway inflammation, but given the key role of immunoglobulin in type 2 immune responses, we can
hypothesize this mechanism to be another way for neurons to be activated in the context of allergen intrusion.
Finally, signals released by immune cells such as prostaglandins, histamine, IL-4, IL-5, and IL-13 were shown to
activate sensory neurons284,

Overall, the current consensus is that upon allergen exposure, sensory neurons are activated by various signals,
likely occurring at different stages of the type 2 immune response, and having different effects. In response,
sensory neurons promote various inflammatory pathways, through mechanisms that require neuropeptide release
and the activation of TRP channels. How these various pathways are connected each others remains to be
clarified. In addition, most of the studies investigating the mechanisms of neuronal activation in allergies were
carried out with different in different tissues and models, and the characterization of airway nociceptors and their
ability to sense such type 2 immune signals is still lacking.

VIl - Rationale, hypothesis, and research objectives

Lung immune cells and sensory neurons form complex systems that reciprocally interact and influence each other.
Sensory neurons are sensitive to various immune and inflammatory signals, and in turn display physiological
responses which include but are not limited to hyperalgesia and pain. They also play an active role to fight the
threat, through protective reflexes and the initiation of neurogenic inflammation. However, several complex
mechanisms drive these neuro-immune interactions, resulting in a very context-dependent influence of
nociceptors. In type 2 immune responses, such as in the case of asthma, nociceptors promote the inflammatory
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response, worsening the symptoms of asthma. In other contexts, such as type 1 inflammation, they rather dampen
the immune response. Such discrepancy may involve that nociceptors are informed of the type of threat and
ongoing immune response and adapt their phenotype accordingly. In the context of asthma, we then hypothesized
that airway-innervating vagal nociceptors can detect type 2 specific inflammatory signals, and consequently adapt
their phenotype to enhance the inflammatory response.

The main objectives of this thesis were to: i) define the characteristics and molecular profile of airway innervating
nociceptors; ii) determine which immune signals are sensed by these neurons during asthma and iii) define how
these signals affect nociceptor phenotype.

In a first article, we reviewed the state of literature to describe what signals are sensed by nociceptor neurons in
the context of immune responses. In a second one, we investigated the specificities of JNC vagal nociceptors
neurons, compared to DRG nociceptors that are more largely characterized. In the third and fourth articles, we
investigated the sensitivity of JNC nociceptors to type 2 immune signals. First, using a functional approach, we
demonstrate their ability to detect allergens through the expression of FceRI. Then, using transcriptomics and a
screening approach, we show how IL-13/IL-4 reprograms nociceptors in the context of allergic airway
inflammation.
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VIII- Article 1. Profiling of how nociceptor neurons detect danger, new and old
foes

Crosson T, Roversi K, Balood M, Othman R, Ahmadi M, Wang JC, Pereira PJS, Couture R, Latini AS, Prediger
RDS, Rangachari M, Seehus CR, Foster SL, Talbot S. Journal of Internal Medicine, 2019.

In this publication, we reviewed the literature for all types of immune signals reported to be detected by nociceptors
in various inflammatory models and conditions.

Contribution: The student has contributed to the design and setting the focus of the review. He has written several
parts, notably those related to cytokines and immune cells signals. He was involved in the making of all figures
displayed. He has also played a role in proof reading and assembling all the different sections.

Abstract:

The host evolves redundant mechanisms to preserve physiological processing and homeostasis. These functions
range from sensing internal and external threats, creating a memory of the insult and generating reflexes, which
aim to resolve inflammation. Impairment in such functioning leads to chronic inflammatory diseases. By interacting
through a common language of ligands and receptors, the immune and sensory nervous systems work in concert
to accomplish such protective functions. Whilst this bidirectional communication helps to protect from danger, it
can contribute to disease pathophysiology. Thus, the somatosensory nervous system is anatomically positioned
within primary and secondary lymphoid tissues and mucosa to modulate immunity directly. Upstream of this
interplay, neurons detect danger, which prompts the release of neuropeptides initiating (i) defensive reflexes
(ranging from withdrawal response to coughing) and (ii) chemotaxis, adhesion and local infiltration of immune cells.
The resulting outcome of such neuro-immune interplay is still ill-defined, but consensual findings start to emerge
and support neuropeptides not only as blockers of TH1-mediated immunity but also as drivers of TH2 immune
responses. However, the modalities detected by nociceptors revealed broader than mechanical pressure and
temperature sensing and include signals as various as cytokines and pathogens to immunoglobulins and even
microRNAs. Along these lines, we aggregated various dorsal root ganglion sensory neuron expression profiling
datasets supporting such wide-ranging sensing capabilities to help identifying new danger detection modalities of
these cells. Thus, revealing unexpected aspects of nociceptor neuron biology might prompt the identification of
novel drivers of immunity, means to resolve inflammation and strategies to safeguard homeostasis.
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The host evolves redundant mechanisms to pre-
serve physiological processing and homeostasis.
These functions range from sensing internal and
external threats, creating a memory of the insult
and generating reflexes, which aim to resolve
inflammation. Impairment in such functioning
leads to chronic inflammatory diseases. By inter-
acting through a common language of ligands and
receptors, the immune and sensory nervous sys-
tems work in concert to accomplish such protective
functions. Whilst this bidirectional communication
helps to protect from danger, it can contribute to
disease pathophysiology. Thus, the somatosensory

nervous system is anatomically positioned within
primary and secondary lymphoid tissues and
mucosa to modulate immunity directly. Upstream
of this interplay, neurons detect danger, which
prompts the release of neuropeptides initiating (i)
defensive reflexes (ranging from withdrawal
response to coughing) and (ii) chemotaxis, adhesion
and local infiltration of immune cells. The resulting
outcome of such neuro-immune interplay is still ill-
defined, but consensual findings start to emerge
and support neuropeptides not only as blockers of
Ty1l-mediated immunity but also as drivers of Ty2
immune responses. However, the modalities
detected by nociceptors revealed broader than
mechanical pressure and temperature sensing and
include signals as various as cytokines and patho-
gens to immunoglobulins and even microRNAs.
Along these lines, we aggregated various dorsal root
ganglion sensory neuron expression profiling data-
sets supporting such wide-ranging sensing capabil-
ities to help identifying new danger detection
modalities of these cells. Thus, revealing unex-
pected aspects of nociceptor neuron biology might
prompt the identification of novel drivers of immu-
nity, means to resolve inflammation and strategies
to safeguard homeostasis.

Keywords: cytokine, immunoglobulin, neuro-immu-
nity, sensory neuron.

Background

The peripheral sensory nervous system can be
divided into (i) afferent neurons, which are

fAuthors contributed equally to this manuscript.
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responsible for sensing peripheral information to
be transmitted to the brain for processing, and (ii)
efferent neurons, which carry electrical signals
back to the periphery to generate reflex responses
such as cough, scratching and vomiting [1-4].
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JIM Neurons detect dangers / T. Crosson et al.

These afferent neurons are made up of several
classes of fibres, of various calibre, myelination
and protein expression, each specialized to detect
and transmit specific types of signals. Amongst
these, C and AS fibres are un- or lightly myelinated
small to medium size pseudounipolar fibres. C fibres
can be further divided into peptidergic (NGF-sensi-
tive) and nonpeptidergic (GDNF-sensitive) neurons
[5]. These sensory neurons or high-threshold nox-
ious stimulus detectors represent the first line of
defence against environmental and internal danger
[6]. They accomplish these functions using defined
types of ion channel transducers such as TRP, ATP,
acid-sensing and Piezo channels (as reviewed by
Dubin and Patapoutian [6]). The activation of such
pore channels leads to the influx of cations [sodium
(Na'), calcium (Ca®")] and the engagement of voltage-
gated sodium channels (Nays) which convert
detected threats into electrical signals (Fig. 1). A
key feature of these ion channel transducers is their
high plasticity and context-dependent activity.
Thus, the sensitivity and expression levels of these
transducers are often modified following tissue
injury and inflammation. Whilst this process is
meant to adapt to changes in the environment,
these changes have limited reversibility, persisting
in time and contributing to inflammation. Thus, in
response to chornic or repeated stimuli, sensory
neurons are sensitized, which results in decreased
activation threshold or spontaneous firing [7]
(Fig. 1). Phenotypically, these changes can be man-
ifested by chronic itch, pain and cough as well as
tissue hypersensitivity.

Cell death secondary to tissue insult leads to the
activation of resident monocytes, the influx of
various immunocytes and the local release of
histamine, serotonin, prostaglandins, bradykinin,
ATP, protons, nerve growth factor (NGF), anan-
damide and cytokines [8]. These mediators then
activate nociceptor neurons through their recep-
tors and lead to the overexpression and phospho-
rylation of ion channel transducers [9,10].
Specifically, TRPV1 and Nay responses are respec-
tively enhanced by downstream signalling cas-
cades involving PKC or PLA,/lipoxygenase
pathway (Fig. 1). For instance, the action of (i)
activin [11], (i) CCL3 on CCRI1 [12], (iii) artemin
[13] and (iv) kinins on B;R [14,15] enhances PKC
signalling, whilst histamine activation of H;R [16],
PGE, acting on the EP2 receptor and PLb3 [17]
enhance PLA,/lipoxygenase activity. Also, external
insults such as pathogens, allergens and air pol-
lution can sensitize nociceptors [18-21] (Fig. 1).

Similar to these processes, the central sensitization
of nociceptor neurons also occurs. For example,
microglial cells are recruited at the neuron synapse
and, by releasing various pro-inflammatory medi-
ators, drive the phosphorylation of glutamatergic
receptors (NMDA). This effect enhances NMDA
trafficking to the neuron membrane and augments
the channel kinetics resulting in the enhancement
of synaptic strength (reviewed by Latremoliere and
Woolf [22]). Functionally, that sensitization results
in long-term potentiation (LTP) of the synaptic
transmission between primary and second-order
sensory neurons, rendering the CNS hypersensi-
tive to innocuous inputs and, in turn, producing
exaggerated responses. Clinically, higher excitabil-
ity is associated with chronic pain (hyperalgesia)
[22-24] and heightened airway defensive reflexes
[25] (Fig. 1).

Neuro-immunity

Homeostatic mechanisms and regulators work
together to maintain physiological processes. Con-
versely, chronic inflammatory disease often results
from impairment in such functioning [26]. To
maintain homeostasis, we evolved various redun-
dant means to sense internal and external threats
and generate protective reflexes, which aimed to
resolve inflammation [1]. Recent data reveal that
the immune and sensory nervous systems accom-
plished these functions together [27]. Thus, several
case reports support a neuronal control of immune
responses. For instance, the denervation of a limb
following a nerve injury reversed arthritis-induced
inflammation in that limb [28]. In addition to
noxious stimulus detection and prompting defen-
sive reflexes (scratching), somatosensory neurons
also promote host defences, in part, through their
direct interaction with immune cells [27]. Both
systems share metabolic pathways [29] and dia-
logue using a common language of receptors,
cytokines and neuropeptides. Indeed, the
somatosensory nervous system is anatomically
positioned in primary and secondary lymphoid
tissues, and mucosa to directly modulate immune
responses [1,27,30]. The local depolarization pro-
duced by noxious stimulus activation of membrane
transducers initiates action potential firing [31].
These electrical signals travel from the periphery to
the central nervous system to initiate reflexes and
sensations [1,27,30]. When these action potentials
reach the axon branch points, they are also trans-
mitted back to the peripheral terminals triggering
the release of neuropeptides in the neuron
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Fig. 1 Modalities of sensory neuron danger detection. Nociceptor neurons express ion channel transducers, such as TRP,
Piezo and ASIC channels, to detect a variety of exogenous dangers ranging from extreme temperature, chemicals and
mechanical pressure to toxins and acidic milieu. TRPV1, TRPA1 and MrgpR can also perceive environmental perturbation
such as pollutants and hypoxia, as well as various drugs like chemotherapeutics and antimicrobial. Activation of these
transducers triggers the influx of sodium and calcium, increasing neuronal resting membrane potential which leads to
action potential firing (a). The expression of pathogen-associated molecular pattern receptors helps nociceptor neurons to
detect invading microbes (fi-glucans (CSBG), lipopolysaccharides (LPS)). Following TRP and Nay channel phosphorylation,
the activation of TLRs and FPRs leads to sensory neuron sensitization. Concomitantly, microbes’ secreted toxins, as in the
case of the pore-forming toxin a-haemolysin, can also directly drive neuronal activation. Finally, microbes interplay with the
cells of the immune system or the mucosal barrier generates various mediators ranging from cytokines and ROS to protons
and ATP, all of which can activate neuron (b). Thus, sensory neurons bear cytokine, chemokine, histamine and
immunoglobulin receptors, which allow them to respond to cues produced by ILCs and T and B cells, as well as neutrophils,
macrophages and mast cells. In general, the activation of these receptors mainly leads to the sensitization of sensory
neurons terminals (d). Finally, neurons are found to detect microRNAs present in exosome or PDL1 present on cancer cells.
However, not all these mediators result in neuronal sensitization or activation. Thus, the endogenous lipid mediator
resolvins help stop the inflammatory process, by silencing TRP channels (e). Heatmaps (c, f; log;o colour scale) show the
relative transcript expressions of these various danger detectors from six expression profile data sets (see Section for more
details). Usoskin [55] and Li [56] used single-cell RNA-sequencing of lumbar neurons. Chiu [52] — Array Whole DRG and Chiu
— sorted whole DRG respectively refer to microarrays of whole and FACS-sorted Nay1.8" neurons. Goswami [54] performed
RNA-sequencing of TRPV1" neurons, whilst Ray [53] performed RNA-sequencing of human lumbar neurons. The expression
levels of the relative gene of interest (GOI) were normalized on Trpv1l and, for ease of interpretation, and multiplied by 1000.
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Fig. 1 Continued.

microenvironment, which leads to inflammation
[1]. Thus, neuropeptides trigger pain by sensitizing
neurons, redness and heat secondary to the
vasodilatation that increases blood flow, and
oedema by increasing vascular permeability. This
sets the table for the nervous regulation of immune
responses. However, whilst this interplay helps to
protect the organism from danger, it also con-
tributes to disease pathophysiology [1,27,32-36].

The overall impact of nociceptor neurons on immu-
nity appears to be context-dependent and varies

31

between Tyl /Ty17 and Ty2 immunity, the sensory
ganglia involved, the subset of neurons driving
these effects and the making of the neuropeptides
released. Such a complex regulation is exemplified
by the neuronal control of CD8" T-cell activity. For
example, substance P (SP) directly promotes CD8"
T cells’ (i) proliferation and (ii) activation (Granzyme
B) and reduces (iii) their adhesion [37-41]. It can
also regulate CD8+ T-cell function indirectly by
enhancing dendritic cell co-stimulatory function.
Thus, it increases DC recruitment, recognition of
non-self-antigens, and acts as a co-signal to
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enhance IL-2 secretion [41,42]. CGRP (calcitonin
gene-related peptide) and VIP (vasoactive intestinal
peptide) typically have opposite effects to those of
SP: (i) increasing T-cell adhesion, (ii) blocking CD8"
T-cell proliferation when exposed to antigen-pulsed
APC, (iii) decreasing OVA-specific T-cell response,
(iv) reducing DC migration to lymph node and (v)
suppressing FAS-L expression to prolong T-cell
responses [41-43]. NPY (neuropeptide Y) inhibits T-
cell activation [44], whilst SST (somatostatin) sup-
presses infiltration and activation of CD8 [45]. In
sum, nociceptor peripheral terminals interact with
immune cells in locations where they are stationed
[46-48] and the peptides they produced to control
the chemotaxis and polarization of lymphocytes,
regulates the localization, duration and type of
inflammation at play [18,38,49-51].

Neuron expression profile

Nociceptors detect not just features typically
thought of as causing a painful sensation, such
as noxious pressure and temperature, but also
atypical signals ranging from cytokines and patho-
gens to immunoglobulins and even microRNAs. In
the light of these data, we aim to paint a revised
picture of what constitutes ‘danger detection’ and
‘threat’ by nociceptors. In the following section, we
summarize the recent attempts using transcrip-
tional/translational profiling to characterize sub-
populations of nociceptors, the transcriptional
differences between neurons from different
anatomical regions and inflammatory contexts,
and the threats they may specialize in detecting.

Meta-analysis

Nociceptors have been reported in signal studies to
express a variety of ‘danger detecting’ receptors,
but as of yet, there has not been a cumulative
summary of these findings. Figure 1 shows the
curated meta-analysis we generated from the
examination of four naive mice and one human
dorsal root ganglia profiling data sets.

First, Chiu [52] and colleagues’ microarray (28 000
coding and 7000 noncoding transcripts) profiled
whole and FACS-sorted Nay1.8" DRGs neurons.
The cells used were pooled from 7- to 20-week-old
age-matched male and female cervical (C1-C8),
thoracic (T1-T13) and lumbar (L1-L6) ganglia.
Relative gene expression was reported as robust
multiarray average (RMA). Ray et al, [53] RNA-
sequenced L2 DRG neurons from three Caucasian
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women aged 30-60 years and reported expression
levels as transcripts per kilobase million (TPM).
Goswami et al., [54] RNA-sequenced FACS-sorted
TRPV1" L3-L5 DRG neurons dissected from
three groups of ten 8-week-old male and
female C57B16 mice and reported expression
levels as reads per kilobase per million mapped
reads (RPKM). Usoskin and colleague’s [55] RNA-
sequenced (1.14 million reads were mapped to
3574 + 2010 genes/cell) single neurons from L4—
L6 lumbar DRGs harvested from 6- to 8-week-old
male and female adult mice. The 799 cells
sequenced were randomly picked, of which 622
cells were classified as neurons, 68 cells had an
ambiguous assignment, and 109 cells were non-
neuronal. Data were reported as numbers of read
per million (RPM), which, for comparison, were
transformed as RPKM (Fig. 1). Li and colleagues
[56] performed high-coverage single-cell RNA-se-
quencing (10 950 + 1218 genes/neuron) of 64
IB4" neurons, 69 IB4~ small neurons and 64 large
neurons collected from nineteen 8- to 10-week-old
male C57BL/6 mice, and data are expressed as
RPKM. Refer to https://www.talbotlab.com/data
set to download the complete and up-to-date
dataset.

Anatomical difference

Sensory neurons can be categorized based on
size, myelination and anatomical origins, namely
lumbar, vagal and trigeminal ganglion. In brief,
trigeminal neurons innervate the face, the neu-
rons of nodose and jugular ganglia (ND) innervate
the visceral organs, and somatosensory neurons
are located in the dorsal root ganglions (DRGs)
and innervate the skin, muscles and joints
[24,57]. Whilst the neurons from these various
origins are similar in shape, they accomplished
very different functions [58,59] and are therefore
highly heterogeneous. In support of this, Peeters
and colleagues’ microarray [60] compared the
expression profile of whole ND and DRG neurons
and recorded 5049 genes, of which 4386 genes
were not differentially expressed between the two
sites (0.5-fold-2.0-fold). However, 272 genes
(5.8% of the total genes) were found to be
expressed twice or more in ND neurons and
391 (8.9%) in DRG. To name a few, transcript
levels of Grikl (33.0-fold), Scnla (21.9-fold), Tacl
(12.4-fold), Ptgfr (8.7-fold), Npy2r (4.9-fold),
Scn9a  (3.0-fold) and Nppb (2.1-fold) were
increased in DRG neurons, whilst Gper25 (73.7-
fold), Phox2b (19.7-fold), Avprlia (10.4-fold), Ednl
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(8.0-fold), Il4ra (3.8-fold), Ednrb (2.5-fold) and
Tlr6 (2.1-fold) were elevated in ND neurons.
These transcriptional differences reflect hetero-
geneity that has implications for the different
types of environmental danger that the nocicep-
tors from the ND and the DRG encounter.

Context dependence

Genome-wide changes in sensory neuron expres-
sion profiles in pathologic conditions have been
described in models of nerve injury, another situa-
tion which may indicate threat and requires a
coordinated immune/tissue injury response.
Microarray analysis of rat DRG after axotomy has
revealed expression changes to members of distinct
families, including neuropeptides, receptors, ion
channels, signal transduction molecules and
synaptic vesicle proteins [61]. More recently,
sequencing of single DRG neurons after nerve injury
has shown a large heterogeneity in expression
changes, leading either to cell death, regeneration
or physiological pain, the last being associated with
lower expression of potassium channels [62]. As
expected, sensory neuron sensitivity is not only
regulated at the transcriptional level. Using a
chemotherapy-induced neuropathic pain model,
Megat et al. [63] have compared translating ribo-
some affinity purification sequencing (TRAP-seq)
and RNA-seq data to assess gene regulation changes
in mice DRG neurons. They demonstrated that
whilst only five genes are differentially transcribed
in their model, 452 genes had differential transla-
tion levels. Because of their axonal length, sensory
neuron plasticity also relies on local (dendritic)
protein expression regulation. Overall, protein
expression is determined at many levels, including
(i) RNA expression, (ii) translation efficiency and (iii)
protein stability [64], suggesting that a more global
approach to profiling might also be essential.

Cluster

Principal component analysis of the various expres-
sion profile data sets revealed the existence of
multiple neuronal clusters. For example, scRNA-
seq Usoskin [55] found eleven DRG sensory neuron
subtypes: three distinct low-threshold mechanore-
ceptor neurons, two proprioceptive and six principal
types of thermosensitive, itch-sensitive, type C low-
threshold mechanosensitive and nociceptive neu-
rons. On the other hand, Hockley [65] performed
unbiased single-cell RNA-sequencing on retro-
gradely traced 314 colonic sensory neurons

clustered into five subtypes of thoracolumbar neu-
rons defined as Mrgprd (neurofilament-b), Cbln2
(neurofilament-a), Smr2 (peptidergic A), Fam19al
(nonpeptidergic) and Trpal (peptidergic B), and two
lumbosacral subtypes defined as Hpse (neurofila-
ment) and neurotrimin (peptidergic). Whilst most of
these clusters vary between datasets, they support
the overarching idea of dedicated sensory lines to
carry certain types of signals. Whilst this remains to
be formally proven, such circuits could include
pruritic triggers, temperature detectors and sensors
forimmune cells. Studies focused on identifying and
delineating markers of these lines could help inform
the design of targeted therapies to block the trans-
mission of specific danger signals.

Variety of danger detectors

The heatmaps presented in Fig. 1 depict the rela-
tive expression of classic noxious stimulus detec-
tors such as (i) ion channel transducers (TRP, P2X,
ASIC, Piezo) and (ii) GPCR for locally sensitizing
mediators (MrgpR, PG, H, BK, etc.), as well as
atypical threat detectors including (iii) receptors for
immunocyte-produced mediators (interleukins,
chemokines, immunoglobulins) and (iv) DAMP
detector (PAR, TLR, PRR). Overall, these transcrip-
tional data highlight the immense diversity of
danger detector capabilities of nociceptor neurons
ranging from pressure and temperature to cytoki-
nes and microbes. To supplement this, we reviewed
evidence supporting the detection of such threats,
the molecular cascade engaged upon their detec-
tion and the resulting immunomodulatory out-
come. Below we segregated dangers as endogenous
(cytokines, cancers) or exogenous (temperature,
microbes, etc.) triggers and discuss findings from
these individual studies.

Exogenous triggers
Mechanical

Sensory neurons are capable of detecting mechan-
ical force, from innocuous touch to noxious pain
[66,67]. A large number of channels are involved in
mechanical sensing [68,69], including the Piezo
channels [70,71]. Piezo2 is expressed in many
classes of peripheral sensory neurons [72] and is
the primary mechanotransducer channel for touch
detection [73] and proprioception in mice [74] and
humans [75,76]. Also, changes in Piezo2 activity
have been linked to mechanical hyperalgesia
[77,78]. In brief, Piezo2 confers mechanically
evoked ionic currents [70], and it is intrinsically
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gated by force [79]. In the lung, Piezo2-expressing
vagal sensory neurons act as airway stretch recep-
tor potentially involved in the onset of respiratory
diseases [80]. Finally, TRP channel subtypes such
as TRPA1 and TRPV4 can also contribute to
mechanical hypersensitivity [81,82].

Temperature

TRP channels constitute the central heat trans-
ducers expressed by nociceptors. TRPV1 and
TRPV4 are activated by temperatures ranging from
42 to 52°C [83,84] (more details reviewed by
Schepers and Ringkamp [85]). Although the TRPV1
channel is the prototypical heat sensory [83], a
recent study indicated that TRPV1, TRPM3 and
TRPA1 are necessary to detect acute noxious heat
[86]. In addition to TRP channels, calcium-acti-
vated chloride channels of the anoctamin/
TMEM16 family [87] and the two-pore potassium
channels TREK and TRAAK [88,89] may also
contribute to heat sensing. In the respiratory tract,
where the TRPV1 heat threshold (43°C) is unlikely
to be reached, hyperthermic temperatures (~40°C)
might increase sensitivity to other stimuli such as
capsaicin.[90] On the other hand of the spectrum,
noxious cold is sensed by the TRPM8 channel
expressed by Ad and C fibres [91-93]. TRPMS8
detects temperature below 26°C and down to 8°C
as well as agents of the menthol family (reviewed by
McKemy [94]). In the respiratory tract (for more
details: Grace et al. [95]), inhaling cold air leads to
TRPMS8 activation, which triggers coughing and
airway constriction [96,97]. TRPMS is also found to
overexpress in vagal sensory neurons of asthmatic
patients [97]. Besides TRPMS8, potassium [98] and
sodium channels [99,100] help transmit cold nox-
ious information to the brain. Although some
studies point out for a role of TRPAl in such
processes [101,102], it appears that cold sensitizes
TRPA1 receptors to various other stimuli [103].

Chemicals

TRPA1 is sensitive to various chemicals such as
isothiocyanate, nitro-oleic acid and hypochlorite
[104,105]. TRPA1l also mediates inflammatory
responses to environmental insults [104,106,107].
Vagal TRPA1 activation leads to systemic protective
reflexes such as coughing [108], respiratory depres-
sion [109], neuronal hyperexcitability [110,111] and
initiating allergic airway inflammation and hyper-
responsiveness [112,113] (reviewed by Geppetti
et al. [114]).
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Microbes

Bacteria

Pathogen-associated molecular patterns (PAMPs)
are recognized by pattern recognition receptors
(PRRs), and Toll-like receptors (TLRs) are
expressed by innate immune cell subsets. How-
ever, such receptors were also identified on neu-
rons subsets. Typically, TLRs are responsible for
sensing extracellular pathogens [115]. For exam-
ple, neuronal TLR4 senses lipopolysaccharides
(LPS) of the gram-negative porphyromonas gingi-
valis bacterial membrane. TLR4 activation can lead
to action potential firing [116], overexpression and
sensitization of TRPV1, and local release of neu-
ropeptides, all of which contribute to LPS-induced
tactile allodynia [10,117,118]. The bacterial mem-
brane flagellin activates TLRS, whilst the lipotei-
choic acid present on gram-positive bacteria drives
neuronal activation through TLR2 [10]. Finally,
evidence suggests that components of gram-nega-
tive bacteria might directly stimulate TRPA1 [119].

The Chiu and Woolf Labs have shed light on
various TLR-independent pathways through which
bacteria activate sensory neurons. For example,
methicillin-resistant Staphylococcus aureus (MRSA)
membrane-bound N-formulated peptide activates
neuronal PRR-1 and PRR-2. Concomitantly,
MRSA-released a-haemolysin toxin activates noci-
ceptors by perforating their lipid bilayer mem-
brane. In turn, the activated neurons respond
using calcium flux, action potential firing and
CGRP release [120]. Of note, these effects were
prevented by sensory neuron silencing with QX-
314 [121]. Escherichia coli, a gram-negative bac-
terium, lead to painful urinary tract infection
through the action of pore-forming toxins. Staphy-
lococcus Aureus pneumonia mediated CGRP
release by TRPV1" vagal sensory neurons, which,
in turn, blocks the recruitment of neutrophils and
pulmonary 8 T cells [122]. S. Pyogenes, the
pathogen responsible for necrotizing fasciitis,
secrete streptolysin S (SLS), which activates noci-
ceptor neurons. In turn, S. Pyogenes leads to pain
and CGRP release, which inhibit neutrophil
recruitment and facilitate bacterial survival during
infection. Therefore, augmenting neuro-immune
interactions could be used to treat infection [123].
Using a novel culture system, Yissachar and
colleagues [124] found that, despite belonging to
the same Clostridium bacterial subset, up to 60%
of nociceptors showed calcium flux when exposed
to the Treg-inducing bacteria C. Ramosum, whilst
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only a few nociceptors were sensitive to P. Magnus,
which do not affect Tregs in vivo. The neuropep-
tides expressed by and released from nociceptors
also depend on the type of bacteria activating them.
As such, C. Ramosum downregulates genes encod-
ing for SP, secretogranin III and galanin, whilst the
Tul7 inducer-segmented filamentous bacteria
(SFB) had the opposite effect. Finally, sensory
neuron activation by C. Ramosum correlates with
colonic RORy" Treg induction, increasing in mice
lacking SP and decreasing in capsaicin diet-fed
mice. These data indicate that gut commensal
microbes augment nociceptor activity, contributing
to immunity [124].

Virus

Neurotropic viruses such as herpes simplex virus
type 1 (HSV-1) target the peripheral nervous sys-
tem, triggering painful neuropathy. The glycopro-
teins present on the viral envelope bind to heparan
sulphate [125] and nectin-1 [126,127] expressed
on the neuron cell surface, initiating the fusion of
HSV-1 viral envelope with the neuron plasma
membrane. The virus capsid is then retrogradely
transported to the cell body, which serves as a viral
reservoir [128,129]. Overall, more work is war-
ranted to define the exact mechanism through
which virus target and enter neurons as well as the
way they modulate their functions.

Parasites

Depending on the strain, leishmanial infections
can lead to either hypoalgesia or hyperalgesia
[130,131]. Thus, the inflammatory mediators
found in the nerve [130,132,133], spinal cord
[134] and brain [135] of infected mice can trigger
peripheral and central sensitization. Intestinal
schistosomiasis infection increases mucosal mast
cell number and intestinal lamina propria CGRP-
immunoreactive nerve fibres [136], whilst desensi-
tization or ablation of these neurons reduced
intestinal mast cell content [136].

Fungus

Fungi are the largest group of organisms after
insects. Of whom, Candida albicansis a commensal
fungus that colonizes the reproductive tract, skin
and mucosa, but can also lead to skin and oral pain
in immunodeficient and diabetic patients. As such,
Candida colonization can have harmful conse-
quences as in the case of oropharyngeal candidia-
sis, which affects 90% of HIV-infected patients
[137], osteo-inflammation [138], disseminated can-
didiasis, chronic mucocutaneous candidiasis [139]

and candidiasis-induced itch [140]. Mucocuta-
neous candidiasis drives protective skin immunity
through nociceptor-mediated dermal dendritic cell
activation and IL-17A induction. C. albicans acti-
vates skin TRPV1' neurons, leading to CGRP
release, CD301b" dermal dendritic cell activation
and IL-23 production. The latter activates tissue-
resident IL-17-secreting yd T cells, resulting in
neutrophil activation and liberation of antimicrobial
peptides, promoting the resistance to cutaneous
candidiasis [34,139,141,142]. In parallel, C. albi-
cans can stimulate Na,1.8" nociceptors via the
Dectin-1-TRPV1/TRPA1 axis, leading to CGRP
release [138]. The latter inhibits B-glucan-induced
NF-xB activation via the transcriptional repressor
Jdp2, suppressing cytokine production in myeloid
cells [138]. Dectin-1 signalling pathway also plays a
role in allodynia, where C. albicans-derived B-glu-
can stimulates nociceptors through two Dectin-1-
dependent inflammatory pathways [143]. The first
acts through extracellular ATP and the ATP trans-
porter VNUT, and second, through the phospholi-
pase C (PLC)-TRPV1/TRPA1 axis.

Proteases

Through its enzymatic action, the proteases
released by damaged cell and bacteria activate
nociceptor-expressing protease-activated receptors
(PARs) [144,145]. Evidence has shown that PAR
activation can modulate nociception (reviewed by
Cenac and Vergnolle [146]). PAR1 and PAR2 acti-
vation is related to calcium mobilization and neuron
sensitization, which lead to inflammatory and vis-
ceral pain in humans and rodents [147,148], whilst
PAR4 signalling pathways can be pro- [149] or anti-
nociceptive [150] (reviewed by Bao et al. [151]).

Drugs

Chloroquine (CQ), a medicine used to treat malar-
ia, often induces histamine-independent itch
[152,153]. CQ activates Mas-related G protein-
coupled receptor (Mrgpr), causing TRPA1 activa-
tion and calcium flux, and triggers the reflex to
scratch [17,154,155]. CQ can also trigger itch by
acting directly on TRPV1, TRPC3 and TRPMS8, and
therefore mediate this effect via a diverse set of
DRG neuron subsets [156]. Besides, other small
molecules such as icatibant, mastoparan, atracur-
ium and ciprofloxacin were found to activate
MrgprB2 (mice)/MrgprX2 (humans) and drive sys-
temic pseudo-allergic reactions [157]. Clinical data
revealed that chemotherapy agents, such as
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oxaliplatin [158], vincristine [159], paclitaxel [160]
and bortezomib [161], are a significant cause of
peripheral neuropathy (as reviewed by Boyette-
Davis et al [162]). Although the mechanisms
underlying this effect are poorly understood,
chemotherapeutics were found to alter Nays activity
by mobilizing intraneuronal calcium [163]. Che-
motherapeutics-induced ROS production might
also lead to TRPAl and TRPV1 sensitization
[161,164-166]. Finally, vinca alkaloids were found
to activate TRPA1 [167], whilst paclitaxel-mediated
TLR4 activation might sensitize TRPV1 [166]. Over-
all, the direct action of chemotherapeutics on sen-
sory neurons is still debatable [82,168], but it is
plausible that exogenous drugs may directly bind to
TRP channels, or that, through intracellular sig-
nalling, may substantially modify their activity.

Endogenous triggers
Cytokines

Through their interplay with leucocytes, sensory
neurons can indirectly detect perturbation to the
host homeostasis. As such, most cytokines,
chemokines and growth factors of leucocytic origin
can directly activate and sensitize nociceptors. The
consequences of these interactions have been
associated with chronic pain and hypersensitivity
in conditions ranging from asthma [18], atopic
dermatitis and psoriasis [169] to rheumatoid
arthritis [170]. For example, lumbar and vagal
sensory neurons express IL-1 and TNF receptors.
IL-1B and TNF-o can thus cause hyperalgesia and
neuropeptide release [171-174]. IL-1R/IL-18
induces Nay1.8 phosphorylation, decreasing neu-
ronal action potential firing threshold [175,176].
The cell surface receptor to IL-6 is a heterodimer
consisting of IL-6Ra and gp130. Whilst IL-6Ra is
not expressed on sensory neurons, soluble IL-6-
IL6-Ra complexes can bind to GP130 on nocicep-
tors, thereby sensitizing them [177]. Furthermore,
the IL-6 produced by innate immune cells can drive
the expression of TRPV1 on tumour-innervating
sensory neurons [178]. C-fibre sensitization can
also result from neuronal IL-17R activation by IL-
17, which triggers PKB and ERK phosphorylation
in neurons [179,180].

Several Ty2-driving cytokines were also found to
sensitize nociceptors. For example, IL-5 activation
of vagal nociceptor IL-5R induces the release of VIP
and drives airway hyperresponsiveness [18]. Also,
by binding to its cognate receptors, IL-31 induces
neuronal ERK phosphorylation and itching
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[33,181,182]. When subjected to an environmental
stressor, the epithelial cells of the skin mucosa
release the thymic stromal lymphopoietin (TSLP),
which activate its cognate receptor on neurons,
triggering TRPA1-dependent itching [183]. Finally,
poison ivy-mediated skin inflammation promotes
IL-33 release which, by binding to neuron-express-
ing ST2, triggers scratching reflex [184]. Both
found in DRGs, IL-4R and IL-13R activation also
mediate itch [33,185].

A combination of whole nerve electrophysiology
recording of vagal neurons and advanced electri-
cal signal decoding resulted in the discovery of
cytokine-specific neural signals, also known as
neurogram [172]. Given that the electrochemical
transmission of cytokine signals likely utilizes a
relatively homogenous set of sensory nerve fibres,
the encoding of cytokine-specific electrical signal
supports the existence of a supraspinal capacity
to interpret such signals. Deciphering each of
these signals opens the door for the targeting of
cytokine-specific electrical signatures rather than
silencing the whole population of nociceptor neu-
rons.

Protons

Monitoring acidosis is an essential aspect of sen-
sory neuron control of homeostasis [186,187].
Acid-sensing ion channels (ASICs) ASIC1 and
ASIC3 are the main proton sensors, and their
activation leads to neuronal depolarization [188],
inducing pain [189-192] and airway hyperreactiv-
ity [25,193,194]. Protons can also bind to the ATP-
binding site of P2X channels [195]. Finally, TRPV1
also acts as an acid sensor [196].

Chemicals

Along with its role as an exogenous chemical
sensor, TRPA1 can also sense circulating levels of
O,, revealing an unexpected aspect of homeostatic
control of hyperoxia and hypoxia [197,198]. TRPA1
also partakes in the detection of microenvironmen-
tal oxidative stress [199] (for review, see Kozai et al.
[200]), including H,0, [201,202]. ROS sensing by
TRPA1 also results in hypersensitivity to cold
stimuli [203].

Resolvins

During the resolution phase of inflammation,
lipidic mediators such as polyunsaturated fatty
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acids and docosahexaenoic acid [204,205] are
metabolized to produce resolvins, including RvE1,
RvD1, RvD2. These endogenous mediators directly
inhibit TRPV1 and TRPA1 channel [205-208]. They
also modulate the function of these channels
indirectly, through their action on specific GPCRs,
such as ChemR23 receptor [207,209]. Of note,
RvD2 is notably more potent than the TRPV1
antagonist AMG9810 to reverse inflammatory pain
[206].

Exosome

Another modality sensed by sensory neurons are
exosomes containing noncoding microRNAs
(miRs). Spinal cord and DRG miRNA repertoires
were drastically changed in the context of periph-
eral nerve injury [210-212] and inflammatory pain
[210,213,214], whereas miR-124, miR-103 and
miR-23b are known to attenuate inflammatory
and neuropathic pain by altering intracellular
neuronal, astrocytic and microglial functions
[215-217], miR-103 exerts a pro-nociceptive effect
by directly activating TRPA1 and Cavl.2 [215,218].
The endogenous miRNA let7b, which is highly
expressed in DRG tissues, induces action potential
firing in neurons co-expressing TLR7 and TRPA1
[218]. Therefore, miRNA emerged as a dynamic and
endogenous axis of modulating neuronal excitabil-
ity, independent of their effect on modulating gene
expression. Anti-miRNAs and miRNA mimics might
be considered to reverse neuropathic pain (re-
viewed by Dai et al. [219]).

DAMPs

The high-mobility group box one protein (HMGB1),
a DNA-binding protein, is released actively by
immune cells or passively by injured cells [220],
and acts as an endogenous ligand of TLR2 and
TLR4. It has been shown to lead to calcium
mobilization and increases the excitability of pri-
mary DRG neurons [221], driving pain hypersen-
sitivity [222-224]. HMGB1-TLR4 interplay drives
clinical conditions such as sepsis, arthritis
[225,226], cancer [227,228] and potentially
asthma [229-231] (reviewed by Imbalzano et al
[232]). S100 proteins are another type of endoge-
nous proteins with various intracellular functions,
but which also act as DAMPs when excreted in the
extracellular milieu. Of which, S100AS8 is released
in the spinal cord of neuropathic pain models [233—
235], whilst S100A9 has an anti-nociceptive effect
[236].

Cancer

Within the microenvironment, tumour growth is
accompanied by the apoptosis of fast-dividing cells
as well as compression of the surrounding tissue,
all of which drive cancer-induced pain and itch
[237]. Clinically, it has long been appreciated that
nerves are often found close to tumour cells, as in
the case of breast cancer [238] and choroidal
melanoma [239]. In a process known as neuro-
neoplastic synapses, it was postulated that the
mediators released by the nerve endings regulate
the proliferation, progression and metastasis of
cancerous cells [240-242]. In support of such a
function, oesophageal, colorectal cancer [45],
breast cancer [243] and cardiac carcinoma [244]
were also found to promote neuritogenesis in vitro.
More precisely, it was determined that VEGFa
released by breast cancer carcinoma [245] drives
neuritogenesis, whilst neuropeptides released by
sensory neurons enhance chemokinesis [243].
Besides VEGFa, cancer cells released NGF and
neurturin can also trigger neurite outgrowth. Over-
all, the similarities between cancer generation and
neuro-regeneration support a nerve dependence of
cancer cell growth [246].

Interestingly, the levels of tumour-infiltrating neu-
trophils and eosinophils, as well as sensory neuron
innervation, correlate with the severity of pain and
itch experienced by patients with melanoma [247].
Finally, the pharmacological inhibition [248] and
genetic depletion [249] of TRPV1"' neurons support
an essential role in these fibres in transmitting
bone cancer-induced pain. Thus, in a mouse model
of this disease, blocking CB2R dampens morphine
tolerance [250]. Given the increasing prevalence of
cancer and the relative inefficacy of pain killers for
cancer-associated pain, a deeper understanding of
cancer-induced pain mechanism is warranted to
develop better interventions [251]. For instance,
agonist-mediated cannabinoid receptor CB2 stim-
ulation inhibits capsaicin responses in human
sensory neurons (238).

In addition to pain and itch, neurons may play
other roles in tumours. Through the secretion of
humoral modulators such as neurotransmitters,
neuropeptides and neurotrophic factors, neurons
regulate tumour metastasis and angiogenesis
[252-254]. For example, locally released CGRP in
the tumour environment acts on epithelium
enhancing VEGF release and subsequent tumour
angiogenesis [255]. Secondly, tumour cells can
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evolve the capacity to invade peripheral nerve and
using their projection as a mean to spread to other
parts of the body [256]. In models of nasopharyn-
geal [257] or prostate [258] cancer, neuron-pro-
duced noradrenaline enhances tumour
invasiveness by driving matrix metalloproteinase
activity. Tumour-innervating vagal neurons can
also release neural-associated factors, like netrin-
1, which increase cancer metastasis [259-261].
Also, noradrenaline suppressed the migration of
ES-2 ovarian carcinoma [262] and prostate cancer
cells (reviewed by Isaacs [263]). Finally, acetyl-
choline and noradrenaline released from auto-
nomic nerve were also found to stimulate tumour
growth directly (reviewed by Boilly [246]).

Supporting a crucial role of neuro-neoplastic com-
munication in the development of cancer, the
ablation of pancreatic sensory neurons inhibited
neurogenic inflammation and slowed pancreas
tumour progression [264]. Similarly, surgical gas-
tric denervation or pharmacological silencing using
the botulinum toxin suppresses gastric tumorige-
nesis and reduced inflammation [265]. It is, how-
ever, to be noted that the role of nerve in cancer is
not always consistent and appeared to be tumour-
and context-dependent. Thus, colorectal and
breast cancer models were not found hyperinner-
vated, whilst tumour neo-angiogenesis was
thought of to be independent of the nervous system
[266]. Moreover, the amount of neurogenesis
inversely correlates with the survival of colorectal
cancer patient [45]. Consistently in APCM™/* mice,
it has been demonstrated that vagal nerve inner-
vation promotes tumour growth in the small
intestine [267]. Vagal neurons drive the production
of protein trefoil factor 2 by splenic memory T cells
helping to suppress myeloid-derived suppressor
cell (MDSC) activity. As such, splenic denervation
promotes the expansion of MDSC, helping the
progression of colorectal cancer [268]. In sum, this
double-edged-sword role of neuro-neoplastic
synapses in cancer progression muddied the
potential of neurons as a target in the management
of malignancy and, as such, warrants further
research.

Finally, due to their clinical trial successes (re-
viewed by Szostak [269]), immune checkpoint
receptors become an area of intense research. As
such, it is now well recognized that cancer cells
evolve the capacity to express specific ligands for
these immune checkpoint receptors and that their
interplay with T cells inhibits their activation [270].
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However, recent findings revealed that the pro-
grammed cell death ligand-1 (PD-L1) was also
expressed by DRG sensory neurons [271],
tumour-associated nerves [272] and Crohn’s
patient innervation of subepithelial mucosa [273].
Elegant work by Chen and colleagues revealed that
PD-L1/PD-1 signalling in neurons drives SHP-1
phosphorylation, which activates the potassium
channel TREK2, resulting in the suppression of
nociceptive neuron excitability [271]. Overall, the
simultaneous interplay between i) nociceptors and
tumour cells and ii) nociceptors and immune cells
supports the idea that cancer cells might co-opt
neuro-immune interplay to modulate host anti-
tumour immunity.

Immunoglobulins

Immunoglobulins (Ig) are plasma cells-secreted
proteins with a variable antigen-binding domain
and a constant region (Fc domain). Five main
isotypes of Ig have been identified in mammals:
IgA, IgD, IgE, IgM and IgG, which are recognized by
the Fc receptors (FcRs). When activated on immune
cells, FcRs send an intracellular signal which
results in the production of cytokines, phagocyto-
sis and degranulation. In addition to their home-
ostatic roles in the context of infection, injury and
immune-related diseases, FcRs are gradually being
recognized for their involvement in neurological
disorders. Thus, pieces of evidence support the
expression of FcRs on microglia, astrocytes, oligo-
dendrocytes and even neurons [274]. The IgG
receptors, FcyRs, were found to be present on
human peripheral neurons as early as in foetus
aged from 20 to 38 weeks [275-277], supporting a
role for IgG-FcyR in CNS development. Recent
studies also reported an implication of neuronal-
Ig system in Alzheimer’s disease [274,278], chronic
pain [274,278,279], allergy [280-283] and antigen-
specific autoimmune diseases [284-288]. Overall,
Ig sensory neuron crosstalk may serve a role in
pathophysiology [274,277] and, therefore, deserves
closer scrutiny.

Autoantibodies have been associated with chronic
pain states present in autoimmune diseases. Thus,
in the context of Guillain-Barré syndrome (GBS),
autoantibodies were found to recognize antigens,
such as gangliosides, which are expressed on DRG
nociceptor neuronal cell bodies (review in McMa-
hon et al. [289]). Such detection alters the function
of the somatosensory nervous system and leads to
neuropathic pain [284]. In a mouse model of GBS,
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the Fc portion of anti-ganglioside immune complex
(IC) interacts with FcyRIII expressed on injured
nerves mediating peripheral neuropathy [285] and
inhibiting axonal regeneration [290]. The con-
tactin-associated protein 2 (CASPR2) is another
example of a protein which generates autoantibod-
ies known to drive neuropathic pain in humans
[291] and mice [292]. Interestingly, when human-
purified CASPR2 antibodies are injected to mice,
they hypersensitize sensory neurons by decreasing
Kv1 channel function [292]. In rheumatoid arthri-
tis (RA), a condition characterized by cartilage and
bone destruction [286,293], it was found that the
denervation of a limb, following a nerve injury,
reverses the RA development in that limb, provid-
ing a clear clinical indication that nociceptors
regulate such inflammatory processes [28,294].
Thus, RA treatment shuts down inflammation;
however, severe RA pain often persists in its
absence [286]. Accordingly, recent studies high-
lighted the implication of autoantibodies in arthral-
gia [295], a clinical manifestation that usually
precedes the onset of RA [296]. Anti-citrullinated
protein antibodies (ACPAs), a family of autoanti-
bodies that is common in patients with RA, directly
bind to FcyR on nociceptors [296]. Once injected to
healthy mice, human-purified ACPAs bound to
osteoclasts and led to CXCL1/IL-8 release. In turn,
such complex activates sensory neurons expressed
CXCR2 and induces mechanical and thermal
hypersensitivity [295,296].

More recently, dorsal root ganglia were found not to
synthesize the antigen-specific antibodies found in
peripheral sensory neurons, but rather sequester
primarily IgG; subtype antibodies. Thus, dorsal
root ganglion sensory neurons harvested from
either naive or immunized mice lack the enzymes
RAG1, RAG2, AID and UNG, which are necessary
to produce these various antibodies and failed to
express Ighgl transcripts in DRG sensory neurons
[297]. Whilst the role and consequences of neu-
ronal sequestration of IgG1 remain unclear, it may
serve as a local pool of releasable antigen-specific
antibody [297].

Mechanical and thermal hypersensitivity can also
be regulated and amplified by circulating immune
complex formed between IgG and IC. Thus, an I1gG
stimulation of cultured DRG neurons increased
calcium signalling and neuronal excitability, whilst
the intradermal injections of an IgG-IC increased
C-fibre firing [281,286]. FcyRI am expressed in
mice [281], rats [298] and human peripheral

nerves [299-301]. Once activated, FcyRI leads to
an increase in intracellular calcium, which
enhances neuron excitability trigger action poten-
tial firing [298], and leads to substance P and
CGRP release [281,298]. Similarly, by directly
activating primary sensory neurons and reducing
action potential firing threshold, Ig-free light
chains (IgLC) induce severe pain and neurogenic
inflammation [280,302].

Circulating IgE mediates host defence responses
such as itching, coughing and mucus secretion
[280], and unexpectedly binds to FceRI-expressing
nociceptors [280]. In line with this, functionally
active FcyRI and FceRI were expressed on rodents’
superior cervical ganglion neurons and myenteric
plexus neurons [287]. Moreover, in a mouse model
of cutaneous anaphylaxis; IgE-IC drives thermal
sensitivity and severe pain [282]. IgE was also
implicated in the pathogenesis of food allergy,
where allergic mice showed an upregulation of
FceRI on the abdominal vagus [303]. In this
context, IgE-IC activates the vagal neurons, lead-
ing to glutamate release and Ty2 immunity [294].
The topical application of blocking antibody to
FceRIa was more efficient than mast cell stabilizer
or histamine [ receptor antagonist to abolish
antigen-induced scratching behaviour [283].
Thus, the authors found that allergen-sensitized
mice upregulate FceRI expression on trigeminal
ganglion neurons and that its activation by circu-
lating IgE drives allergic ocular pruritus [283].
Moreover, immunization, such as in the case of
exposure to ragweed pollens, drives the nociceptor
overexpression of both FcyRI [281] and FceRI
[281].

Clinical relevance

The question remains open as to whether a physi-
cian should attempt to amplify or silence neuro-
immune interplay. Whilst the overall impact of such
dialogue on the course of disease remains murky,
consensus are emerging. Nociceptor neurons
appear to amplify Ty2 immunity as observed
in the context of allergic airway inflammation
[18,112,304-306], allergic dermatitis [183,307]
and psoriasis [308]. They do so by driving ILC2 cells
[18,112,304], CD4 [18], or dermal dendritic cells
[308] activity. However, somatosensory neurons
appear to block Tyl or Ty17 immunity as observed
in the context of bacterial [120,122,124] and fungal
[34] infection as well as anti-tumour immunity
[45,267,268]. Neurons initiate such effects by
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secreting CGRP, which blocks the activity of neu-
trophils [120] and CD301b" dermal dendritic cells
[34].

One can wonder if, and how, impaired sensory
neuron functioning impacts the progression of
inflammatory diseases. Thus, such dysfunction is
common in chronic pathologies ranging from dia-
betes, and spinal and peripheral nerve injury to
mycobacterium infection. For example, the
Mycobacterium Leprae (M. Leprae), an intracellu-
lar-infecting bacterium, preferentially infect Sch-
wann cells using the interaction between the
phenolic glycolipid-1 (PGL-1), a component of the
cell wall of M. Leprae, and laminin-2, found in the
basal lamina of Schwann cells. Upon such infec-
tion, M. Leprae induces the demyelination and
axonal degeneration of peripheral sensory neurons
[309]. Besides, PGL-1 activates macrophages and
NO release damaging neurons’ axon and leading to
demyelination [310]. Beyond those, macrophages
activated by M. Leprae trigger T-cell response, in a
STAT-4/6-, CREB-, Jaggedl- and Notch-depen-
dent manner [311,312]. M. Leprae-infected Sch-
wann cells produce IL-12 and NO in a TLR6-
dependent manner, which implies that M. Leprae
could evoke neural damage-mediated immunity
[313]. Thus, leprosy patient frequently suffers from
neuropathic pain [314], which can be a conse-
quence of the interplay between tissue-infiltrating
macrophages and nociceptors [315]. Altogether,
M. Leprae causes neural damage both directly, by
infecting Schwann cells, and indirectly, through
innate and adaptive immunity. Therefore, the pro-
gression and establishment of M. Leprae-mediated
inflammation might be secondary to the interplay
between sensory neurons and the cells of the
immune system.

Conclusions

Highlighting novel aspects of danger sensing will
likely reveal unexpected aspects of host defence
and, in doing so, ways by which neurons and
immune cells dialogue to preserve homeostasis.
Whilst this interplay appears to be self-driven in
the context of Ty2 immunity, preventing the onset
of allergy by targeting sensory neurons might
constitute an attractive therapeutic strategy. In
parallel, the adoption of OMICs approaches should
define subsets of vagal, lumbar and trigeminal
nociceptor neurons, and help design targeted (low
side effects) approach to modulate the activity of
these sensory neuron subpopulations. Finally, to
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inform and efficiently target this interplay, system-
atic context-dependent (naive and inflammatory
phenotype) co-culture of neurons and specific
types of immune cells could help map the under-
lying biology controlling these phenotypes.

Acknowledgements

This project has been made possible thanks to the
Canada Institutes of Health Research (ST), the
Canada Research Chair Program (ST), Natural
Sciences and Engineering Research Council of
Canada (ST) and the Brain Canada Foundation
(ST) through the Canada Brain Research Fund,
with the financial support of Health Canada and
the Azrieli Foundation. KR and MB are respectively
recipient of a Ph.D. sandwich fellowship from
CAPES (Brazil) and the Fonds de Recherche du
Québec — Santé.

Contributions

TC, KR and ST designed the study; TC, KR, ST, MB,
RO, MA, JCW, TE and PJSP drafted the manu-
script; and TC, KR, RC, AL, RDP, MR, CRS, SLF
and ST wrote the manuscript.

Conflict of interest

The authors have declared that no conflicts of
interest exist.

References

1 Talbot S, Foster SL, Woolf CJ. Neuroimmunity: physiology
and pathology. Annu Rev Immunol 2016; 34: 421-47.

2 Barnes PJ. What is the role of nerves in chronic asthma and
symptoms? Am J Respir Crit Care Med 1996; 153: S5-8.

3 LaMotte RH, Dong X, Ringkamp M. Sensory neurons and
circuits mediating itch. Nat Rev Neurosci 2014; 15: 19-31.

4 Spiller RC. Role of nerves in enteric infection. Gut 2002; 51:
759-62.

5 Julius D, Basbaum Al. Molecular mechanisms of nocicep-
tion. Nature 2001; 413: 203-10.

6 Dubin AE, Patapoutian A. Nociceptors: the sensors of the
pain pathway. J Clin Invest 2010; 120: 3760-72.

7 Luo J, Feng J, Liu S, Walters ET, Hu H. Molecular and
cellular mechanisms that initiate pain and itch. Cell Mol Life
Sci 2015; 72: 3201-23.

8 McMahon SB, Malcangio M. Current challenges in glia-pain
biology. Neuron 2009; 64: 46-54.

9 Fitzgerald EM, Okuse K, Wood JN, Dolphin AC, Moss SJ.
cAMP-dependent phosphorylation of the tetrodotoxin-resis-
tant voltage-dependent sodium channel SNS. J Physiol 1999;
516: 433-46.

puop) puv swia 1, oy 38 “[£202/20/02] U0 AIe1qrT SUIUQ AD[IAN “VOISIACI] BPEUE) QUBIGI0)) Aq LG6T1 WION/T 1 11°01/10p/wiod" Kot Areaqjautiuo;/:sdiy woiy papeojumod “ 610 ‘96LZ$9€ 1

:sdny)

19)/W09" AT

11pUod-p

2SULOI'T suowtio)) aanear)) a[qesrjdde ayy Aq pauIoA0S a1e SA[ANIE () 95N JO SA[NI 10§ AIRIQIT dUIUQ) AS[IAN UO (



JIM Neurons detect dangers / T. Crosson et al.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Qi J, Buzas K, Fan H et al. Painful pathways induced by TLR
stimulation of dorsal root ganglion neurons. J Immunol
2011; 186: 6417-26.

Zhu W, Xu P, Cuascut FX, Hall AK, Oxford GS. Activin acutely
sensitizes dorsal root ganglion neurons and induces hyperal-
gesia via PKC-mediated potentiation of transient receptor
potential vanilloid I. J Neurosci 2007; 27: 13770-80.

Zhang N, Inan S, Cowan A etal A proinflammatory
chemokine, CCL3, sensitizes the heat- and capsaicin-gated
ion channel TRPV1. Proc Natl Acad Sci USA 2005; 102:
4536-41.

Malin SA, Molliver DC, Koerber HR et al. Glial cell line-
derived neurotrophic factor family members sensitize noci-
ceptors in vitro and produce thermal hyperalgesia in vivo. J
Neurosci 2006; 26: 8588-99.

Talbot S, De Brito Gariepy H, Saint-Denis J, Couture R.
Activation of kinin B1 receptor evokes hyperthermia through
a vagal sensory mechanism in the rat. J Neuroinflammation
2012; 9: 214.

De Brito Gariepy H, Talbot S, Senecal J, Couture R. Brain kinin
B(1) receptor contributes to the onset of stereotypic nocifensive
behavior in rat. Behav Brain Res 2013; 241: 17-26.

Shim WS, Tak MH, Lee MH et al. TRPV1 mediates histamine-
induced itching via the activation of phospholipase A2 and
12-lipoxygenase. J Neurosci 2007; 27: 2331-7.

Imamachi N, Park GH, Lee H et al. TRPVl1-expressing
primary afferents generate behavioral responses to prurito-
gens via multiple mechanisms. Proc Natl Acad Sci USA 2009;
106: 11330-5.

Talbot S, Abdulnour RE, Burkett PR et al. Silencing noci-
ceptor neurons reduces allergic airway inflammation. Neu-
ron 2015; 87: 341-54.

Potenzieri C, Meeker S, Undem BJ. Activation of mouse
bronchopulmonary C-fibres by serotonin and allergen-oval-
bumin challenge. J Physiol 2012; 590: 5449-59.

Lieu TM, Myers AC, Meeker S, Undem BJ. TRPV1 induction
in airway vagal low-threshold mechanosensory neurons by
allergen challenge and neurotrophic factors. Am J Physiol
Lung Cell Mol Physiol 2012; 302: L941-8.

Myers AC, Kajekar R, Undem BJ. Allergic inflammation-
induced neuropeptide production in rapidly adapting affer-
ent nerves in guinea pig airways. Am J Physiol Lung Cell Mol
Physiol 2002; 282: L775-81.

Latremoliere A, Woolf CJ. Central sensitization: a generator
of pain hypersensitivity by central neural plasticity. J Pain
2009; 10: 895-926.

Ji RR, Nackley A, Huh Y, Terrando N, Maixner W. Neuroin-
flammation and central sensitization in chronic and wide-
spread pain. Anesthesiology 2018; 129: 343-66.

Basbaum Al, Bautista DM, Scherrer G, Julius D. Cellular
and molecular mechanisms of pain. Cell 2009; 139: 267-84.
Mazzone SB, Undem BJ. Vagal afferent innervation of the
airways in health and disease. Physiol Rev 2016; 96: 975-
1024.

Kotas ME, Medzhitov R. Homeostasis, inflammation, and
disease susceptibility. Cell 2015; 160: 816-27.

Foster SL, Seehus CR, Woolf CJ, Talbot S. Sense and
immunity: context-dependent neuro-immune interplay.
Front Immunol 2017; 8: 1463.

Courtright LJ, Kuzell WC. Sparing effect of neurological
deficit and trauma on the course of adjuvant arthritis in the
rat. Ann Rheum Dis 1965; 24: 360-8.

41

29

30

3

—

32

33

34

35

36

37

38

39

40

4

—

42

43

44

45

46

47

Cronin SJF, Seehus C, Weidinger A et al. The metabolite
BH4 controls T cell proliferation in autoimmunity and
cancer. Nature 2018; 563: 564-8.

von Hehn CA, Baron R, Woolf CJ. Deconstructing the
neuropathic pain phenotype to reveal neural mechanisms.
Neuron 2012; 73: 638-52.

Rajchgot T, Thomas SC, Wang JC et al. Neurons and
microglia; a sickly-sweet duo in diabetic pain neuropathy.
Front Neurosci 2019; 13: 25.

Pereira PJ, Machado GD, Danesi GM et al. GRPR/PI3K-
gamma: partners in central transmission of itch. J Neurosci
2015; 35: 16272-81.

Oetjen LK, Mack MR, Feng J et al. Sensory neurons co-opt
classical immune signaling pathways to mediate chronic
itch. Cell 2017; 171: 217-28 e13.

Kashem SW, Riedl MS, Yao C, Honda CN, Vulchanova L,
Kaplan DH. Nociceptive sensory fibers drive interleukin-23
production from CD301b+ dermal dendritic cells and drive
protective cutaneous immunity. Immunity 2015; 43: 515-
26.

Foster SL, Talbot S, Woolf CJ. CNS injury: IL-33 sounds the
alarm. Immunity 2015; 42: 403-5.

Chiu IM, von Hehn CA, Woolf CJ. Neurogenic inflammation
and the peripheral nervous system in host defense and
immunopathology. Nat Neurosci 2012; 15: 1063-7.

Strell C, Sievers A, Bastian P et al. Divergent effects of
norepinephrine, dopamine and substance P on the activa-
tion, differentiation and effector functions of human cyto-
toxic T lymphocytes. BMC Immunol 2009; 10: 62.

Mashaghi A, Marmalidou A, Tehrani M, Grace PM, Pothou-
lakis C, Dana R. Neuropeptide substance P and the immune
response. Cell Mol Life Sci 2016; 73: 4249-64.

Ikeda Y, Takei H, Matsumoto C et al. Administration of
substance P during a primary immune response amplifies
the secondary immune response via a long-lasting effect on
CD8+ T lymphocytes. Arch Dermatol Res 2007; 299: 345-51.
Razavi R, Chan Y, Afifiyan FN et al. TRPV1+ sensory neurons
control beta cell stress and islet inflammation in autoim-
mune diabetes. Cell 2006; 127: 1123-35.

Siebenhaar F, Sharov AA, Peters EM et al. Substance P as an
immunomodulatory neuropeptide in a mouse model for
autoimmune hair loss (alopecia areata). J Invest Dermatol
2007; 127: 1489-97.

Calvo CF, Chavanel G, Senik A. Substance P enhances IL-2
expression in activated human T cells. JImmunol 1992; 148:
3498-504.

Mikami N, Matsushita H, Kato T et al. Calcitonin gene-
related peptide is an important regulator of cutaneous
immunity: effect on dendritic cell and T cell functions. J
Immunol 2011; 186: 6886-93.

Wheway J, Mackay CR, Newton RA et al. A fundamental
bimodal role for neuropeptide Y1 receptor in the immune
system. J Exp Med 2005; 202: 1527-38.

Albo D, Akay CL, Marshall CL et al. Neurogenesis in
colorectal cancer is a marker of aggressive tumor behavior
and poor outcomes. Cancer 2011; 117: 4834-45.
Rosas-Ballina M, Olofsson PS, Ochani M et al. Acetyl-
choline-synthesizing T cells relay neural signals in a vagus
nerve circuit. Science 2011; 334: 98-101.

Downing JE, Miyan JA. Neural immunoregulation: emerging
roles for nerves in immune homeostasis and disease.
Immunol Today 2000; 21: 281-9.

© 2019 The Association for the Publication of the Journal of Internal Medicine 281
Journal of Internal Medicine, 2019, 286; 268-289

) PuE Swiid [, 341 908 “[£202/20/0T] U0 ATRIqIT SUIUQ AS[IAN “UOISIAOIA BPRUEY) QUEIYI0D) KQ LS6T I WOl 11 1°01/10p/wi00"Ka[1mAxeaqijour[uoy/:sdiy wioiy papeoumod ‘€ ‘610T “96LTSIE

:sdny)

19)/W09" AT !

pi

npu

2SULOI'T suowtio)) aanear)) a[qesrjdde ayy Aq pauIoA0S a1e SA[ANIE () 95N JO SA[NI 10§ AIRIQIT dUIUQ) AS[IAN UO (



JIM Neurons detect dangers / T. Crosson et al.

48

49

50

51

52

53

54

55

56

57
58

59

60

61

62

63

64

65

66

282

Veiga-Fernandes H, Mucida D. Neuro-immune interactions
at barrier surfaces. Cell 2016; 165: 801-11.

Goetzl EJ, Voice JK, Shen S et al. Enhanced delayed-type
hypersensitivity and diminished immediate-type hypersen-
sitivity in mice lacking the inducible VPAC(2) receptor for
vasoactive intestinal peptide. Proc Natl Acad Sci USA 2001;
98: 13854-9.

Nussbaum JC, Van Dyken SJ, von Moltke J et al. Type 2
innate lymphoid cells control eosinophil homeostasis. Nat-
ure 2013; 502: 245-8.

Ganea D, Delgado M. Neuropeptides as modulators of
macrophage functions. Regulation of cytokine production
and antigen presentation by VIP and PACAP. Arch Immunol
Ther Exp (Warsz) 2001; 49: 101-10.

Chiu IM, Barrett LB, Williams EK et al. Transcriptional
profiling at whole population and single cell levels reveals
somatosensory neuron molecular diversity. eLife 2014; 3.
Ray P, Torck A, Quigley L et al. Comparative transcriptome
profiling of the human and mouse dorsal root ganglia: an
RNA-seqg-based resource for pain and sensory neuroscience
research. Pain 2018; 159: 1325-45.

Goswami SC, Mishra SK, Maric D et al. Molecular signatures
of mouse TRPVI1-lineage neurons revealed by RNA-Seq
transcriptome analysis. J Pain 2014; 15: 1338-59.

Usoskin D, Furlan A, Islam S et al. Unbiased classification of
sensory neuron types by large-scale single-cell RNA
sequencing. Nat Neurosci 2015; 18: 145-53.

Li C, Wang S, Chen Y, Zhang X. Somatosensory neuron
typing with high-coverage single-cell RNA sequencing and
functional analysis. Neurosci Bull 2018; 34: 200-7.

Tracey WD Jr. Nociception. Curr Biol 2017; 27: R129-33.
Kogelman LJA, Christensen RE, Pedersen SH et al. Whole
transcriptome expression of trigeminal ganglia compared to
dorsal root ganglia in Rattus Norvegicus. Neuroscience 2017,
350: 169-79.

Flegel C, Schobel N, Altmuller J et al. RNA-seq analysis of
human trigeminal and dorsal root ganglia with a focus on
chemoreceptors. PLoS ONE 2015; 10: e0128951.

Peeters PJ, Aerssens J, de Hoogt R et al. Molecular profiling
of murine sensory neurons in the nodose and dorsal root
ganglia labeled from the peritoneal cavity. Physiol Genomics
2006; 24: 252-63.

Xiao HS, Huang QH, Zhang FX et al. Identification of gene
expression profile of dorsal root ganglion in the rat periph-
eral axotomy model of neuropathic pain. Proc Natl Acad Sci
USA 2002; 99: 8360-5.

Hu G, Huang K, Hu Y et al. Single-cell RNA-seq reveals
distinct injury responses in different types of DRG sensory
neurons. Sci Rep 2016; 6: 31851.

Megat S, Ray PR, Moy JK et al. Nociceptor translational
profiling reveals the ragulator-Rag GTPase complex as a
critical generator of neuropathic pain. J Neurosci 2019; 39:
393-411.

Cenik C, Cenik ES, Byeon GW et al. Integrative analysis of
RNA, translation, and protein levels reveals distinct
regulatory variation across humans. Genome Res 2015;
25: 1610-21.

Hockley JRF, Taylor TS, Callejo G et al. Single-cell RNAseq
reveals seven classes of colonic sensory neuron. Gut 2018.
Rutlin M, Ho CY, Abraira VE et al. The cellular and molec-
ular basis of direction selectivity of Adelta-LTMRs. Cell 2014;
159: 1640-51.

© 2019 The Association for the Publication of the Journal of Internal Medicine
Journal of Internal Medicine, 2019, 286; 268289

42

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

Bai L, Lehnert BP, Liu J et al. Genetic identification of an
expansive mechanoreceptor sensitive to skin stroking. Cell
2015; 163: 1783-95.

Arcourt A, Gorham L, Dhandapani R et al. Touch receptor-
derived sensory information alleviates acute pain signaling
and fine-tunes nociceptive reflex coordination. Neuron 2017,
93: 179-93.

Ghitani N, Barik A, Szczot M et al. Specialized mechanosen-
sory nociceptors mediating rapid responses to hair pull.
Neuron 2017; 95: 944-54 e4.

Coste B, Mathur J, Schmidt M et al. Piezol and Piezo2 are
essential components of distinct mechanically activated
cation channels. Science 2010; 330: 55-60.

Coste B, Xiao B, Santos JS et al. Piezo proteins are pore-
forming subunits of mechanically activated channels. Nature
2012; 483: 176-81.

Szczot M, Pogorzala LA, Solinski HJ et al. Cell-type-specific
splicing of Piezo2 regulates mechanotransduction. Cell Rep
2017; 21: 2760-71.

Ranade SS, Woo SH, Dubin AE et al. Piezo2 is the major
transducer of mechanical forces for touch sensation in mice.
Nature 2014; 516: 121-5.

Woo SH, Lukacs V, de Nooij JC et al. Piezo2 is the principal
mechanotransduction channel for proprioception. Nat Neu-
rosci 2015; 18: 1756-62.

Schrenk-Siemens K, Wende H, Prato V et al. PIEZO2 is
required for mechanotransduction in human stem cell-
derived touch receptors. Nat Neurosci 2015; 18: 10-6.
Rezaei N, Saghazadeh A. The role of PIEZO2 in human
mechanosensation. Acta Med Iran 2017; 55: 664.

Ferrari LF, Bogen O, Green P, Levine JD. Contribution of
Piezo2 to endothelium-dependent pain. Mol Pain 2015;
11: 65.

Lee W, Guilak F, Liedtke W. Role of piezo channels in joint
health and injury. Curr Top Membr 2017; 79: 263-73.
Syeda R, Florendo MN, Cox CD et al Piezol channels
are inherently mechanosensitive. Cell Rep 2016; 17: 1739—
46.

Nonomura K, Woo SH, Chang RB et al. Piezo2 senses airway
stretch and mediates lung inflation-induced apnoea. Nature
2017; 541: 176-81.

Xing R, Wang P, Zhao L, Xu B, Zhang N, Li X. Mechanism of
TRPA1 and TRPV4 participating in mechanical hyperalgesia
of rat experimental knee osteoarthritis. Arch Rheumatol
2017; 32: 96-104.

Materazzi S, Fusi C, Benemei S et al. TRPA1 and TRPV4
mediate paclitaxel-induced peripheral neuropathy in mice
via a glutathione-sensitive mechanism. Pflugers Arch 2012;
463: 561-9.

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA,
Levine JD, Julius D. The capsaicin receptor: a heat-activated
ion channel in the pain pathway. Nature 1997; 389: 816-24.
Treede RD, Meyer RA, Raja SN, Campbell JN. Evidence for
two different heat transduction mechanisms in nociceptive
primary afferents innervating monkey skin. J Physiol 1995;
483: 747-58.

Schepers RJ, Ringkamp M. Thermoreceptors and ther-
mosensitive afferents. Neurosci Biobehav Rev 2010; 34:
177-84.

Vandewauw I, De Clercq K, Mulier M et al. A TRP channel
trio mediates acute noxious heat sensing. Nature 2018; 555:
662-6.

) PuE Swiid [, 341 908 “[£202/20/0T] U0 ATRIqIT SUIUQ AS[IAN “UOISIAOIA BPRUEY) QUEIYI0D) KQ LS6T I WOl 11 1°01/10p/wi00"Ka[1mAxeaqijour[uoy/:sdiy wioiy papeoumod ‘€ ‘610T “96LTSIE

:sdny)

19)/W09" AT !

pi

npu

2SULOI'T suowtio)) aanear)) a[qesrjdde ayy Aq pauIoA0S a1e SA[ANIE () 95N JO SA[NI 10§ AIRIQIT dUIUQ) AS[IAN UO (



JIM Neurons detect dangers / T. Crosson et al.

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

Cho H, Yang YD, Lee J et al. The calcium-activated chloride
channel anoctamin 1 acts as a heat sensor in nociceptive
neurons. Nat Neurosci 2012; 15: 1015-21.

Maingret F, Lauritzen I, Patel AJ et al. TREK-1 is a heat-
activated background K(+) channel. EMBO J 2000; 19:
2483-91.

Noel J, Zimmermann K, Busserolles J et al. The mechano-
activated K+ channels TRAAK and TREK-1 control both
warm and cold perception. EMBO J 2009; 28: 1308-18.
Carnevale V, Rohacs T. TRPV1: a target for rational drug
design. Pharmaceuticals (Basel) 2016; 23: pii: E52.
Zimmermann K, Hein A, Hager U et al. Phenotyping sensory
nerve endings in vitro in the mouse. Nat Protoc 2009; 4: 174—
96.

Colburn RW, Lubin ML, Stone DJ Jr et al. Attenuated cold
sensitivity in TRPM8 null mice. Neuron 2007; 54: 379-86.
Bautista DM, Siemens J, Glazer JM et al. The menthol
receptor TRPMS is the principal detector of environmental
cold. Nature 2007; 448: 204-8.

McKemy DD. Molecular basis of peripheral innocuous cold
sensitivity. Handb Clin Neurol 2018; 156: 57-67.

Grace MS, Baxter M, Dubuis E, Birrell MA, Belvisi MG.
Transient receptor potential (TRP) channels in the airway:
role in airway disease. BrJ Pharmacol2014; 171: 2593-607.
Peier AM, Moqrich A, Hergarden AC et al. A TRP channel that
senses cold stimuli and menthol. Cell 2002; 108: 705-15.
Xing H, Ling JX, Chen M et al. TRPM8 mechanism of
autonomic nerve response to cold in respiratory airway.
Mol Pain 2008; 4: 22.

Vetter I, Hein A, Sattler S et al. Amplified cold transduction
in native nociceptors by M-channel inhibition. J Neurosci
2013; 33: 16627-41.

Zimmermann K, Leffler A, Babes A et al. Sensory neuron
sodium channel Nav1.8 is essential for pain at low temper-
atures. Nature 2007; 447: 855-8.

Lolignier S, Bonnet C, Gaudioso C et al. The Nav1.9 channel
is a key determinant of cold pain sensation and cold
allodynia. Cell Rep 2015; 11: 1067-78.

Bandell M, Story GM, Hwang SW et al. Noxious cold ion
channel TRPA1 is activated by pungent compounds and
bradykinin. Neuron 2004; 41: 849-57.

Kwan KY, Allchorne AJ, Vollrath MA et al. TRPA1 con-
tributes to cold, mechanical, and chemical nociception but
is not essential for hair-cell transduction. Neuron 2006; 50:
277-89.

del Camino D, Murphy S, Heiry M et al. TRPA1 contributes
to cold hypersensitivity. J Neurosci 2010; 30: 15165-74.
Bautista DM, Jordt SE, Nikai T et al. TRPA1 mediates the
inflammatory actions of environmental irritants and proal-
gesic agents. Cell 2006; 124: 1269-82.

Jordt SE, Bautista DM, Chuang HH et al. Mustard oils and
cannabinoids excite sensory nerve fibres through the TRP
channel ANKTM1. Nature 2004; 427: 260-5.

Bessac BF, Sivula M, von Hehn CA, Caceres Al, Escalera J,
Jordt SE. Transient receptor potential ankyrin 1 antagonists
block the noxious effects of toxic industrial isocyanates and
tear gases. FASEB J 2009; 23: 1102-14.

Francis HC, Prys-Picard CO, Fishwick D et al. Defining and
investigating occupational asthma: a consensus approach.
Occup Environ Med 2007; 64: 361-5.

Grace MS, Belvisi MG. TRPA1 receptors in cough. Pulm
Pharmacol Ther 2011; 24: 286-8.

109

110

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

43

Hammerschmidt S, Wahn H. The oxidants hypochlorite and
hydrogen peroxide induce distinct patterns of acute lung
injury. Biochim Biophys Acta 2004; 1690: 258-64.

Morris JB, Symanowicz PT, Olsen JE, Thrall RS, Cloutier
MM, Hubbard AK. Immediate sensory nerve-mediated res-
piratory responses to irritants in healthy and allergic
airway-diseased mice. J Appl Physiol 1985; 2003: 1563-71.
Leikauf GD, Leming LM, O’Donnell JR, Doupnik CA.
Bronchial responsiveness and inflammation in guinea pigs
exposed to acrolein. J Appl Physiol 1985; 1989: 171-8.
Caceres Al, Brackmann M, Elia MD et al. A sensory
neuronal ion channel essential for airway inflammation
and hyperreactivity in asthma. Proc Natl Acad Sci USA 2009;
106: 9099-104.

Birrell MA, Belvisi MG, Grace M et al. TRPA1 agonists evoke
coughing in guinea pig and human volunteers. Am J Respir
Crit Care Med 2009; 180: 1042-7.

Geppetti P, Patacchini R, Nassini R. Transient receptor
potential channels and occupational exposure. Curr Opin
Allergy Clin Immunol 2014; 14: 77-83.

Akira S, Uematsu S, Takeuchi O. Pathogen recognition and
innate immunity. Cell 2006; 124: 783-801.

Lim JY, Choi SI, Choi G, Hwang SW. Atypical sensors for
direct and rapid neuronal detection of bacterial pathogens.
Mol Brain 2016; 9: 26.

Diogenes A, Ferraz CC, Akopian AN, Henry MA, Hargreaves
KM. LPS sensitizes TRPV1 via activation of TLR4 in trigem-
inal sensory neurons. J Dent Res 2011; 90: 759-64.

Saito O, Svensson CI, Buczynski MW et al. Spinal glial
TLR4-mediated nociception and production of prostaglandin
E(2) and TNF. Br J Pharmacol 2010; 160: 1754-64.

Chiu IM, Pinho-Ribeiro FA, Woolf CJ. Pain and infection:
pathogen detection by nociceptors. Pain 2016; 157: 1192-3.
Chiu IM, Heesters BA, Ghasemlou N et al. Bacteria activate
sensory neurons that modulate pain and inflammation.
Nature 2013; 501: 52-7.

Blake KJ, Baral P, Voisin T et al. Staphylococcus aureus
produces pain through pore-forming toxins and neuronal
TRPV1 that is silenced by QX-314. Nat Commun 2018; 9: 37.
Baral P, Umans BD, Li L et al. Nociceptor sensory neurons
suppress neutrophil and gammadelta T cell responses in
bacterial lung infections and lethal pneumonia. Nat Med
2018; 24: 417-26.

Pinho-Ribeiro FA, Baddal B, Haarsma R et al. Blocking
neuronal signaling to immune cells treats streptococcal
invasive infection. Cell 2018; 173: 1083-97 e22.

Yissachar N, Zhou Y, Ung L et al. An intestinal organ culture
system uncovers a role for the nervous system in microbe-
immune crosstalk. Cell 2017; 168: 1135-48 el12.
Sharthiya H, Seng C, Van Kuppevelt TH, Tiwari V, Fornaro
M. HSV-1 interaction to 3-O-sulfated heparan sulfate in
mouse-derived DRG explant and profiles of inflammatory
markers during virus infection. J Neurovirol 2017; 23: 483—
91.

Richart SM, Simpson SA, Krummenacher C et al. Entry of
herpes simplex virus type 1 into primary sensory neurons
in vitro is mediated by Nectin-1/HveC. J Virol 2003; 77:
3307-11.

Simpson SA, Manchak MD, Hager EJ et al. Nectin-1/HveC
Mediates herpes simplex virus type 1 entry into primary
human sensory neurons and fibroblasts. J Neurovirol 2005;
11: 208-18.

© 2019 The Association for the Publication of the Journal of Internal Medicine 283
Journal of Internal Medicine, 2019, 286; 268-289

) PuE Swiid [, 341 908 “[£202/20/0T] U0 ATRIqIT SUIUQ AS[IAN “UOISIAOIA BPRUEY) QUEIYI0D) KQ LS6T I WOl 11 1°01/10p/wi00"Ka[1mAxeaqijour[uoy/:sdiy wioiy papeoumod ‘€ ‘610T “96LTSIE

:sdny)

19)/W09" AT !

pi

npu

2SULOI'T suowtio)) aanear)) a[qesrjdde ayy Aq pauIoA0S a1e SA[ANIE () 95N JO SA[NI 10§ AIRIQIT dUIUQ) AS[IAN UO (



JIM Neurons detect dangers / T. Crosson et al.

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

284

Sodeik B, Ebersold MW, Helenius A. Microtubule-mediated
transport of incoming herpes simplex virus 1 capsids to the
nucleus. J Cell Biol 1997; 136: 1007-21.

Wolfstein A, Nagel CH, Radtke K, Dohner K, Allan VJ, Sodeik
B. The inner tegument promotes herpes simplex virus
capsid motility along microtubules in vitro. Traffic 2006; 7:
227-37.

Cangussu SD, Souza CC, Castro MS et al. The endogenous
cytokine profile and nerve fibre density in mouse ear
Leishmania major-induced lesions related to nociceptive
thresholds. Exp Parasitol 2013; 133: 193-200.

Borghi SM, Fattori V, Conchon-Costa I, Pinge-Filho P,
Pavanelli WR, Verri WA Jr. Leishmania infection: painful
or painless? Parasitol Res 2017; 116: 465-75.

Kanaan SA, Saade NE, Karam M, Khansa H, Jabbur SJ,
Jurjus AR. Hyperalgesia and upregulation of cytokines and
nerve growth factor by cutaneous leishmaniasis in mice.
Pain 2000; 85: 477-82.

Karam MC, Hamdan HG, Abi Chedid NA, Bodman-Smith
KB, Eales-Reynolds LJ, Baroody GM. Leishmania major:
low infection dose causes short-lived hyperalgesia and
cytokines upregulation in mice. Exp Parasitol 2006; 113:
168-73.

Borghi SM, Fattori V, Ruiz-Miyazawa KW et al. Leishmania
(L). amazonensis induces hyperalgesia in balb/c mice:
contribution of endogenous spinal cord TNFalpha and
NFkappaB activation. Chem Biol Interact 2017; 268: 1-12.
Mahmoudvand H, Ziaali N, Ghazvini H et al. Toxoplasma
gondii infection promotes neuroinflammation through cyto-
kine networks and induced hyperalgesia in BALB/c mice.
Inflammation 2016; 39: 405-12.

De Jonge F, Van Nassauw L, Adriaensen D et al. Effect of
intestinal inflammation on capsaicin-sensitive afferents in
the ileum of Schistosoma mansoni-infected mice. Histochem
Cell Biol 2003; 119: 477-84.

de Repentigny L, Lewandowski D, Jolicoeur P.
Immunopathogenesis of oropharyngeal candidiasis in
human immunodeficiency virus infection. Clin Microbiol
Rev 2004; 17: 729-59, table of contents.

Maruyama K, Takayama Y, Kondo T et al. Nociceptors boost
the resolution of fungal osteoinflammation via the TRP
channel-CGRP-Jdp2 axis. Cell Rep 2017; 19: 2730-42.
Kashem SW, Kaplan DH. Skin immunity to Candida albi-
cans. Trends Immunol 2016; 37: 440-50.

Sobel JD. Vulvovaginal candidiasis. Lancet 2007; 369:
1961-71.

Wheeler ML, Limon JJ, Underhill DM. Immunity to com-
mensal fungi: detente and disease. Annu Rev Pathol 2017;
12: 359-85.

Sanford JA, Gallo RL. IL-17A has some nervel. Immunity
2015; 43: 414-5.

Maruyama K, Takayama Y, Sugisawa E et al. The ATP
transporter VNUT mediates induction of dectin-1-triggered
Candida nociception. iScience 2018; 6: 306-18.

Cenac N, Andrews CN, Holzhausen M et al. Role for protease
activity in visceral pain in irritable bowel syndrome. J Clin
Invest 2007; 117: 636-47.

Valdez-Morales EE, Overington J, Guerrero-Alba R et al
Sensitization of peripheral sensory nerves by mediators from
colonic biopsies of diarrhea-predominant irritable bowel
syndrome patients: a role for PAR2. Am J Gastroenterol
2013; 108: 1634-43.

© 2019 The Association for the Publication of the Journal of Internal Medicine
Journal of Internal Medicine, 2019, 286; 268289

44

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

Cenac N, Vergnolle N. Proteases and protease-activated
receptors (PARs): novel signals for pain. Curr Top Med Chem
2005; 5: 569-76.

Desormeaux C, Bautzova T, Garcia-Caraballo S et al
Protease-activated receptor 1 is implicated in irritable bowel
syndrome mediators-induced signaling to thoracic human
sensory neurons. Pain 2018; 159: 1257-67.

Vellani V, Kinsey AM, Prandini M et al. Protease activated
receptors 1 and 4 sensitize TRPV1 in nociceptive neurones.
Mol Pain 2010; 6: 61.

McDougall JJ, Zhang C, Cellars L, Joubert E, Dixon CM,
Vergnolle N. Triggering of proteinase-activated receptor 4
leads to joint pain and inflammation in mice. Arthritis
Rheum 2009; 60: 728-37.

Hollenberg MD, Saifeddine M, Sandhu S, Houle S, Vergnolle
N. Proteinase-activated receptor-4: evaluation of tethered
ligand-derived peptides as probes for receptor function and
as inflammatory agonists in vivo. Br J Pharmacol 2004; 143:
443-54.

Bao Y, Gao Y, Yang L et al. New insights into protease-
activated receptor 4 signaling pathways in the pathogenesis
of inflammation and neuropathic pain: a literature review.
Channels (Austin) 2015; 9: 5-13.

Mnyika KS, Kihamia CM. Chloroquine-induced pruritus: its
impact on chloroquine utilization in malaria control in Dar
es Salaam. J Trop Med Hyg 1991; 94: 27-31.

Sowunmi A, Fehintola FA, Adedeji AA et al. Comparative
efficacy of chloroquine plus chlorpheniramine alone and in a
sequential combination with sulfadoxine-pyrimethamine, for
the treatment of acute, uncomplicated, falciparum malaria in
children. Ann Trop Med Parasitol 2000; 94: 209-17.

Wilson SR, Gerhold KA, Bifolck-Fisher A et al. TRPA1 is
required for histamine-independent, Mas-related G protein-
coupled receptor-mediated itch. Nat Neurosci 2011; 14:
595-602.

Liu Q, Tang Z, Surdenikova L et al. Sensory neuron-specific
GPCR Mrgprs are itch receptors mediating chloroquine-
induced pruritus. Cell 2009; 139: 1353-65.

Than JY, Li L, Hasan R, Zhang X. Excitation and modulation
of TRPA1, TRPV1, and TRPMS8 channel-expressing sensory
neurons by the pruritogen chloroquine. J Biol Chem 2013;
288: 12818-27.

McNeil BD, Pundir P, Meeker S et al. Identification of a
mast-cell-specific receptor crucial for pseudo-allergic drug
reactions. Nature 2015; 519: 237-41.

de Carvalho Barbosa M, Kosturakis AK, Eng C etal A
quantitative sensory analysis of peripheral neuropathy in
colorectal cancer and its exacerbation by oxaliplatin
chemotherapy. Cancer Res 2014; 74: 5955-62.

Dougherty PM, Cata JP, Burton AW, Vu K, Weng HR.
Dysfunction in multiple primary afferent fiber subtypes
revealed by quantitative sensory testing in patients with
chronic vincristine-induced pain. J Pain Symptom Manage
2007; 33: 166-79.

Dougherty PM, Cata JP, Cordella JV, Burton A, Weng HR.
Taxol-induced sensory disturbance is characterized by
preferential impairment of myelinated fiber function in
cancer patients. Pain 2004; 109: 132-42.

Trevisan G, Materazzi S, Fusi C et al. Novel therapeutic
strategy to prevent chemotherapy-induced persistent sen-
sory neuropathy by TRPA1 blockade. Cancer Res 2013; 73:
3120-31.

) PuE Swiid [, 341 908 “[£202/20/0T] U0 ATRIqIT SUIUQ AS[IAN “UOISIAOIA BPRUEY) QUEIYI0D) KQ LS6T I WOl 11 1°01/10p/wi00"Ka[1mAxeaqijour[uoy/:sdiy wioiy papeoumod ‘€ ‘610T “96LTSIE

:sdny)

19)/W09" AT !

pi

npu

2SULOI'T suowtio)) aanear)) a[qesrjdde ayy Aq pauIoA0S a1e SA[ANIE () 95N JO SA[NI 10§ AIRIQIT dUIUQ) AS[IAN UO (



JIM Neurons detect dangers / T. Crosson et al.

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

Boyette-Davis JA, Walters ET, Dougherty PM. Mechanisms
involved in the development of chemotherapy-induced neu-
ropathy. Pain Manag 2015; 5: 285-96.

Grolleau F, Gamelin L, Boisdron-Celle M, Lapied B, Pelhate
M, Gamelin E. A possible explanation for a neurotoxic effect
of the anticancer agent oxaliplatin on neuronal voltage-
gated sodium channels. J Neurophysiol 2001; 85: 2293-7.
Di Cesare Mannelli L, Zanardelli M, Failli P, Ghelardini C.
Oxaliplatin-induced oxidative stress in nervous system-
derived cellular models: could it correlate with in vivo
neuropathy? Free Radic Biol Med 2013; 61: 143-50.

Areti A, Yerra VG, Naidu V, Kumar A. Oxidative stress and
nerve damage: role in chemotherapy induced peripheral
neuropathy. Redox Biol 2014; 2: 289-95.

LiY, Adamek P, Zhang H et al. The cancer chemotherapeutic
paclitaxel increases human and rodent sensory neuron
responses to TRPV1 by activation of TLR4. J Neurosci
2015; 35: 13487-500.

Boiko N, Medrano G, Montano E et al. TrpAl activation in
peripheral sensory neurons underlies the ionic basis of pain
hypersensitivity in response to vinca alkaloids. PLoS ONE
2017; 12: e0186888.

Nassini R, Gees M, Harrison S et al. Oxaliplatin elicits
mechanical and cold allodynia in rodents via TRPA1 recep-
tor stimulation. Pain 2011; 152: 1621-31.

Dainichi T, Kitoh A, Otsuka A et al. The epithelial immune
microenvironment (EIME) in atopic dermatitis and psoriasis.
Nat Immunol 2018; 19: 1286-98.

Lampa J, Westman M, Kadetoff D et al. Peripheral inflam-
matory disease associated with centrally activated IL-1
system in humans and mice. Proc Natl Acad Sci USA 2012;
109: 12728-33.

Steinberg BE, Silverman HA, Robbiati S et al. Cytokine-
specific neurograms in the sensory vagus nerve. Bioelectron
Med 2016; 3: 7-17.

Zanos TP, Silverman HA, Levy T et al. Identification of
cytokine-specific sensory neural signals by decoding murine
vagus nerve activity. Proc Natl Acad Sci USA 2018; 115:
E4843-52.

Opree A, Kress M. Involvement of the proinflammatory
cytokines tumor necrosis factor-alpha, IL-1 beta, and IL-6
but not IL-8 in the development of heat hyperalgesia: effects
on heat-evoked calcitonin gene-related peptide release from
rat skin. J Neurosci 2000; 20: 6289-93.

Wagner R, Myers RR. Endoneurial injection of TNF-alpha
produces neuropathic pain behaviors. NeuroReport 1996; 7:
2897-901.

Binshtok AM, Wang H, Zimmermann K et al. Nociceptors are
interleukin-1beta sensors. J Neurosci 2008; 28: 14062-73.
Hudmon A, Choi JS, Tyrrell L et al. Phosphorylation of
sodium channel Na(v)1.8 by p38 mitogen-activated protein
kinase increases current density in dorsal root ganglion
neurons. J Neurosci 2008; 28: 3190-201.

Svensson CI. Interleukin-6: a local pain trigger? Arthritis Res
Ther 2010; 12: 145.

Fang D, Kong LY, Cai J et al. Interleukin-6-mediated func-
tional upregulation of TRPV1 receptors in dorsal root
ganglion neurons through the activation of JAK/PI3K
signaling pathway: roles in the development of bone cancer
pain in a rat model. Pain 2015; 156: 1124-44.

Richter F, Natura G, Ebbinghaus M et al. Interleukin-17
sensitizes joint nociceptors to mechanical stimuli and

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

45

contributes to arthritic pain through neuronal interleukin-
17 receptors in rodents. Arthritis Rheum 2012; 64: 4125-34.
Pinto LG, Cunha TM, Vieira SM et al. IL-17 mediates
articular hypernociception in antigen-induced arthritis in
mice. Pain 2010; 148: 247-56.

Meng J, Moriyama M, Feld M et al. New mechanism under-
lying IL-31-induced atopic dermatitis. J Allergy Clin Immu-
nol 2018; 141: 1677-89 8.

Cevikbas F, Wang X, Akiyama T et al. A sensory neuron-
expressed IL-31 receptor mediates T helper cell-dependent
itch: Involvement of TRPV1 and TRPAl. J Allergy Clin
Immunol 2014; 133: 448-60.

Wilson SR, The L, Batia LM et al. The epithelial cell-derived
atopic dermatitis cytokine TSLP activates neurons to induce
itch. Cell 2013; 155: 285-95.

Liu B, Tai Y, Achanta S et al. IL-33/ST2 signaling excites
sensory neurons and mediates itch response in a mouse
model of poison ivy contact allergy. Proc Natl Acad Sci USA
2016; 113: E7572-9.

Nocchi L, Roy N, Dattilia M et al. Interleukin-31-mediated
photoablation of pruritogenic epidermal neurons reduces
itch-associated behaviours in mice. Nat Biomed Eng 2019;
3: 114-25.

Levin LR, Buck J. Physiological roles of acid-base sensors.
Annu Rev Physiol 2015; 77: 347-62.

Deval E, Lingueglia E. Acid-Sensing Ion Channels and
nociception in the peripheral and central nervous systems.
Neuropharmacology 2015; 94: 49-57.

Mamet J, Baron A, Lazdunski M, Voilley N. Proinflammatory
mediators, stimulators of sensory neuron excitability via the
expression of acid-sensing ion channels. J Neurosci 2002;
22: 10662-70.

Jones NG, Slater R, Cadiou H, McNaughton P, McMahon SB.
Acid-induced pain and its modulation in humans. J Neu-
rosci 2004; 24: 10974-9.

Sluka KA, Kalra A, Moore SA. Unilateral intramuscular
injections of acidic saline produce a bilateral, long-lasting
hyperalgesia. Muscle Nerve 2001; 24: 37-46.

Ugawa S, Ueda T, Ishida Y, Nishigaki M, Shibata Y, Shimada
S. Amiloride-blockable acid-sensing ion channels are lead-
ing acid sensors expressed in human nociceptors. J Clin
Invest 2002; 110: 1185-90.

Yen YT, Tu PH, Chen CJ, Lin YW, Hsieh ST, Chen CC. Role of
acid-sensing ion channel 3 in sub-acute-phase inflamma-
tion. Mol Pain 2009; 5: 1.

Reznikov LR, Meyerholz DK, Adam RJ et al. Acid-sensing ion
channel la contributes to airway hyperreactivity in mice.
PLoS ONE 2016; 11: e0166089.

Hunt JF, Fang K, Malik R et al. Endogenous airway acidi-
fication. Implications for asthma pathophysiology. Am J
Respir Crit Care Med 2000; 161: 694-9.

Li C, Peoples RW, Weight FF. Enhancement of ATP-activated
current by protons in dorsal root ganglion neurons. Pflugers
Arch 1997; 433: 446-54.

Tominaga M, Caterina MJ, Malmberg AB et al. The cloned
capsaicin receptor integrates multiple pain-producing stim-
uli. Neuron 1998; 21: 531-43.

Takahashi N, Kuwaki T, Kiyonaka S et al. TRPA1 underlies a
sensing mechanism for O2. Nat Chem Biol 2011; T7:
701-11.

Mori Y, Takahashi N, Kurokawa T, Kiyonaka S. TRP chan-
nels in oxygen physiology: distinctive functional properties

© 2019 The Association for the Publication of the Journal of Internal Medicine 285
Journal of Internal Medicine, 2019, 286; 268-289

) PuE Swiid [, 341 908 “[£202/20/0T] U0 ATRIqIT SUIUQ AS[IAN “UOISIAOIA BPRUEY) QUEIYI0D) KQ LS6T I WOl 11 1°01/10p/wi00"Ka[1mAxeaqijour[uoy/:sdiy wioiy papeoumod ‘€ ‘610T “96LTSIE

:sdny)

19)/W09" AT !

pi

npu

2SULOI'T suowtio)) aanear)) a[qesrjdde ayy Aq pauIoA0S a1e SA[ANIE () 95N JO SA[NI 10§ AIRIQIT dUIUQ) AS[IAN UO (



JIM Neurons detect dangers / T. Crosson et al.

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

286

and roles of TRPA1 in O2 sensing. Proc Jpn Acad Ser B Phys
Biol Sci 2017; 93: 464-82.

Andersson DA, Gentry C, Moss S, Bevan S. Transient
receptor potential Al is a sensory receptor for multiple
products of oxidative stress. J Neurosci 2008; 28: 2485-94.
Kozai D, Ogawa N, Mori Y. Redox regulation of transient
receptor potential channels. Antioxid Redox Signal2014; 21:
971-86.

Trevisan G, Hoffmeister C, Rossato MF et al. Transient
receptor potential ankyrin 1 receptor stimulation by hydro-
gen peroxide is critical to trigger pain during monosodium
urate-induced inflammation in rodents. Arthritis Rheum
2013; 65: 2984-95.

Trevisan G, Hoffmeister C, Rossato MF et al. TRPA1 receptor
stimulation by hydrogen peroxide is critical to trigger
hyperalgesia and inflammation in a model of acute gout.
Free Radic Biol Med 2014; 72: 200-9.

Miyake T, Nakamura S, Zhao M et al. Cold sensitivity of
TRPA1 is unveiled by the prolyl hydroxylation blockade-
induced sensitization to ROS. Nat Commun 2016; 7: 12840.
Serhan CN, Chiang N, Van Dyke TE. Resolving inflamma-
tion: dual anti-inflammatory and pro-resolution lipid medi-
ators. Nat Rev Immunol 2008; 8: 349-61.

Xu ZZ, Zhang L, Liu T et al. Resolvins RvE1l and RvD1
attenuate inflammatory pain via central and peripheral
actions. Nat Med 2010; 16: 592-7, 1p following 7.

Park CK, Lu N, Xu ZZ, Liu T, Serhan CN, Ji RR. Resolving
TRPV1- and TNF-alpha-mediated spinal cord synaptic plas-
ticity and inflammatory pain with neuroprotectin D1. J
Neurosci 2011; 31: 15072-85.

Park CK, Xu ZZ, Liu T, Lu N, Serhan CN, Ji RR. Resolvin D2
is a potent endogenous inhibitor for transient receptor
potential subtype V1/Al, inflammatory pain, and spinal
cord synaptic plasticity in mice: distinct roles of resolvin D1,
D2, and E1. J Neurosci 2011; 31: 18433-8.

Bang S, Yoo S, Yang TJ, Cho H, Kim YG, Hwang SW.
Resolvin D1 attenuates activation of sensory transient
receptor potential channels leading to multiple anti-noci-
ception. Br J Pharmacol 2010; 161: 707-20.

Jo YY, Lee JY, Park CK. Resolvin E1 inhibits substance P-
induced potentiation of TRPV1 in primary sensory neurons.
Mediators Inflamm 2016; 2016: 5259321.

Kusuda R, Cadetti F, Ravanelli MI et al. Differential expres-
sion of microRNAs in mouse pain models. Mol Pain 2011; 7:
17.

von Schack D, Agostino MJ, Murray BS et al. Dynamic
changes in the microRNA expression profile reveal multiple
regulatory mechanisms in the spinal nerve ligation model of
neuropathic pain. PLoS ONE 2011; 6: e17670.

Simeoli R, Montague K, Jones HR et al. Exosomal cargo
including microRNA regulates sensory neuron to macro-
phage communication after nerve trauma. Nat Commun
2017; 8: 1778.

Bai G, Ambalavanar R, Wei D, Dessem D. Downregulation of
selective microRNAs in trigeminal ganglion neurons follow-
ing inflammatory muscle pain. Mol Pain 2007; 3: 15.

Poh KW, Yeo JF, Ong WY. MicroRNA changes in the mouse
prefrontal cortex after inflammatory pain. Eur J Pain 2011;
15: 801 el-12.

Favereaux A, Thoumine O, Bouali-Benazzouz R et al. Bidi-
rectional integrative regulation of Cav1.2 calcium channel

© 2019 The Association for the Publication of the Journal of Internal Medicine
Journal of Internal Medicine, 2019, 286; 268289

46

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

by microRNA miR- 103: role in pain. EMBO J 2011; 30:
3830-41.

LuY, Cao DL, Jiang BC, Yang T, Gao YJ. MicroRNA-146a-5p
attenuates neuropathic pain via suppressing TRAF6 signal-
ing in the spinal cord. Brain Behav Immun 2015; 49: 119-
29.

Willemen HL, Huo XJ, Mao-Ying QL, Zijlstra J, Heijnen CJ,
Kavelaars A. MicroRNA-124 as a novel treatment for persis-
tent hyperalgesia. J Neuroinflammation 2012; 9: 143.

Park CK, Xu ZZ, Berta T et al. Extracellular microRNAs
activate nociceptor neurons to elicit pain via TLR7 and
TRPA1. Neuron 2014; 82: 47-54.

DaiZ, Chu H, Ma J, Yan Y, Zhang X, Liang Y. The regulatory
mechanisms and therapeutic potential of MicroRNAs: from
chronic pain to morphine tolerance. Front Mol Neurosci
2018; 11: 80.

Cavone L, Cuppari C, Manti S et al. Increase in the level of
proinflammatory cytokine HMGB1 in nasal fluids of patients
with rhinitis and its sequestration by glycyrrhizin induces
eosinophil cell death. Clin Exp Otorhinolaryngol 2015; 8:
123-8.

Feldman P, Due MR, Ripsch MS, Khanna R, White FA. The
persistent release of HMGB1 contributes to tactile hyperal-
gesia in a rodent model of neuropathic pain. J Neuroinflam-
mation 2012; 9: 180.

Otoshi K, Kikuchi S, Kato K, Sekiguchi M, Konno S. Anti-
HMGB1 neutralization antibody improves pain-related
behavior induced by application of autologous nucleus
pulposus onto nerve roots in rats. Spine (Phila Pa 1976)
2011; 36: E692-8.

Shibasaki M, Sasaki M, Miura M et al. Induction of high
mobility group box-1 in dorsal root ganglion contributes to
pain hypersensitivity after peripheral nerve injury. Pain
2010; 149: 514-21.

Tong W, Wang W, Huang J, Ren N, Wu SX, Li YQ. Spinal
high-mobility group box 1 contributes to mechanical allo-
dynia in a rat model of bone cancer pain. Biochem Biophys
Res Commun 2010; 395: 572-6.

Taniguchi N, Kawahara K, Yone K et al. High mobility group
box chromosomal protein 1 plays a role in the pathogenesis
of rheumatoid arthritis as a novel cytokine. Arthritis Rheum
2003; 48: 971-81.

Kokkola R, Sundberg E, Ulfgren AK et al. High mobility
group box chromosomal protein 1: a novel proinflammatory
mediator in synovitis. Arthritis Rheum 2002; 46: 2598-603.
Curtin JF, Liu N, Candolfi M et al. HMGB1 mediates
endogenous TLR2 activation and brain tumor regression.
PLoS Med 2009; 6: €10.

Huber R, Meier B, Otsuka A et al. Tumour hypoxia promotes
melanoma growth and metastasis via High Mobility Group
Box-1 and M2-like macrophages. Sci Rep 2016; 6: 29914.
Tang H, Zhao H, Song J et al. Ethyl pyruvate decreases
airway neutrophil infiltration partly through a high mobility
group box 1-dependent mechanism in a chemical-induced
murine asthma model. Int Immunopharmacol 2014; 21:
163-70.

Hou C, Kong J, Liang Y et al. HMGBI1 contributes to
allergen-induced airway remodeling in a murine model of
chronic asthma by modulating airway inflammation and
activating lung fibroblasts. Cell Mol Immunol 2015; 12: 409-
23.

) PuE Swiid [, 341 908 “[£202/20/0T] U0 ATRIqIT SUIUQ AS[IAN “UOISIAOIA BPRUEY) QUEIYI0D) KQ LS6T I WOl 11 1°01/10p/wi00"Ka[1mAxeaqijour[uoy/:sdiy wioiy papeoumod ‘€ ‘610T “96LTSIE

:sdny)

19)/W09" AT !

pi

npu

2SULOI'T suowtio)) aanear)) a[qesrjdde ayy Aq pauIoA0S a1e SA[ANIE () 95N JO SA[NI 10§ AIRIQIT dUIUQ) AS[IAN UO (



JIM Neurons detect dangers / T. Crosson et al.

232

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

Hou C, Zhao H, Liu L et al. High mobility group protein B1
(HMGB1) in Asthma: comparison of patients with chronic
obstructive pulmonary disease and healthy controls. Mol
Med 2011; 17: 807-15.

Imbalzano E, Quartuccio S, Di Salvo E, Crea T, Casciaro M,
Gangemi S. Association between HMGB1 and asthma: a
literature review. Clin Mol Allergy 2017; 15: 12.

Tanga FY, Nutile-McMenemy N, DeLeo JA. The CNS role of
Toll-like receptor 4 in innate neuroimmunity and painful
neuropathy. Proc Natl Acad Sci USA 2005; 102: 5856-61.
Raghavendra V, Tanga FY, DeLeo JA. Complete Freunds
adjuvant-induced peripheral inflammation evokes glial acti-
vation and proinflammatory cytokine expression in the CNS.
Eur J Neurosci 2004; 20: 467-73.

Shi Y, Gelman BB, Lisinicchia JG, Tang SJ. Chronic-pain-
associated astrocytic reaction in the spinal cord dorsal horn
of human immunodeficiency virus-infected patients. J Neu-
rosci 2012; 32: 10833-40.

Giorgi R, Pagano RL, Dias MA, Aguiar-Passeti T, Sorg C,
Mariano M. Antinociceptive effect of the calcium-binding
protein MRP-14 and the role played by neutrophils on the
control of inflammatory pain. J Leukoc Biol 1998; 64: 214—
20.

van den Beuken-van Everdingen MH, de Rijke JM, Kessels
AG, Schouten HC, van Kleef M, Patijn J. Prevalence of pain
in patients with cancer: a systematic review of the past
40 years. Ann Oncol 2007; 18: 1437-49.

Mitchell BS, Schumacher U, Stauber VV, Kaiserling E. Are
breast tumours innervated? Immunohistological investiga-
tions using antibodies against the neuronal marker protein
gene product 9.5 (PGP 9.5) in benign and malignant breast
lesions. Eur J Cancer 1994; 30A: 1100-3.

Seifert P, Spitznas M. Axons in human choroidal melanoma
suggest the participation of nerves in the control of these
tumors. Am J Ophthalmol 2002; 133: 711-3.

Rizzolio S, Tamagnone L. Semaphorin signals on the road to
cancer invasion and metastasis. Cell Adh Migr 2007; 1: 62—
8.

Chen C, Li M, Chai H, Yang H, Fisher WE, Yao Q. Roles of
neuropilins in neuronal development, angiogenesis, and
cancers. World J Surg 2005; 29: 271-5.

Abraham GE. Primary dysmenorrhea. Clin Obstet Gynecol
1978; 21: 139-45.

Austin M, Elliott L, Nicolaou N, Grabowska A, Hulse RP.
Breast cancer induced nociceptor aberrant growth and
collateral sensory axonal branching. Oncotarget 2017; 8:
76606-21.

Lu SH, Zhou Y, Que HP, Liu SJ. Peptidergic innervation of
human esophageal and cardiac carcinoma. World J Gas-
troenterol 2003; 9: 399-403.

Gutierrez S, Boada MD. Neuropeptide-induced modulation
of carcinogenesis in a metastatic breast cancer cell line
(MDA-MB-231(LUCH+)). Cancer Cell Int 2018; 18: 216.
Boilly B, Faulkner S, Jobling P, Hondermarck H. Nerve
dependence: from regeneration to cancer. Cancer Cell 2017,
31: 342-54.

Yosipovitch G, Mills KC, Nattkemper LA et al. Association of
pain and itch with depth of invasion and inflammatory cell
constitution in skin cancer: results of a large clinicopatho-
logic study. JAMA Dermatol 2014; 150: 1160-6.

Fuseya S, Yamamoto K, Minemura H, Yamaori S, Kawamata
T, Kawamata M. Systemic QX-314 reduces bone cancer pain

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

47

through selective inhibition of transient receptor potential
vanilloid subfamily 1-expressing primary afferents in mice.
Anesthesiology 2016; 125: 204-18.

Wakabayashi H, Wakisaka S, Hiraga T et al. Decreased
sensory nerve excitation and bone pain associated with
mouse Lewis lung cancer in TRPV1-deficient mice. J Bone
Miner Metab 2018; 36: 274-85.

Zhang M, Chi M, Zou H, Tian S, Zhang Z, Wang G. Effects of
coadministration of low dose cannabinoid type 2 receptor
agonist and morphine on vanilloid receptor 1 expression in a
rat model of cancer pain. Mol Med Rep 2017; 16: 7025-31.
van den Beuken-van Everdingen MH, Hochstenbach LM,
Joosten EA, Tjan-Heijnen VC, Janssen DJ. Update on
prevalence of pain in patients with cancer: systematic review
and meta-analysis. J Pain Symptom Manage 2016; 51:
1070-90 €9.

Fava G, Marucci L, Glaser S et al. gamma-Aminobutyric
acid inhibits cholangiocarcinoma growth by cyclic AMP-
dependent regulation of the protein kinase A/extracellular
signal-regulated kinase 1/2 pathway. Cancer Res 2005; 65:
11437-46.

Chrisey L, Rossi J, Sarver N. Meeting Report. Ribozymes:
progress and prospects of catalytic RNA as therapeutic
agents. Antisense Res Dev 1991; 1: 57-63.

Kreuter M, Bielenberg D, Hida Y, Hida K, Klagsbrun M. Role
of neuropilins and semaphorins in angiogenesis and cancer.
Ann Hematol 2002; 81(Suppl 2): S74.

Toda M, Suzuki T, Hosono K et al. Neuronal system-depen-
dent facilitation of tumor angiogenesis and tumor growth by
calcitonin gene-related peptide. Proc Natl Acad Sci USA
2008; 105: 13550-5.

Liebig C, Ayala G, Wilks JA, Berger DH, Albo D. Perineural
invasion in cancer: a review of the literature. Cancer 2009;
115: 3379-91.

Yang EV, Sood AK, Chen M et al. Norepinephrine up-
regulates the expression of vascular endothelial growth
factor, matrix metalloproteinase (MMP)-2, and MMP-9 in
nasopharyngeal carcinoma tumor cells. Cancer Res 2006;
66: 10357-64.

Azuma H, Inamoto T, Sakamoto T et al. Gamma-aminobu-
tyric acid as a promoting factor of cancer metastasis;
induction of matrix metalloproteinase production is poten-
tially its underlying mechanism. Cancer Res 2003; 63:
8090-6.

Brain SD. Sensory neuropeptides: their role in inflammation
and wound healing. Immunopharmacology 1997; 37: 133-52.
Rosas-Ballina M, Tracey KJ. Cholinergic control of inflam-
mation. J Intern Med 2009; 265: 663-79.

Rosenberger P, Schwab JM, Mirakaj V et al. Hypoxia-
inducible factor-dependent induction of netrin-1 dampens
inflammation caused by hypoxia. Nat Immunol 2009; 10:
195-202.

Bastian P, Balcarek A, Altanis C et al. The inhibitory effect of
norepinephrine on the migration of ES-2 ovarian carcinoma
cells involves a Rapl-dependent pathway. Cancer Lett 2009;
274: 218-24.

Isaacs JT. Cancer. Prostate cancer takes nerve. Science
2013; 341: 134-5.

Saloman JL, Albers KM, Li D et al. Ablation of sensory
neurons in a genetic model of pancreatic ductal adenocar-
cinoma slows initiation and progression of cancer. Proc Natl
Acad Sci USA 2016; 113: 3078-83.

© 2019 The Association for the Publication of the Journal of Internal Medicine 287
Journal of Internal Medicine, 2019, 286; 268-289

) PuE Swiid [, 341 908 “[£202/20/0T] U0 ATRIqIT SUIUQ AS[IAN “UOISIAOIA BPRUEY) QUEIYI0D) KQ LS6T I WOl 11 1°01/10p/wi00"Ka[1mAxeaqijour[uoy/:sdiy wioiy papeoumod ‘€ ‘610T “96LTSIE

:sdny)

19)/W09" AT !

pi

npu

2SULOI'T suowtio)) aanear)) a[qesrjdde ayy Aq pauIoA0S a1e SA[ANIE () 95N JO SA[NI 10§ AIRIQIT dUIUQ) AS[IAN UO (



JIM Neurons detect dangers / T. Crosson et al.

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

288

Polakis P. Drugging Wnt signalling in cancer. EMBO J 2012;
31: 2737-46.

Kuol N, Stojanovska L, Apostolopoulos V, Nurgali K. Role of
the nervous system in tumor angiogenesis. Cancer Microen-
viron 2018; 11: 1-11.

Liu V, Dietrich A, Kasparek MS et al. Extrinsic intestinal
denervation modulates tumor development in the small
intestine of Apc(Min/+) mice. J Exp Clin Cancer Res 2015;
34: 39.

Dubeykovskaya Z, Si Y, Chen X et al. Neural innervation
stimulates splenic TFF2 to arrest myeloid cell expansion and
cancer. Nat Commun 2016; 7: 10517.

Szostak B, Machaj F, Rosik J, Pawlik A. CTLA4 antagonists
in phase I and phase II clinical trials, current status and
future perspectives for cancer therapy. Expert Opin Investig
Drugs 2019; 28: 149-59.

Iwai Y, Ishida M, Tanaka Y, Okazaki T, Honjo T, Minato N.
Involvement of PD-L1 on tumor cells in the escape from host
immune system and tumor immunotherapy by PD-L1
blockade. Proc Natl Acad Sci USA 2002; 99: 12293-7.

Chen G, Kim YH, Li H et al. PD-L1 inhibits acute and
chronic pain by suppressing nociceptive neuron activity via
PD-1. Nat Neurosci 2017; 20: 917-26.

Mo RJ, Han ZD, Liang YK et al. Expression of PD-L1 in
tumor-associated nerves correlates with reduced CD8(+)
tumor-associated lymphocytes and poor prognosis in pros-
tate cancer. Int J Cancer 2018; 144: 3099-110.

Caruso ML, Di Pinto F, Ignazzi A et al. Increased nerve twigs
in small intestinal mucosa with programmed cell death-
ligand 1 and somatostatin receptor type 2A expression in
recurrent Crohn disease: a case report. Medicine (Baltimore)
2018; 97: €13492.

Okun E, Mattson MP, Arumugam TV. Involvement of Fc
receptors in disorders of the central nervous system. Neu-
romolecular Med 2010; 12: 164-78.

Vedeler CA, Scarpini E, Beretta S, Doronzo R, Matre R. The
ontogenesis of Fc gamma receptors and complement recep-
tors CR275 in human peripheral nerve. Acta Neuropathol
1990; 80: 35-40.

Vedeler CA. Demonstration of Fc gamma receptors on human
peripheral nerve fibres. J Neuroimmunol 1987; 15: 207-16.
Niu N, Zhang J, Guo Y, Zhao Y, Korteweg C, Gu J.
Expression and distribution of immunoglobulin G and its
receptors in the human nervous system. Int J Biochem Cell
Biol 2011; 43: 556-63.

Kam TI, Song S, Gwon Y et al. FcgammaRIIb mediates
amyloid-beta neurotoxicity and memory impairment in
Alzheimer’s disease. J Clin Investig 2013; 123: 2791-802.
Vedeler C, Ulvestad E, Nyland H, Matre R, Aarli JA.
Receptors for gammaglobulin in the central and peripheral
nervous system. J Neurol Neurosurg Psychiatry 1994; 57
(Suppl): 9-10.

Rijnierse A, Kroese AB, Redegeld FA et al. Inmunoglobulin-
free light chains mediate antigen-specific responses of
murine dorsal root ganglion neurons. J Neuroimmunol
2009; 208: 80-6.

Andoh T, Kuraishi Y. Direct action of immunoglobulin G on
primary sensory neurons through Fc gamma receptor I.
FASEB J 2004; 18: 182-4.

Mack M, Tonc E, Ashbaugh A et al. Clonal differences in IgE
antibodies affect cutaneous anaphylaxis-associated thermal
sensitivity in mice. Immunol Lett 2014; 162: 149-58.

© 2019 The Association for the Publication of the Journal of Internal Medicine
Journal of Internal Medicine, 2019, 286; 268289

48

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

Liu F, Xu L, Chen N et al. Neuronal Fc-epsilon receptor I
contributes to antigen-evoked pruritus in a murine
model of ocular allergy. Brain Behav Immun 2017; 61:
165-75.

Moulin DE, Hagen N, Feasby TE, Amireh R, Hahn A. Pain in
Guillain-Barre syndrome. Neurology 1997; 48: 328-31.

He L, Zhang G, Liu W, Gao T, Sheikh KA. Anti-ganglioside
antibodies induce nodal and axonal injury via Fcgamma
receptor-mediated inflammation. J Neurosci 2015; 35:
6770-85.

Krock E, Jurczak A, Svensson CI. Pain pathogenesis in
rheumatoid arthritis-what have we learned from animal
models? Pain 2018; 159(Suppl 1): S98-109.

van der Kleij H, Charles N, Karimi K et al. Evidence for
neuronal expression of functional Fc (epsilon and gamma)
receptors. J Allergy Clin Immunol 2010; 125: 757-60.
Conti G, Vedeler C, Bannerman P, Rostami A, Pleasure D.
Peripheral nervous system (PNS) expression of mRNAs
encoding myelin proteins and Fc gamma RIII during exper-
imental allergic neuritis. J Neuroimmunol 1992; 41: 43-9.
McMahon SB, La Russa F, Bennett DL. Crosstalk between
the nociceptive and immune systems in host defence and
disease. Nat Rev Neurosci 2015; 16: 389-402.

Zhang G, Bogdanova N, Gao T et al. Fcgamma receptor-
mediated inflammation inhibits axon regeneration. PLoS
ONE 2014; 9: e88703.

Irani SR, Pettingill P, Kleopa KA et al. Morvan syndrome:
clinical and serological observations in 29 cases. Ann Neurol
2012; 72: 241-55.

Dawes JM, Weir GA, Middleton SJ et al. Immune or genetic-
mediated disruption of CASPR2 causes pain hypersensitiv-
ity due to enhanced primary afferent excitability. Neuron
2018; 97: 806-22 e10.

Titcombe PJ, Wigerblad G, Sippl N et al. Pathogenic citrul-
line-multispecific B cell receptor clades in rheumatoid
arthritis. Arthritis Rheumatol 2018; 70: 1933-45.
Stangenberg L, Burzyn D, Binstadt BA et al. Denervation
protects limbs from inflammatory arthritis via an impact on
the microvasculature. Proc Natl Acad Sci USA 2014; 111:
11419-24.

Wigerblad G, Bas DB, Fernades-Cerqueira C et al. Autoan-
tibodies to citrullinated proteins induce joint pain
independent of inflammation via a chemokine-dependent
mechanism. Ann Rheum Dis 2016; 75: 730-8.

Catrina Al, Svensson CI, Malmstrom V, Schett G, Klareskog
L. Mechanisms leading from systemic autoimmunity to
joint-specific disease in rheumatoid arthritis. Nat Rev
Rheumatol 2017; 13: 79-86.

Gunasekaran M, Chatterjee PK, Shih A et al. Immunization
elicits antigen-specific antibody sequestration in dorsal root
ganglia sensory neurons. Front Immunol 2018; 9: 638.

Qu L, Zhang P, LaMotte RH, Ma C. Neuronal Fc-gamma
receptor I mediated excitatory effects of IgG immune com-
plex on rat dorsal root ganglion neurons. Brain Behav
Immun 2011; 25: 1399-407.

Vedeler CA, Nilsen R, Matre R. Localization of Fc gamma
receptors and complement receptors CR299 on human
peripheral nerve fibres by immunoelectron microscopy. J
Neuroimmunol 1989; 23: 29-33.

Vedeler CA, Fitzpatrick-Klove L. Receptors for immunoglob-
ulin G demonstrated on human peripheral nerve fibres by
electron microscopy. Neurosci Lett 1990; 115: 167-70.

) PuE Swiid [, 341 908 “[£202/20/0T] U0 ATRIqIT SUIUQ AS[IAN “UOISIAOIA BPRUEY) QUEIYI0D) KQ LS6T I WOl 11 1°01/10p/wi00"Ka[1mAxeaqijour[uoy/:sdiy wioiy papeoumod ‘€ ‘610T “96LTSIE

:sdny)

19)/W09" AT !

pi

npu

2SULOI'T suowtio)) aanear)) a[qesrjdde ayy Aq pauIoA0S a1e SA[ANIE () 95N JO SA[NI 10§ AIRIQIT dUIUQ) AS[IAN UO (



JIM Neurons detect dangers / T. Crosson et al.

301

302

303

304

305

306

307

308

Vedeler CA, Matre R, Kristoffersen EK, Ulvestad E. IgG Fc
receptor heterogeneity in human peripheral nerves. Acta
Neurol Scand 1991; 84: 177-80.

Rijnierse A, Kraneveld AD, Salemi A et al. Immunoglobulin-
free light chains reduce in an antigen-specific manner the
rate of rise of action potentials of mouse non-nociceptive
dorsal root ganglion neurons. J Neuroimmunol 2013; 264:
14-23.

Liang H, Xu L, Zhou C, Zhang Y, Xu M, Zhang C. Vagal
activities are involved in antigen-specific immune inflam-
mation in the intestine. J Gastroenterol Hepatol 2011; 26:
1065-71.

Wallrapp A, Riesenfeld SJ, Burkett PR et al. The neuropep-
tide NMU amplifies ILC2-driven allergic lung inflammation.
Nature 2017; 549: 351-6.

Foster PS, Maltby S, Rosenberg HF et al. Modeling TH 2
responses and airway inflammation to understand funda-
mental mechanisms regulating the pathogenesis of asthma.
Immunol Rev 2017; 278: 20-40.

Trankner D, Hahne N, Sugino K, Hoon MA, Zuker C.
Population of sensory neurons essential for asthmatic
hyperreactivity of inflamed airways. Proc Natl Acad Sci USA
2014; 111: 11515-20.

Howell MD, Fairchild HR, Kim BE et al. Th2 cytokines act on
S100/A11 to downregulate keratinocyte differentiation. J
Invest Dermatol 2008; 128: 2248-58.

Riol-Blanco L, Ordovas-Montanes J, Perro M et al. Noci-
ceptive sensory neurons drive interleukin-23-mediated
psoriasiform skin inflammation. Nature 2014; 510:
157-61.

309

310

311

312

313

314

315

Rambukkana A, Zanazzi G, Tapinos N, Salzer JL. Contact-
dependent demyelination by Mycobacterium leprae in the
absence of immune cells. Science 2002; 296: 927-31.
Madigan CA, Cambier C, Kelly-Scumpia KM et al. A macro-
phage response to Mycobacterium leprae phenolic glycolipid
initiates nerve damage in leprosy. Cell 2017; 170: 973-85
elO.

Upadhyay R, Dua B, Sharma B et al. Transcription factors
STAT-4, STAT-6 and CREB regulate Th1/Th2 response in
leprosy patients: effect of M. Leprae antigens. BMC Infect Dis
2019; 19: 52.

Dua B, Upadhyay R, Natrajan M, Arora M, Narayanaswamy
BK, Joshi B. Notch signaling induces lymphoproliferation, T
helper cell activation and Th1/Th2 differentiation in leprosy.
Immunol Lett 2019; 207: 6-16.

Mattos KA, Oliveira VG, D’Avila H et al. TLR6-driven lipid
droplets in Mycobacterium leprae-infected Schwann cells:
immunoinflammatory platforms associated with bacterial
persistence. J Immunol 2011; 187: 2548-58.

Stump P, Baccarelli R, Marciano L et al. Neuropathic pain in
leprosy patients. Int J Lepr Other Mycobact Dis 2004; 72:
134-8.

Rook GA, Lightman SL, Heijnen CJ. Can nerve damage
disrupt neuroendocrine immune homeostasis? Leprosy as a
case in point. Trends Immunol 2002; 23: 18-22.

Correspondence: Sébastien Talbot, Département de Pharmacologie
et Physiologie, Faculté de Médecine, Université de Montréal, Pavil-
lon Roger-Gaudry, Suite T-433 H3T1J4, Montréal, QC, Canada.

(fax.

49

(514) 343-2111; e-mail

© 2019 The Association for the Publication of the Journal of Internal Medicine 289
Journal of Internal Medicine, 2019, 286; 268-289

) PuE Swiid [, 341 908 “[£202/20/0T] U0 ATRIqIT SUIUQ AS[IAN “UOISIAOIA BPRUEY) QUEIYI0D) KQ LS6T I WOl 11 1°01/10p/wi00"Ka[1mAxeaqijour[uoy/:sdiy wioiy papeoumod ‘€ ‘610T “96LTSIE

:sdny)

19)/W09" AT !

pi

npu

2SULOI'T suowtio)) aanear)) a[qesrjdde ayy Aq pauIoA0S a1e SA[ANIE () 95N JO SA[NI 10§ AIRIQIT dUIUQ) AS[IAN UO (



IX - Article 2. Anatomical differences in nociceptors sensitivity

Crosson T and Talbot S, Journal of Bioelectronic medicine, 2022.

In, this publication, we defined the specificities of vagal nociceptors, compared to DRG nociceptors that are more
largely characterized.

The student has conducted all the experiments and analysis in the study. Both the student and supervisor designed
the study, drafted, and proofread the manuscript.

Abstract:

Background: Dorsal Root Ganglia (DRG) neurons are derived from the neural crest and mainly innervate the skin,
while Jugular Nodose Complex (JNC) neurons originate from the placode and innervate internal organs. These
ganglia are composed of highly heterogeneous groups of neurons aimed at assessing and preserving
homeostasis. Among other subtypes, nociceptor neurons are specialized in sensing and responding to
environmental dangers. As form typically follows function, we hypothesized that JNC and DRG neurons would be
phenotypically and transcriptomically different.

Methods: Mouse JNC and DRG neurons were cultured ex vivo. Using calcium imaging, gPCR and neurite
outgrowth assay, we compared the sensitivity of JNC and DRG neurons. Using in-silico analysis of existing RNA
sequencing datasets, we confronted our results to transcriptomic differences found between both ganglia.

Results: We found drastically different expression levels of Transient Receptor Potential (TRP) channels, growth
factor receptors and neuropeptides in JNC and DRG neurons. Functionally, naive JNC neurons’ TRP channels
are more sensitive to thermal cues than the ones from DRG neurons. However, DRG neurons showed increased
TRP channel responsiveness, neuropeptide release and neurite outgrowth when exposed to Nerve Growth Factor
(NGF). In contrast, JNC neurons preferentially responded to Brain-derived neurotrophic factor (BDNF).

Conclusion: Our data show that JNC and DRG neurons are transcriptomically and functionally unique and that
pain sensitivity is different across anatomical sites. Drugs targeting NGF signaling may have limited efficacy to
treat visceral pain. Bioelectronics nerve stimulation should also be adjusted to the ganglia being targeted and their
different expression profile.
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Abstract

Background: Dorsal Root Ganglia (DRG) neurons are derived from the neural crest and mainly innervate the skin,
while Jugular Nodose Complex (JNC) neurons originate from the placode and innervate internal organs. These
ganglia are composed of highly heterogeneous groups of neurons aimed at assessing and preserving homeostasis.
Among other subtypes, nociceptor neurons are specialized in sensing and responding to environmental dangers.

transcriptomically different.

different expression profile.

As form typically follows function, we hypothesized that JNC and DRG neurons would be phenotypically and

Methods: Mouse JNC and DRG neurons were cultured ex vivo. Using calcium imaging, gPCR and neurite
outgrowth assay, we compared the sensitivity of JNC and DRG neurons. Using in-silico analysis of existing RNA
sequencing datasets, we confronted our results to transcriptomic differences found between both ganglia.

Results: We found drastically different expression levels of Transient Receptor Potential (TRP) channels, growth
factor receptors and neuropeptides in JNC and DRG neurons. Functionally, naive JNC neurons’ TRP channels are
more sensitive to thermal cues than the ones from DRG neurons. However, DRG neurons showed increased TRP
channel responsiveness, neuropeptide release and neurite outgrowth when exposed to Nerve Growth Factor (NGF).
In contrast, JNC neurons preferentially responded to Brain-derived neurotrophic factor (BDNF).

Conclusion: Our data show that JNC and DRG neurons are transcriptomically and functionally unique and that pain
sensitivity is different across anatomical sites. Drugs targeting NGF signaling may have limited efficacy to treat
visceral pain. Bioelectronics nerve stimulation should also be adjusted to the ganglia being targeted and their

Keywords: Nociceptor neurons, Neuro-immunity, Dorsal root ganglia, Jugular Nodose ganglia, Brain-Derived
Neurotrophic Factor, Nerve growth factor, Ntkr1, TRPV1, TRPMS8, TRPA1

Background

Nociceptor neurons, a subtype of sensory neurons, form
a key line of defense against environmental dangers.
They detect a broad range of thermal, mechanical, and
chemical threats and respond by means of protective re-
flexes and by modulating the cells of the microenviron-
ment. Nociceptor neurons can be differentiated based
on their expression profiles (Prescott et al., 2020; Uso-
skin et al., 2015; Kupari et al., 2019; Kaelberer et al,
2020; Sapio et al,, 2020), degree of myelination, type of

* Correspondence:
Département de Pharmacologie et Physiologie, Faculté de Médecine,
Université de Montréal, Montréal, QC, Canada

B BMC

cues to which they are sensitive (Crosson et al.,, 2019),
the reflexes they initiate, the anatomical location of their
soma, or the anatomical site they innervate (Mazzone &
Undem, 2016). For instance, dorsal root ganglia (DRG)
neurons are derived from the neural crest and innervate
the skin, muscles, and joints, while the Jugular Nodose
Complex (JNC) neurons originate from the neural crest
(Jugular) and placode (Nodose) and innervate internal
organs (Chavan et al., 2017; Baker & Schlosser, 2005).
Nerve growth factor (NGF) was discovered for its role
in the development of the peripheral nervous system
(Levi-Montalcini & Hamburger, 1951; Crowley et al.,
1994), including nociceptors. In adulthood, NGF is

© The Author(s). 2022 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecormmons.org/licenses/by/4.0/.
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released by glial, epithelial, or immune cells (Lindholm
et al., 1987; Heumann et al., 1987; Leon et al, 1994;
Donnerer et al., 1992; Woolf et al., 1994; Longo et al,,
2013; Braun et al., 1999; Stanzel et al., 2008) in response
to injury or inflammation. In turn, by acting on its spe-
cific receptors, TrkA, which is highly expressed on noci-
ceptors, NGF promotes nerve regeneration (Onger et al.,
2017; Sofroniew et al., 2001), tissue innervation (Kinkelin
et al., 2000; Ghilardi et al., 2012; Reinert et al., 1998),
and increases nociceptors sensitivity (Ji et al, 2002;
Chuang et al, 2001; Shu & Mendell, 1999; Nicholas
et al.,, 1999; Koltzenburg et al., 1999; Zhang et al., 2005).
As a result, several drugs, notably monoclonal anti-
bodies, targeting NGF signaling are developed to treat
chronic pain (Wise et al., 2021). Despite TrkA expres-
sion in JNC neurons (Verge et al., 1992; Zhuo & Helke,
1996), the impact of NGF on vagal nociceptors remains
controversial. On the one hand, NGF does not affect the
survival of JNC neurons (Lindsay & Rohrer, 1985;
MacLean et al., 1988), but it was found to increase their
expression of Substance P (SP) (MacLean et al., 1988;
Hunter et al., 2000).

As the site they innervate (skin, joints) can be readily
studied using standard behavioral tests (i.e., Von Frey,
Hot plate), DRG neurons’ function, sensitivity and bio-
physical properties is well characterized. In contrast, air-
way or gut pain is difficult to assess; leaving JNC
neuron’s function poorly defined. To address these
shortcomings, specific ganglia can be isolated, cultured
ex vivo and neurons’ sensitivity to various stimuli can be
studied using calcium microscopy as a mean to infer
pain sensitivity. Using such an approach, we discovered
that JNC neurons have an increased sensitivity to ther-
mal stimuli. We also found that while NGF enhanced
DRG neurons sensitivity and neurite outgrowth of noci-
ceptors, it had limited effect on JNC neurons.

Our data shows that JNC and DRG neurons are tran-
scriptomically and phenotypically different, revealing
that targeted pain blocking molecules, such as NGF
blockers, will likely be ineffective to blunt visceral pain.
In addition, JNC neurons express different neuropep-
tides than the ones from DRG. These data suggest that
JNC neuron immunomodulatory actions are also likely
to be different from the one produced by DRG neurons.
Altogether, these findings support an anatomical-
dependent neuronal control of immunity and pain.

Results and discussion

Upon sensing danger, nociceptors initiate defensive re-
flexes (ranging from withdrawal response to coughing);
and release neuropeptides, which regulate vasodilation,
mucus secretion, and local infiltration of immune cells
(Chiu et al, 2012). The resulting outcome of such
neuro-immune interplay is still ill-defined, but data
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support neuropeptides as blockers of Ty1l-mediated im-
munity but also as drivers of T2 immune responses
(Talbot et al., 2015; Crosson et al., 2021; Foster et al.,
2017; Trankner et al., 2014; Chu et al., 2020; Baral et al,,
2018; Chiu et al.,, 2013; Serhan et al., 2019).

As lumbar and vagal neurons innervate different mu-
cosa, we hypothesized that these neurons are tuned to
detect different modalities. As a result, we expect these
neurons to express different ion channel receptors and
neuropeptides. To uncover whether it is the case, we
proceed to the in-silico analysis of the RNA sequencing
dataset published by Kaelberer and colleagues (Kaelberer
et al.,, 2020). As posited, naive mouse JNC neurons ex-
press different neuropeptides (Fig. 1A), ion channel re-
ceptors (Fig. 1B), and growth factor receptors (Fig. 1C)
than the ones found in DRG. For instance, JNC neurons
are enriched for Vip, and Ntrk2, while DRG neurons
show higher levels of Calca, and NtrkI (Fig. 1A and C).
Furthermore, naive JNC neurons overexpress the heat
receptors TrpvI and cold/heat receptor Trpal, while the
DRG neurons are enriched for the cold receptor Trpm8
and heat receptor Trpm3 (Fig. 1B). Of note, these genes
were selected as they are prototypical markers of sensory
neurons’ functionality.

Kaelberer and colleagues sequencing used freshly har-
vested ganglia. Since INC or DRG neuron phenotyping
is often carried out with primary cultures, we've investi-
gated if cultured neurons show the same expression pat-
tern as freshly dissociated cells. After 24h in culture,
JNC neurons show higher Trpal expression than DRG
neurons and lower one for Trpm8 and Calca (Fig. 1D).
Trpvl expression was comparable in both cultures.
Overall, these results largely match the one from the se-
quencing of fresh ganglia - but differs slightly for Trpvi.

To assess whether these transcriptomic differences
translate to physiology, we set up a side-by-side culture
system to compare the sensitivity of JNC and DRG neu-
rons (2,500 neurons/dish) to menthol (TRPMS8 agonist,
100 uM), capsaicin (TRPV1 agonist, 300 nM) and JT010
(TRPA1 agonist (Takaya et al., 2015), 1uM). Using cal-
cium microscopy as a proxy for neuron’s sensitivity,
we found that in comparison to DRG, JNC neurons
cultures show higher numbers of calcium responsive
neurons when exposed to capsaicin (Fig. 2A-B), men-
thol (Fig. 2C-D) and JT010 (Fig. 2E-F).

While the respective responses to capsaicin and JT010
matches with the higher expression of TrpvI and Trpal
in JNC neurons, the menthol data are opposite to one
predicted by the transcriptomic profile of Trpm8 (Fig.
1B). Such discrepancy between Trpm8 gene expression
and calcium response to menthol demonstrates that bulk
gene expression cannot be used as a sole indicator of
neuronal sensitivity. Indeed, the activation of sensory
neurons also depends on the number of neurons



Crosson and Talbot Bioelectronic Medicine (2022) 8:7

Page 3 of 10

10*9 @ JNC EDRG

0.003

103_

0.01

102 &
I i oua i
T 0.02

Tac1 Calca Vip

FPKM

Trpv1 Tmpal Trpm3 Trpm8 Piezo2
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silico analysis of the neuron's transcriptome revealed that naive mouse JNC nociceptor neurons express different neuropeptides (A), ion channel
receptors (B), and growth factor receptors (C) than the one found in DRG. JNC neurons are enriched for Vip, Trpvi, Trpal, and Ntrk2, while DRG
neurons show higher higher levels of Calca, Tacl, Trpom8, Trom3, Piezo2, Gfral and Ntrk1. (D) Gene expression was also assessed by RT-qPCR after
24 hours of culture (D). AACt was calculated in comparison to JNC. Trom8 and Calca were enriched in DRG neurons, while Trpal was enriched in
INC neurons (D). Expression across datasets is shown as Fragments Per Kilobase of transcript per Million reads mapped (FPKM) (A-C) or AACt with
JINC as the control condition (D). Data are shown as means + S.EM. N=3/groups. P-values are shown in the figure and determined by unpaired
multiple Student t-test with Hidom-Sidak corrections (A-D). Experimental details were defined in Kaelberer et al, 2020 (A-C)

<0.001 C 102+

0.004
o

4
E bt 2_
£10 g
o <

2

100_

Trpv1 Trpal Trom8 Calca

Ntrk1 Ntrk2 Gfra1

expressing the thermoreceptor, the relative membrane
expression of each ion channel on a given neuron, their
phosphorylation status, their activation threshold and
the one of the voltage-gated sodium and calcium chan-
nels bore by these neurons. In addition, reports suggest
the possible action of menthol on TRPA1 (Karashima
et al., 2007; Lemon et al., 2019; Macpherson et al., 2006),
which could explain the inconsistency we observed be-
tween gene Trpm8 expression and menthol
responsiveness.

We next sought to investigate the sensitivity of noci-
ceptors to neurotrophins, including Nerve Growth Fac-
tor (NGF) that is widely used in nociceptor cultures. By
acting on its receptor TrkA (Ntkrl), NGF is known to
promote kinase activation (Ji et al, 2002; Zhang et al,,
2005), ion channel phosphorylation, and increased traf-
ficking to the plasma membrane (Ji et al, 2002; Stein
et al, 2006), all of which resulting in heightened TRP
channels sensitivity. First, we noticed that Ntkrl is pref-
erentially expressed in DRG neurons (Fig. 1C) and, as
expected, adding NGF to the DRG cultures enhanced
their responsiveness to capsaicin (Fig. 3A). In contrast,
NGF surprisingly had no impact on JNC neurons’ re-
sponses to capsaicin.

Another feature of neuron activation is their release of
neuropeptides. This allows sensory neurons to modulate
the synaptic transmission of electrical signals and play a
crucial part in promoting pain chronicity. It is also an
essential feature by which nociceptor neurons modulate
immune cells activity. Similar to calcium flux, we discov-
ered that NGF supplementation increased capsaicin-
induced CGRP release from DRG neurons (Fig. 3B).
Interestingly, the increased capsaicin sensitivity and
CGRP release in response to NGF was not associated
with increase in Trpvl and Calca transcripts
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(Supplementary Figure 1A-B). This result is in line with
previous  findings  suggesting  that  nociceptor
sensitization by NGF exclusively relies on post-
transcriptional mechanisms (Ji et al., 2002).

So far, we probed NGF-mediated sensitization by
measuring whether the neurons show heightened re-
sponsiveness to capsaicin (calcium influx, neuropeptide
release). Along with such an important feature of pain-
sensing and transmission, we next sought to test
whether NGF modulates ]NC and DRG neurite out-
growth. The latter is a process characterized by the
growing or branching of neurons in response to guid-
ance cues, which occurs in the developing nervous sys-
tem and during nerve regeneration. As previously
reported, NGF increased the neurite length of cultured
DRG Nay1.8 positive nociceptors (Fig. 4B, D, G). In line
with the other features we had previously tested, we
found that neurite outgrowth of JNC nociceptors were
very mildly affected by NGF (Fig. 4A, C, G), but was
strongly enhanced by Brain-Derived Neurotrophic Fac-
tor (BDNF; Fig. 4E, G). DRG nociceptors’ neurite growth
was not changed by BDNF supplementation (Fig. 4F, G).
While NGF is an important driver of neurogenic inflam-
mation (Donnerer et al., 1992; Woolf et al., 1994; Longo
et al, 2013; Braun et al,, 1999), our data suggest that it
would have limited impact on vagal sensory neuron ac-
tivity and growth, but would rather target DRG and
sympathetic neurons (Kinkelin et al, 2000; Ghilardi
et al,, 2012; Aloe et al., 1992).

Since NGF showed a limited, but not null, effect on
JNC nociceptor neurite growth, we hypothesized that
only a subtype of JNC neurons would be sensitive to this
neurotrophin (Nassenstein et al., 2010). To address
whether this is the case, we analyzed Prescott and col-
leagues (Prescott et al., 2020) single JNC neurons RNA
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Fig. 2 JNC neurons are more sensitive to TRPV1, TRPAT and TRPM8 stimulation. Naive C57BL/6 mouse JNC and DRG neurons were harvested,
cultured (2,500 neurons/plate) for 24h, loaded with a calcium responsive dye (Fura-2AM), and sequentially exposed to the TRPV1 agonist
capsaicin (300nM; A-B), the TRPAT agonist menthol (100uM; C-D), or the TRPA1 agonist JTO10 (TuM, E-F) followed by KCI (40mM; positive control;
A-F). The number of responsive (A, C, E) cells to capsaicin, menthol, and JTO10 is increased in JNC neurons. The average amplitude of
responses are shown in (B, D, F). Data are shown as mean + S.EM. Number of dishes tested is shown. N are as follows: A-C-E: n=5-6 dishes/group,
B-D-F: n=290-1200 neurons/group. P-values are shown in the figure and determined by unpaired Student's t-test (A, C, E)

sequencing dataset. We found that Calca, Tacl, Ntrkl
are enriched in jugular (neural crest derived) neurons,
considered transcriptomically close to DRG neurons
(Prescott et al., 2020; Kupari et al., 2019), whereas Vip
and Ntrk2 are preferentially expressed by nodose (pla-
code derived) neurons (Fig. 5 A-B). Within the JNC,
Trpvl (n=6424) is expressed in jugular and nodose neu-
rons (Fig. 5C). However, Ntkr2"Trpvl® neurons (n=
5495) are 2.4-fold more abundant than Ntkri*Trpvi®
(n=2262) neurons (Fig. 5C). Along with our calcium
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imaging recordings, these data suggest that the JNC con-
tains a large population of Vip* capsaicin-responsive
nodose neurons that are insensitive to NGF. In line with
the functional and gene expression data we described
here, this is an important finding as JNC neuron’s func-
tion is typically studied using ex vivo cultures supple-
mented with NGF. Thus, JNC cultures would likely be
best model using other neurotrophins. JNC neurons
(Fig. 1C) and specifically nodose neurons (Fig. 5C) over-
express the BDNF receptor Ntkr2, and BDNF enhance
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Fig. 3 JNC neurons are insensitive to NGF. Naive C57BL/6 mouse JNC and DRG neurons were harvested, cultured for 24h in the presence of
Nerve Growth Factor (NGF, 50 ng/mL). The cells were then loaded with a calcium responsive dye (Fura-2AM) and sequentially exposed to
capsaicin (100 nM) followed by KCl (40mM; positive control; A). The addition of NGF increased the number of capsaicin-responsive neurons in
DRG cultures but not in the one from the JNC (A). Similarly, NGF increased capsaicin-induced CGRP release from cultured DRG neurons (B). Data
are shown as mean + S.EM. Number of dishes tested is shown. N are as follows: A: n=5-10 dishes/group from two independent experiments, B: n=6
wells from different animals/group from two independent experiments. P-values are shown in the figure and determined by unpaired Student's t-test (A)
or one-way ANOVA post hoc Dunnett (B)

their neurite growth (Fig. 4E). Given that BDNF is also System modelling using ex vivo culture systems of
released in inflammatory contexts (Braun et al, 1999), it JNC or DRG should take into account that JNC and
is likely to impact vagal nociceptor phenotype to a larger =~ DRG neurons differentially respond to neurotrophins,
extent than NGF. DRG being more sensitive to NGF, while JNC is more
Finally, we found that cultured Nay1.8 positive JNC  sensitive to BDNF. The management of visceral and
nociceptors are larger than DRG nociceptors (Fig. skin inflammation and pain should also be tailored
4H-I). These data further support a different compos-  differently. Among other differentiator, the selective
ition of the neuronal subtypes between these two gan-  targeting of these growth factor receptors could help
glia, and this is likely a function of the mucosal preferentially act on one of these systems while spar-
danger each is exposed to. Thus, along with the ana- ing the other. Finally, bioelectronics nerve stimulation
tomical differences in nociceptor neurons’ ability to should also be adjusted to ganglia being targeted and,
sense danger and the molecule driving their depending on the pathological situation, could be ac-
sensitization, we also found a substantial discrepancy companied by pharmacological blockers of the NGF
in the neuropeptide produced by JNC and DRG neu- or the BNDF receptors.
rons. Thus, DRG neurons preferentially express SP
and CGRP while JNC neurons, specifically the one
from the nodose, express VIP (Figs. 1A and 5). Inter- Methods
estingly, these three neuropeptides are reported to In silico analysis of whole DRG and JNC transcriptome
regulate immune responses, but their role differs de- RNA sequencing data of mouse nociceptors expressed
pending on the type of inflammation (T,1, Ty2) and as Fragments per Kilobase Per Million (FPKM) were
the type of immune cells involved (Foster et al, downloaded from NCBI Gene Expression Omnibus

2017). (GSE141395). Experimental procedures are detailed in
the original study published by Kaelberer et al (Kael-
Conclusions berer et al., 2020). The authors extracted whole JNC

By innervating locations ranging from skin to visceral —and DRG from C57BL6 mice, which were then flash-
mucosa, sensory neurons are exposed to different envi- frozen in liquid nitrogen before RNA isolation and se-
ronments and types of danger. Here, we found signifi- quenced on an Illumina HiSeq 2500. TopHat was
cant transcriptomic and phenotypic differences between — used to map reads to mouse reference genome mmo9.
JNC and DRG neurons. In addition to these, our data re- Genes coding for neuropeptides, ion channels and
vealed that JNC neurons have an intrinsic and height- neurotrophins receptors were processed using Micro-
ened capacity to sense heat and cold dangers. soft Excel.
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E) and DRG (B, D, F) nociceptor neurons were harvested, and cultured (1,500 neurons/plate) for 24h in the presence of vehicle (A-B), Nerve Growth
Factor (NGF, 50 ng/mL; C-D), or Brain-Derived Neurotrophic Factor (BDNF, 50 ng/mL; E-F). In comparison to vehicle, NGF increased neurite outgrowth
in cultured DRG neurons, and had limited impact in JNC neurons (G). BDNF increased neurite outgrowth in cultured JNC neurons but had no impact
in DRG neurons (G). In vehicle-exposed culture, JNC neurons have a larger diameter than DRG neurons (H-I; n>1000 neurons). Data are shown as
mean + S.EM. N=7 dishes/group from two independent experiments (A-I). P-values are shown in the figure and determined by one-way ANOVA post hoc

Dunnett (G) or Mann-Whitney Test (I). Scale = 250 um (A-F). NaV'1.8" nociceptors are labeled in red (A-F)

In-silico analysis of JNC neurons single-cell transcriptome
Prescott et al. (2020) generated single cell sequencing data
of nodose ganglia cells from 40 mice using 10X Genomics
platform. The data was downloaded from NCBI Gene Ex-
pression Omnibus (GSE145216) and analyzed using Seurat.
Neuronal cells were selected based on Slc17a6 (Vglut2) ex-
pression (raw count > 2). Standard workflow was used for
quality control, preprocessing, normalization and clustering
(resolution = 0.5, PCs = 1:30). Neurons were considered
positive for other markers if their raw count was > 1.

Animals

Mice were housed in standard environmental conditions
(12h light/dark cycle; 230C; food and water ad libitum)
at facilities accredited by CCPA. Parental strain C57BL6
(Jax, # 000664) and Td-Tomato™? (Jax, # 007908) were
purchased from Jackson Laboratory. Parental strain
Nav1.8"““"* mice were generously supplied by Professor
John Wood (UCL). Male and female mice C57Bl6 and
Nav1.8/*%::Td-Tomato™"* were bred in-house and
used between 6 and 12 weeks of age.
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Fig. 5 Nodose neurons have low expression of Ntrk1 but are enriched for Ntrk2. In-silico analysis of single-cell RNA sequencing of 15,142

Sle17a6" (Vglut2) INC sensory neurons (A). Phox2b™ neurons are derived from the placode which are designated as nodose neurons, while
Prdm12* neurons are derived from the neural crest and indicate jugular neurons (A). Uniform Manifold Approximation and Projection (UMAP)
were generated, featuring normalized expression of neurotrophins receptors (Ntrk1, Ntrk2), ion channel receptor (Trpvi) and neuropeptides (Calca,
Vip, TacT; B). Calca, Tacl, Ntrk1 are enriched in jugular (neural crest) neurons whereas Vip and Ntrk2 are preferentially expressed by nodose
(placode) neurons (B). Trpv1 (n=6424) is expressed in jugular and nodose neurons, Ntkr2' Trov1* neurons (n=5495) are 2.4-fold more abundant
than Ntkr1*Trpv1* (n=2262) neurons (C). Experimental details were defined in (Prescott et al., 2020)

Neuron culture 10-013-CV), completed with 100 U/mL penicillin and
Mice were sacrificed and JNC ganglia and DRG were 100 pg/mL streptomycin (Fisher, # MT-3001-Cl), and
dissected out into ice-cold DMEM medium (Corning, # 10% FBS (VWR, #10799-390). JNC ganglia were pooled
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from several mice. Cells were then transferred in PBS
completed with 1 mg/mL collagenase IV (Sigma,
#C5138) + 2.4 U/mL dispase II (Sigma, # 04942078001)
and incubated for 80 minutes at 37°C. Ganglia were trit-
urated with glass Pasteur pipettes of decreasing size in
supplemented DMEM medium, then centrifuged (200g)
over a 15% BSA gradient in PBS to eliminate debris.
Neurons were then plated on Laminin (Sigma, # 1L2020)
coated cell culture dishes. The cells were cultured at 37°
with Neurobasal-A medium (Gibco, # 21103-049) 0.01
mM AraC (Sigma, # C6645) and 200nM L-Glutamine
(VWR, # 02-0131), without neurotrophins unless other-
wise indicated. Culture densities and durations are fur-
ther described below for each application.

Calcium microscopy

2,500 neurons from C57BL6 DRG or JNC in a 10ul
drop were plated on laminin-coated glass bottom
35mm dishes (ibidi #81218). 1ml of Neurobasal media
supplemented or not with 50ng/mL Nerve Growth
Factor (NGF, ThermoFisher #13257019) was added
after 1-hour incubation at 37°. Neurons were then
cultured overnight before being used for calcium im-
aging. Cells were loaded with 5uM Fura-2-AM (Biovi-
sion #125280) at 37°C for 45-60min in the culture
medium then washed into Standard Extracellular So-
lution (SES, 145 mM NaCl, 5 mM KCl, 2 mM CacCl2,
1 mM MgClI2, 10 mM glucose, 10 mM HEPES, pH
7.5), and imaged at room temperature. Capsaicin
100nM or 300nM (Tocris #0462), Menthol 100uM
(medchemexpress #HY-N1369), JT010 1luM (Sigma
#SML1672) were prepared in SES and were flowed
(30sec) directly onto neurons using perfusion barrels
followed by buffer washout (5 minutes). 40mM KCl
solution was then flowed on the cells for 20 seconds.
Cells were illuminated by a UV light source (Cool
LED, pE-340) alternating 340 nm and 380 nm excita-
tion, and a camera (Photometrics Prime 95B 25mm)
captured fluorescence emission (515/45nm) with a
20X objective. For analysis, circular Regions of inter-
est (ROI) were manually drawn on neurons based on
their 380nm fluorescence. 340/380 fluorescence ratios
were then calculated and exported. Microsoft Excel
was used for further analyses (Microsoft, USA). Basic-
ally, 380/340 ratio values for each ROI were normal-
ized by their baseline. Neurons were considered
responsive if the fluorescence ratio increased by at
least 10% within 1 minute after injection. Live neu-
rons were defined based on their response to KCL

CGRP release

Ten thousand neurons from C57BL6 mice DRG were
plated on laminin-coated 96 well plates in 200ul media
supplemented or not with 50ng/mL NGEF. Biological
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replicates were made using a different mouse’s prepar-
ation for each replicate. After 48 hours of culture, neu-
rons were washed one time with a fresh Neurobasal
medium. The medium was then replaced by Neurobasal
media, either with or without 300nM capsaicin, before
incubation at 37° for 20 minutes. Culture media were
then harvested, centrifuged at 700g to remove cellular
debris, and used freshly for CGRP Elisa (Cay-
man #589001) following manufacturer instructions.

Neurite growth

One thousand five hundred neurons from Nav1.8<¢/":
Td-Tomato™™* mice DRG or JNC in a 15 ul drop were
plated on laminin-coated glass bottom 35mm dishes.
1ml of Neurobasal media supplemented or not with
50ng/mL Nerve Growth Factor (NGF) or Brain Derived
Neurotrophic factor (BDNF, Peprotech #450-02) was
added after 1-hour incubation at 37°. Pictures of the
whole plating area were taken after 24 hours of culture
using a 20X objective to collect Td-Tomato fluorescence
(Excitation 554/23nm; Emission:609/54nm). For the ana-
lysis of neurite outgrowth, an in-house developed
method was used. Using Nikon Elements software, a
fluorescence threshold was used to define the Td-
tomato positive neurites and soma. The somas were then
defined and excluded based on fluorescence intensity,
size, and circularity. The total size of neurites was then
divided by the number of somas for each culture dish.
The soma diameters of the culture without neurotrohpin
were used to compare JNC and DRG nociceptors size
distribution.

RT-gPCR

Five thousand neurons from C57BL6 mice DRG or JNC
were plated on laminin-coated 96 well plates in 200ul
media supplemented or not with 50ng/mL NGF. Bio-
logical replicates were made using a different mouse’s
preparation for each replicate. After 24 hours of culture,
the culture medium was removed, and the cells har-
vested in 500ul Trizol (Thermofisher #15596018). RNA
was then extracted using the kit PureLink™ RNA Micro
Scale (Thermofisher # 12183016) following manufac-
turer’s instructions. RNA was reversed transcribed using
the SuperScript™ VILO™ Master Mix (Thermofisher
#11755250). The cDNA was then subjected to 2-step
thermocycling using Power up qPCR SYBR Green mix
(Thermofisher # A25742) and data collection was per-
formed on a Mic qPCR machine (Bio Molecular Sys-
tems). Expression levels were normalized using the
AACt method with Actb as the reference gene. The
primers used were Trpvl Forward: GGCCGAGTTT
CAGGGAGAAA; Trpvl Reverse: TATCTCGAGTGC
TTGCGTCC; Calca Forward: AGGCACCGCTCA
CCAG; Calca Reverse: CCTGGGCTGCTTTCCAAG
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AT; Actb Forward: TGTCGAGTCGCGTCCACC; Actb
Reverse: TATCGTCATCCATGGCGAACTGG; Trpal
Forward: TCCAAATTTTCCAACAGAAAAGGA; Trpal
Reverse: CGCTATTGCTCCACATTGCC; Trpm8 For-
ward: AGCAGTGGAGTTGTTCACCG, Trpm8 Reverse:
GCTTCGCAGGAGTAGACCAG.

Statistical analysis

Results are expressed as mean + standard error of the
mean (S.E.M.) in all experiments. The statistical signifi-
cance was tested by one-way or two-way ANOVA, two-
tail unpaired Student T-test, or Mann-Whitney test as
indicated in figure legends. Values were considered sig-
nificantly different when p < 0.05. Statistical computa-
tions and graphs were made with GraphPad 8.1 software
(GraphPad Software).
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X - Article 3. FceR1 expressing nociceptors trigger allergic airway inflammation.

Crosson T, Wang JC, Doyle B, Merrison H, Balood M, Parrin A, Pascal M, Mindt BC, Seehus CR, Ozcan A, Huang
X, Semenara E, Lai N, Majdoubi A, Abdulnour RE, Rajchgot T, Rafei M, Foster SL, Thibodeau J, Fritz JH, Levy
BD, Woolf CJ, and Talbot S. Journal of Allergy and Clinical Immunology, 2021.

In this publication, we unravel new type 2 signals that are sensed by nociceptors. Using a functional approach, we
show that nociceptors can directly respond to antigens through the expression of FceRI.

This publication is the result of a collaborative study involving several labs and scientists. The student finished the
study and addressed reviewers’ comments. His main contribution was the generation and characterization of the
mice with conditional knock-out of FceR1y in nociceptors (TRPV1Cre::FceR1y¥) and the experimentations
performed with this mouse strain.

Abstract:
Background: Lung nociceptor neurons amplify immune cell activity and mucus metaplasia in response to an
inhaled allergen challenge in sensitized mice.

Objective: We sought to identify the cellular mechanisms by which these sensory neurons are activated
subsequent to allergen exposure.

Methods: We used calcium microscopy and electrophysiologic recording to assess whether vagal neurons directly
respond to the model allergen ovalbumin (OVA). Next, we generated the first nociceptor-specific FceR1y
knockdown (TRPV1¢re::FceR1y"M) mice to assess whether this targeted invalidation would affect the severity of
allergic inflammation in response to allergen challenges.

Results: Lung-innervating jugular nodose complex ganglion neurons express the high-affinity IgE receptor FceR1,
the levels of which increase in OVA-sensitized mice. FceR1y-expressing vagal nociceptor neurons respond directly
to OVA complexed with IgE with depolarization, action potential firing, calcium influx, and neuropeptide release.
Activation of vagal neurons by IgE-allergen immune complexes, through the release of substance P from their
peripheral terminals, directly amplifies TH2 cell influx and polarization in the airways. Allergic airway inflammation
is decreased in TRPV1¢re::FceR1y"" mice and in FceR1a—/— mice into which bone marrow has been transplanted.
Finally, increased in vivo circulating levels of IgE following allergen sensitization enhances the responsiveness of
FceR1 to immune complexes in both mouse jugular nodose complex ganglion neurons and human induced
pluripotent stem cell-derived nociceptors.

Conclusions: Allergen sensitization triggers a feedforward inflammatory loop between IgE-producing plasma cells,

FceR1- expressing vagal sensory neurons, and TH2 cells, which helps to both initiate and amplify allergic airway
inflammation. These data highlight a novel target for reducing allergy, namely, FceR1y expressed by nociceptors.
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Background: Lung nociceptor neurons amplify immune cell
activity and mucus metaplasia in response to an inhaled allergen
challenge in sensitized mice.

Objective: We sought to identify the cellular mechanisms by
which these sensory neurons are activated subsequent to
allergen exposure.

Methods: We used calcium microscopy and electrophysiologic
recording to assess whether vagal neurons directly respond to
the model allergen ovalbumin (OVA). Next, we generated the
first nociceptor-specific FceR1y knockdown
(TRPV1¢™®::FceR1y"™) mice to assess whether this targeted
invalidation would affect the severity of allergic inflammation in
response to allergen challenges.

Results: Lung-innervating jugular nodose complex ganglion
neurons express the high-affinity IgE receptor FceR1, the levels
of which increase in OVA-sensitized mice. FceR1vy-expressing
vagal nociceptor neurons respond directly to OVA complexed
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with IgE with depolarization, action potential firing, calcium
influx, and neuropeptide release. Activation of vagal neurons by
IgE-allergen immune complexes, through the release of
substance P from their peripheral terminals, directly amplifies
Ty2 cell influx and polarization in the airways. Allergic airway
inflammation is decreased in TRPV1"*::FceR1y"" mice and in
FceR1a ™™ mice into which bone marrow has been transplanted.
Finally, increased in vivo circulating levels of IgE following
allergen sensitization enhances the responsiveness of FceR1 to
immune complexes in both mouse jugular nodose complex
ganglion neurons and human induced pluripotent stem
cell-derived nociceptors.

Conclusions: Allergen sensitization triggers a feedforward
inflammatory loop between IgE-producing plasma cells, FceR1-
expressing vagal sensory neurons, and Ty2 cells, which helps to
both initiate and amplify allergic airway inflammation. These
data highlight a novel target for reducing allergy, namely,
FceR1vy expressed by nociceptors. (J Allergy Clin Immunol
2021;147:2330-42.)

Key words: Neuroimmunity, nociceptor neurons, allergy, asthma,
Ty2, FceRl, TRPVI, allergen detection, vagal sensing, substance P

Trigeminal and lumbar nociceptor somatosensory neurons
express antibody-sensing Fc receptors,’ namely, Fcy receptor
for IgG and Fce receptor for IgE.> This phenomenon may
explain why sensory neurons in a sensitized animal fire action po-
tentials when exposed to an allergen.*” After binding to the anti-
gen for which they were raised, antibodies form immune
complexes that activate Fc receptors expressed by nociceptors.
Such stimuli generate calcium flux, action potential firing, and
neuropeptide release, triggering pain or itching.®® However,
whether vagal sensory neurons innervating visceral organs also
sense immune complexes, and what the consequences are if
they do, are unknown. We set out to examine these questions.

Nociceptor neurons respond to immune cell cues such as
cytokines, and they drive immune responses.””* For example, in
the ovalbumin (OVA) and house dust mite (HDM) mouse models
of allergic airway inflammation (AAI), sensory neurons inner-
vating the lung drive CD4" T and group 2 innate lymphoid cell
(ILC2) activation through a vasoactive intestinal peptide (VIP)-
VPAC2 neuropeptide axis.'*'® In turn, these immune cells
release the cytokines IL-5 and IL-13, which activate lung sensory
neurons as part of a feedforward proinflammatory loop that am-
plifies the adaptive immune response to allergen exposure14 and
also drives mucus metaplasia.'’ However, the specific
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Abbreviations used
AALIL Allergic airway inflammation
BALF: Bronchoalveolar lavage fluid
BL6: C57BL6
CGRP: Calcitonin gene-related peptide
DRG: Dorsal root ganglion
DTA: Diptheria toxin
HDM: House dust mite
IC: IgE-Ovalbumin complex
ILC2: Group 2 innate lymphoid cell
JNC: Jugular nodose ganglion complex
KCI: Potassium chloride
NMU: Neuromedin U
OVA: Ovalbumin
qPCR: Quantitative PCR
QX-314: Membrane-impermeable form of lidocaine
SP: Substance P
TRPA1: Transient receptor potential ankyrin 1
TRPC3: Transient receptor potential cation channel subfamily C
member 3
TRPV1: Transient receptor potential vanilloid subtype 1
VIP: Vasoactive intestinal peptide

mechanisms by which an antigen initiates type 2 airway
inflammation and the point at which nociceptors are engaged
remain to be determined. To address this issue, we have now used
genetic approaches and AAI models to examine (1) whether and
how jugular nodose ganglion complex (JNC) nociceptor neurons
sense allergens; (2) what the consequences for immune cells may
be if they do; and (3) whether allergen sensitization sets off an
interaction between adaptive immune responses and nociceptor
activity that triggers AAL

METHODS

Detailed information on materials and methods are available in the Methods
section in this article’s Online Repository (available at www.jacionline.org). In
brief, all procedures were approved by the Institutional Animal Care and Use
Committees of Boston Children’s Hospital and Université de Montréal. AAI
was studied in an OVA-based model."'® On days 0 and 7, mice were sensitized
by 200-p.L intraperitoneal injections of a solution containing 1 mg/mL of OVA
(Sigma, St Louis, Mo; catalog no. A5503-25G) and 5 mg/mL of aluminum hy-
droxide (Sigma; catalog no. 239186-500G). On days 14 to 17 (at 10:00 am),
mice were exposed to a 6% OVA aerosol for 20-25 minutes or intranasal
OVA instillation (50 wg/50 pnL). Mice were humanely killed on days 0, 3, 6,
9, 13, 14, 15, 18, 20, 21, or 26; INC neurons were harvested, cultured, and
analyzed by using calcium microscopy, electrophysiology,'* and single-cell
quantitative PCR (qQPCR)."” Culture media were analyzed by using ELISA."*
Bronchoalveolar lavage fluid (BALF) was harvested, and cells were isolated,
counted, and immunophenotyped by using fluorescence-activated cell
sorting."*  Alternatively, the membrane-impermeable form of lidocaine
(QX-314, Tocris, Bristol, UK [100 wM]) and capsaicin (Tocris, 1 wM) were
nebulized on day 14, and the mice were typically humanely killed on day
15. Another type 2 inflammation model was induced via HDMs. Lightly anes-
thetized (by using isoflurane) mice were sensitized (on days 1-5), challenged
(on days 8-10) with HDMs (CiteQ, Groningen, The Netherlands; catalog no.
15J01 [20 wg/50 pL, administered intranasally), and humanely killed on
day 11, after which their BALF was harvested and the cells were isolated,
counted, and immunophenotyped by flow cytometry.
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RESULTS
Vagal nociceptors initiate airway inflammation

Type 2 allergic inflammation was induced in mice by an initial
sensitization to OVA with aluminum hydroxide as an adjuvant
(administered intraperitoneally on days 0 and 7), followed 2
weeks later by inhaled OVA challenges.'* A single inhaled OVA
exposure on day 14 after sensitization resulted in increased
numbers of CD45™ cells in the BALF when tested 24 hours later
(Fig 1, A). To establish whether nociceptor activation at the time
of the allergen exposure contributes to the inflammatory response,
we tested whether capsaicin (1 wM, administered intranasally), an
exogenous transient receptor potential vanilloid subtype 1
(TRPV1) ligand that activates lung afferents nociceptors, would
modify the extent of the immune infiltrate. Capsaicin given 3
hours before the initial allergen challenge doubled the OVA-
mediated influx of CD45™" cells in the BALF (Fig 1, A).

Next, to specifically explore whether nociceptors have a role in
initiating the inflammation resulting from allergen exposure in
sensitized mice, we used a strategy to selectively silence lung
nociceptors before the allergen exposure. This approach used
nonselective large-pore ion channels (TRPAI and TRPV1) as
cell-specific drug entry ports to deliver a charged, membrane-
impermeable form of lidocaine (QX-314) to pulmonary sensory
fibers to block sodium currents and, thereby, action potentials.14
A 3-hour pretreatment with QX-314, in the presence of capsaicin
as a TRPV1 channel opener reduced the OVA-mediated airway
inflammatory response to the subsequent allergen inhalation
(Fig 1, A). QX-314 pretreatment without capsaicin, which does
not silence nociceptors, did not affect the numbers of CD45 *cells
in BALF (Fig 1, A).

To test for nociceptor activation by an allergen challenge, we
probed phosphorylated p38 MAPK activation levels as an activity
marker in JNC neurons.””** An acute inhaled OVA challenge in
sensitized mice produced a time-dependent increase in phosphor-
ylated p38—positive JNC neurons 1 hour after OVA challenge that
continued for 24 hours (Fig 1, B-D). To determine whether this ef-
fect occurred in the airway-innervating neurons, TRPV 1™ mice
were injected intranasally with AAV9-FLEX-ChR2-Tdtomato
(10'? titers, 50nL) virus 2 weeks before allergen sensitization.
Using single-cell gPCR, we found that p38 and Tacl transcript
expression increased in airway-innervating neurons (Td-to-
mato—positive) obtained from OVA-challenged mice (1 hour
[Fig 1, E]). The finding that silencing sensory neurons before
the first allergen exposure reduced the inflammatory response
while activating the nociceptors had the opposite effect raises
the possibility that vagal nociceptors might be directly engaged
by the allergen challenge and the possibility that such activation
may contribute to immune cell recruitment/activation.

Vagal nociceptors express FceR1

In silico analysis of 7 previously published expression profiling
data sets® of TRPV1™" neurons shows that in addition to sensory
neuron markers (7rpvl and Trpal) and nociceptor neuropeptides
(Tacl which encode for substance P [SP]), Vip, neuromedin U
[Nmu)), and calcitonin gene—related peptide [Calca], these affer-
ents express the immunoglobulin receptors (Fcerly, Fcer2f3, Frl,
Fcyr2a, and Fcyr3o). In the case of Fcerly, we found higher
relative expression levels than of the pattern recognition receptor
Fprl and similar levels to the one of the P2y purinoceptor 1
(P2yrl) [Fig 2, A]. Of note, FPR1 and P2YR1were found to be
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FIG 1. Vagal nociceptors initiate airway inflammation. A, An acute inhaled OVA challenge (day 14)
increased the numbers of CD45" cells in the BALF of previously sensitized mice. A 3-hour pretreatment
with intranasal 1 wM capsaicin led to a further increase in number of CD45" cells over the number after
OVA treatment alone. QX-314 treatment 3 hours before the first OVA challenge did not alter the allergen-
induced inflammation, but cotreatment with capsaicin to open TRP channels and allow entry of QX-314
in airway nociceptors to silence their electric activity prevented the onset of allergic airway inflammation.
B-D, Allergen challenge (day 14) with OVA increased (in a time-dependent manner) the number of neurons
that were positive for phosphorylated p38 (p-p38), which is an activity marker in JNC neurons. E, To track
airway-innervating neurons, a cre-dependent AAV9-FLEX-Tdtomato virus (10'? titers [50 pL]) was injected
intranasally 2 weeks before sensitization. Through use of single-cell gPCR, p38 and Tac1 transcript expres-
sion were increased in airway-innervating neurons (Td-tomato-positive) from OVA-challenged mice (1
hour). Trpv1 and Cre expression were not affected. Data are shown as means = SEMs. A, One-way ANOVA
and post hoc Bonferroni correction. D and E, Two-tailed unpaired Student ttest. n = 4to 10 animals/group; 1
to 3 cohorts. B and C, p-p38 is labeled in red, and nuclei are labeled in blue, Scale bar = 100 um. DAPI, 4',6-

Diamino-2-phenylindole; GO/, gene of interest; MFI, mean fluorescence intensity.

functionally active in these neurons, ' +!%-233! Next, ex vivo INC
neurons from naive and allergen-sensitized animals (Tac1“*::G-
CaMP6™"™ reporter mice) were cocultured (1:1 mix). In this
context, we found that 87% of all FceR1vy transcript-expressing
neurons originated from allergen-sensitized mice (GCaMP6™"
[see Fig El1, A in this article’s Online Repository at www.
jacionline.org]). We then measured the level of Fcerl expression
on vagal sensory neurons by using fluorescence in situ hybridiza-
tion (Fig 2, B-D), immunofluorescence (Fig 2, E and see Fig E1,
B-H), and qPCR performed on fluorescence-activated cell
sorting—purified TRPV1™ JNC neurons (TRPV1°®::Td-Toma-
o™ mice [see Fig E1, I]). As in the coculture setting (see Fig
El, A), we found that FceRla/y transcript and protein levels
were expressed in naive mouse JNC neurons but this level is
further increased in neurons from allergen-sensitized mice (Fig
2, B-E and see Fig E1, B-I).

64

FceR1-expressing vagal nociceptors respond to
immune complexes

To assess whether vagal sensory neurons respond directly to
IgE-OVA complexes, we exposed primary JNC neuron cultures to
a range of concentrations of IgE, OVA, and IgE-OVA complex
(IC) and tested calcium flux as a proxy of neuronal activation.
Approximately 12% to 15% of isolated neurons from a sensitized
mouse responded to the allergen-antibody complex (a >10%
increase in Fura-2AM fluorescence), with a significantly lower
response in nonsensitized JNC neurons (Fig 3, A). The increased
immune complex sensitivity of JNC neurons from isolated
allergen-sensitized mice was confirmed in Nayl.8°:G-
CaMP6"™" mice and Fura-2AM-loaded neurons (see Fig E2, A
in the Online Repository at www.jacionline.org). Immune
complex—responsive neurons were mostly small-diameter
mustard oil- and capsaicin-sensitive neurons (TRPAI- and
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FIG 2. Vagal nociceptors express FceR1. A, A meta-analysis of 7 published nociceptor expression profiling
data sets?® showed basal expression of sensory neuron markers (Trpv1 and Trpa7), neuropeptides (Tac,
Vip, Nmu, Calca), asthma-driving cytokine receptors (//4ra, l15ra, 1113ra 1), and the immunoglobulin receptor
Fcerty. Fluorescence in situ hybridization (FISH) (B-D), and immunohistochemistry (E) was used to analyze
the levels of FceR1 transcript and protein expression in JNC neurons (days 0 and 14 [B-D]) and days 0, 8, and
15 [E]). The data revealed that these levels were increased in allergen-sensitized mice neurons relative to
those in naive mice (B-E). Data are shown as means = SEMs. D-E, Two-tailed unpaired Student t test.
n = 4-8 animals/group; 1-2 cohorts. A, RNA sequencing of human lumbar neurons (i)?7; microarrays of
mouse fluorescence-activated cell sorting-sorted Nay1.8" neurons (ii)'%; single-cell RNA sequencing of
mouse lumbar neurons (iii and iv)?®?%; microarray profiling of mouse whole DRG (v)*'; RNA sequencing
of mouse TRPV1™ neurons (vi)*’; and single-cell RNA sequencing of mouse vagal ganglia (vii).>" Expression
across data sets was ratioed over Trpv1 and multiplied by 100; logq, of these values presented as a heatmap.
B and C, Fcerlyis labeled in red, and nuclei are labeled in green. Scale bar = 30 um. CTL’, Negative control;
DAPI, 4’,6-diamino-2-phenylindole.
TRPV1-responsive, respectively [Fig 3, B-C and see Fig E2, B]).  in allergen-sensitized neurons from a reporter mouse

The identity of the responsive neurons as nociceptors was
confirmed by using cultured INC neurons from TRPV1<™::diph-
theria toxin (DTA)"' mice or Nay1.8°"::DTA"™ nociceptor-
depleted mice, with the response to IgE-OVA absent in the latter
and massively reduced in the former (Fig 3, D). The IgE-OVA—
induced calcium flux was dose-dependent and higher than that
produced by exposure to IgE or OVA alone (~1%-4% [Fig 3,
E]). Immune complex—stimulated allergen-sensitized JNC neu-
rons release SP and VIPs but not CGRP (Fig 3, F). IgE or OVA
exposure alone had no impact on SP secretion from allergen-
sensitized mouse neurons (Fig 3, F and see Fig E2, C).

Next, neurons isolated from naive and allergen-sensitized mice
were cocultured (1:1 mix) to directly compare their responsive-
ness to immune complex exposure in the same experimental
conditions. In this setting, we found approximately 3-fold more
IgE-OVA-responsive neurons and a higher amplitude of response
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(TRPV1¢™::Td-tomato™"") than in nonsensitized (no reporter)
naive neurons (see Fig E2, D and E and Movie E1 [in the Online
Repository at www.jacionline.org] showing decay in unbound
cytoplasmic Ca** in response to IgE-OVA).

IgE controls FceR1 expression

Given the increased immune complex—mediated calcium flux
in JNC neurons from sensitized mice, we set out to test which
component of allergen sensitization might be responsible for this
effect. To do this, we used unbiased single-cell gPCR to probe
changes in transcript expression in TRPV1™" INC neurons (capsa-
icin-responsive) at various times during the asthma protocol. We
found elevated Fcerly transcript expression as early as 3 days af-
ter sensitization, as well as elevated //-5r and Tslp-r levels, which
peaked on day 26 (Fig 3, G). Given that in addition to
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FIG 3. IgE-OVA complex evokes calcium flux in vagal nociceptors. A, Ultrapure OVA (1%), when complexed
with mouse recombinant IgE (0.001%), triggered larger calcium transients in cultured JNC neurons obtained
from allergen-sensitized mice (day 14) than in those obtained from naive mice. B, An example of the
response evoked in capsaicin-sensitive neurons. C and D, IgE-OVA-induced calcium influx was mostly
observed in small-sized neurons and capsaicin-sensitive neurons and was absent in cultured neurons ob-
tained from allergen-sensitized (day 14) TRPV1 (TRPV1°®:DTA™"!) or Nay 1.8 (Nay1.8°°::DTAM) nociceptor
ablated mice. E and F, The IgE-OVA complex evoked (in a dose-dependent manner) a calcium response
greater than that for IgE or OVA alone (E) and triggered the release of SP and VIP (F). G, Capsaicin-
responsive neurons were picked at various time points of the allergy induction protocol and analyzed by
single-cell gPCR. Allergen sensitization transiently drove the expression of Fcer1, which peaked on day 3.
H, Compared with naive vagal neurons, we found an increased number of immune complex-responsive
neurons in cells pretreated (24 hours) with IgE, OVA plus AIOH plus IgE, IL-5, or asthmatic BALF or harvested
from allergen-sensitized (day 14) mice. Data are shown as means = SEMs. A, D, and F, Two-tailed unpaired
Student ttest. H, Two-tailed Mann-Whitney U test. E, One-way ANOVA and post hoc Bonferroni correction.
n = 3 to 8 animals/group; 2 or 3 cohorts. B, IgE-OVA (1% + 0.001% [60-75 seconds]) is represented by the
pink box, capsaicin (1 uM [120-135 seconds]) is represented by the red box, and the gray box represents
KCI (40 mM [240-255 seconds]). Relative gene expression was ratioed over day 0 and multiplied by 1000;
log10 of these values presented as a heatmap (G). CTL, Littermate control.
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immunologically “arming” mast cells to undergo antigen-
mediated activation, IgE stabilizes and enhances FceR1 expres-
sion on immune cells™***; we posited that circulating IgE might
be responsible for the neuronal expression of FceR1. We tested
whether immunoglobulins, interleukins, the adjuvant, the model
allergen, or a combination of these induced the expression of
functional FceR1 in primary cultured JNC neurons. Although po-
tassium chloride (KCI) responses were similar across the various
treatment groups, we found an increased response to the immune
complex when JNC neurons were preexposed to IgE, IgE plus
OVA plus AIOH, or BALF extracted from a mouse with asthma
(Fig 3, H). As expected, allergen sensitization before harvesting
of the neurons had a similar effect (Fig 3, H). Interestingly, human
induced pluripotent stem cell-derived nociceptor neurons that
were preexposed to IgE for 24 hours also showed a calcium
flux (11%) in response to the immune complex, an effect that
was absent in non-IgE-exposed human induced pluripotent
stem cell-derived nociceptor neurons (see Fig E2, F and G).
These findings reveal the context-dependent expression of
FceR1 on nociceptor neurons, which is modulated by IgE after
allergen sensitization, highlighting a linkage between plasma B
cells and vagal nociceptors.

Immune complex modulation of neuron excitability

To probe whether the immune complex modulates nociceptor
neurons’ excitability, we first identified those allergen-sensitized
cultured JNC neurons that responded to the immune complex
with a calcium flux (see Fig E3, A in the Online Repository at
www.jacionline.org). We then tested their electrophysiological
response to the complex by whole cell patch recording. Despite
both groups having similar baseline resting membrane potentials
(~60 mV), the responder group became depolarized when reex-
posed to the allergen-antibody complex (8 of 8) (Fig 4, A), an ef-
fect that was virtually absent in the nonresponder group (present
in only 1 of 24) (Fig 4, B). Furthermore, the depolarization was
sufficient to evoke action potential firing in some allergen-anti-
body—sensitive neurons (3 of § [Fig 4, C]), an effect that was never
observed when the cells were treated with OVA or IgE alone (Fig
4, D).

To test whether allergen sensing by vagal nociceptors increases
lung allergic responses, we first used whole nerve electrophysi-
ologic recording of vagal neurons to check whether immune
complexes were sensed in vivo. Similar to the findings in an
in vitro setting, allergen-sensitized wild-type mice showed vagal
compound action potential responses to the immune complex
when injected intraperitoneally. Importantly, a similar effect
was also found in allergen-sensitized mast cell-depleted mice
(c-KitVsWshy 35 qupporting a mast cell-independent effect.
The immune complex had no effect in naive wild-type mice or
allergen-sensitized FceR1vy ™ mice (Fig 4, E and see Fig E3, B-E).

The FceR1-transient receptor potential cation
channel subfamily C member 3 axis controls IC-
induced calcium flux

To specifically explore whether activation of vagal nociceptors
by the IgE-OVA complex occurred though FceR1, we identified
small-diameter (<25 pm) immune complex—responsive and im-
mune complex—nonresponsive neurons in culture from sensitized
and challenged mice (see Fig E3, A) and then profiled them by
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using single-cell gPCR. The responsive neurons showed higher
Fcerl transcript expression than that in nonresponsive neurons,
even though both expressed similar transcript levels of TrpvI
and Trpal (Fig 4, F). Next, we used FceR1a null mice to confirm
the role of FceR1 in sensing the immune complex. We found that
although cultured JNC neurons from FceRla™~ mice respond
normally to KCl or capsaicin, they were virtually insensitive to
the immune complex (see Fig E4, A-D in the Online Repository
at www.jacionline.org). Similarly, 2 different FceR1a-blocking
antibodies abolished the neuronal response to the immune com-
plex, but not to KCl or capsaicin (MARI1 clone [see Fig E4, E]
and CRAI1 clone [see Fig E4, F]).

Immune complex—induced calcium flux was absent when
allergen-sensitized neurons were cultured in the absence of
extracellular calcium (see Fig E4, G and H) and when treated
with the nonselective TRP channel blocker ruthenium red (see
Fig E4, I) or with a transient receptor potential cation channel sub-
family C member 3 (TRPC3) antagonist (see Fig 4, J and K).
Similar to the IgG-antigen complex activation of lumbar dorsal
root ganglion (DRG) neurons™® and in accordance with their co-
expression in a subset of peptidergic neurons (see Fig E5 in the
Online Repository at www.jacionline.org),3 3% our data indicate
that the allergen-IgE complex produces a calcium influx through
an FceR1-TRPC3 axis.

Neuron-sensing allergen helps prime Ty2 cell
activity

Although detection of allergen immune complexes by vagal
neurons constitutes a novel feature of danger detection and may
elicit sensations and reflexes, we tested whether such early
sensing also affects local immune responses. To do this, we
focused on ILC2s and Ty2 cells, which are early drivers of AAI
that are modulated by sensory neurons.'****! T2 cells (Fig 5,
A and see Fig E6, A and B in the Online Repository at www.
jacionline.org) or BALF CD4 T (cells Fig 5, B) harvested from
OVA-challenged mice showed increased Tacrl transcript expres-
sion compared with the corresponding cells from naive mice.
Therefore, these cells are poised to respond to nociceptor cues.

Splenocyte-harvested naive CD4 ™ T cells were polarized into
Ty2 cells. In the presence of peptidase inhibitor, the Ty2 cells
were then either exposed to IgE-OVA, cocultured with JNC neu-
rons from allergen-sensitized mice before stimulation with IgE-
OVA, exposed to conditioned media harvested from IgE-OVA
stimulated allergen-sensitized JNC neurons (1:2 dilution), or
exposed to SP (1uM). T2 cell activation was then profiled by
flow cytometry. Compared with IgE-OVA—stimulated T2 cells,
Tyu2 cells cocultured with IgE-OVA—stimulated neurons, Ty2
cells exposed to IgE-OVA-induced neuron-conditioned media,
and Ty2 cells exposed to SP showed increased levels of IL-5"
(Fig 5, C), IL-13" (Fig 5, D), and IL-57IL-13" (Fig 5, E).
Also, SP or JNC neuron coculture increased Ty2 expression of
IL-4*IL-13" (see Figs E6, C and E7 in the Online Repository
at www.jacionline.org). These treatments had no impact on the
proportion of GATA3" and IL-4 in CD4" T cells (see Figs
E6, E and F and E7). T2 cell polarization was also unaffected
when cocultured with naive JNC neurons (see Fig E8 in the On-
line Repository at www.jacionline.org). Whereas ILC2s also ex-
press various neuropeptide receptors (see Fig E9, A in the
Online Repository at www.jacionline.org), IL-7-stimulated
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FIG 4. Direct detection of allergens by nociceptors. A-C, Compared with IC-unresponsive neurons, IgE-
OVA-sensitive neurons (day 14) showed increased depolarization of the membrane potential (A and B)
and action potential firing following IgE-OVA reexposure (C). D, OVA alone did not induce action potential
firing. E, Whole nerve electrophysiology was used to assess in vivo allergen sensing by vagal neurons and
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FIG 5. Following allergen sensing, FceR1" nociceptor neurons drive Ty2 cell polarization. A and B,
Compared with naive, Ty1, Ty17, induced regulatory T, and regulatory T cells (A) or naive CD4 T cells (B),
Tw2 cells (in silico analysis of Immgen’s RNA sequencing data [A]) or BALF CD4 T cells harvested from
OVA-challenged mice (day 15-16 [B]) showed increased Tacr1 transcript expression (A and B). C-E, Purified
naive CD4 spleen cells were polarized into Ty2 cells, after which they were cocultured with allergen-
sensitized mice JNC neurons (beige bar) or stimulated with conditioned media (Cond.) harvested from
IgE-OVA-stimulated allergen-sensitized JNC neurons (blue bar) or with SP (gray bar C-E). Compared with
IgE-OVA-stimulated T2 cells, Ty2 cells cocultured with neurons and then stimulated with neuron-
conditioned media or SP showed increased levels of IL-567 (C), IL-13" (D), and IL-57IL-13" cells (E). Data
are shown as means = SEMs. B-E, Two-tailed unpaired Student t test. A, Transcript expression is shown
as DESeq2 normalized counts. C-E, Stimulation and coculture were done in the presence of a cocktail of pro-
tease inhibitors (1/1000). n = 4-6 animals/group; 1-2 cohorts.

lung ILC2s were insensitive to both IgE-OVA-triggered neuron
conditioned media and SP (see Fig E9, B-D).

Allergen sensing by vagal nociceptors amplifies
allergic lung inflammation

To assess the impact of vagal neuronal sensing of allergens, we
transplanted C57BL6 (BL6) bone marrow into whole body—

irradiated BL6 (BL6 — BL6) and FceRl1a™~ (BL6 — FceR1la™")
mice. We found that spleen CD45" immunocytes had a similar
expression of FceRla (see Fig E10, A in the Online Repository
at www.jacionline.org) in allergen-sensitized BL6— FceRla™~
chimeric mice and that the JNC neurons were less sensitive to im-
mune complex (see Fig E10, B). We also found that 1 day after an
acute  OVA challenge, allergen-sensitized BL6— FceRla™"
chimeric mice had reduced numbers of BALF-infiltrating total

<

revealed that allergen-sensitized wild-type and mast cell-depleted mice (c-Kit”") demonstrated compound
action potential when exposed to IgE-OVA (0.001%-1%, intraperitoneally), which are effects that were ab-
sent in naive or allergen-sensitized FceR1y™~ mice. Capsaicin (1 pM) showed compound action potential
in all tested mice lines. F, IgE-OVA responsive neurons overexpressed Fcerl transcript, as evidenced by
single-cell gPCR. Data are shown as means + SEMs. A, B, and F, Two-tailed paired (A and B) or unpaired
(F) Student t test. E, One-way ANOVA and post hoc Bonferroni correction. n = 3 to 24 animals/group; 1
to 8 cohorts. GO/, Gene of interest; Veh, vehicle; Vm, membrane potential.
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FIG 6. FceR1" nociceptor neurons initiate type 2 airway inflammation. A, One day after an acute OVA chal-
lenge, allergen-sensitized FceR1a™~ chimeric mice (BL6— FceR1a™") displayed a reduced level of AAI (low-
ered numbers of BALF-infiltrating CD4" cells) and polarization (IL-5* and IL-13") in comparison with the
allergen-sensitized control (BL6— BL6) mice. B, Next, we used the cre/lox toolbox to generate the first
cell-specific FceR1y knockdown (TRPV1¢:FceR1y") and littermate control (TRPV1“::FceR1y™) mice.
The TRPV1¢::FceR1y™™ mice were protected from HDM challenge-induced BALF infiltration of CD45" cells,
eosinophils, and CD4™ cells, as well as from CD4 polarization (IL-5 and IL-17). C, HDM-challenged mice
exposed to neuron-conditioned media harvested from IgE-OVA-stimulated allergen-sensitized JNC neu-
rons demonstrated increased AAl (BALF influx of CD45" cells, CD4™" cells, eosinophils, and neutrophils).

Data are shown as means = SEMs. A and C, Two-tailed unpaired Student t test. B, One-way ANOVA and
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vehicle.

CD4™, and CD4"IL-5" cells compared with control chimeric
mice (Fig 6, A). These findings support a key upstream role for
FceR1™ nonhematopoietic cells (eg, nociceptors) in inducing
AAL

To directly pinpoint a role for FceR1y™ nociceptors from
radio-resistant hematopoietic cells, we used cre/lox technology
to  generate  nociceptor-specific  FceRly  knockdown
(TRPV1°™::FceR1y™"™) mice. The TRPV1°™::FceR1yY" mice
showed a 3.2-fold decrease in HDM-induced AAI (BALF
numbers of CD45" cells, eosinophils, and total and IL-5"
CD4™ T cells [Fig 6, B and see Figs E12 and E13 in the Online
Repository at www.jacionline.org), as well as BALF cytokines
levels (IL-13 [see Fig E11, A in the Online Repository at www.
jacionline.org]) when compared with littermate control mice
(TRPVlWlZZFCSRl’yﬂ/ﬂ). Heterozygote knockout mice
(TRPV1°™::FceR 1™ also showed a, albeit lower, reduction
in HDM-induced AAI (~1.58-fold) and OVA-induced AAI
(~1.65-fold [see Fig E11, B and C]). We then tested whether
the nocifensive behavior of the TRPV1“" mice remained intact.
We confirmed that cre recombinase expression in TRPV1™ neu-
rons had no impact on the thermal nociceptive threshold of the
mice or on the neurons’ sensitivity to noxious stimuli (see Fig
E14 in the Online Repository at www.jacionline.org).

An in silico analysis of 5 mouse expression profiling data sets
(single-cell RNA sequencing, bulk RNA sequencing, and micro-
array [see Figs E15-E18 in the Online Repository at www.
jacionline.org]) revealed that TRPV1 is not expressed by airway
stromal or immune cells (including T2 and mast cells). In addi-
tion, TRPV1°FCeR 1y"™ peritoneal mast cells degranulate nor-
mally in response to IgE-OVA (see Fig E18, C). TRPV1“*DTAY
“"mice have the same proportion of peritoneal mast cells as litter-
mate control mice (see Figs E18, D and E19 in the Online Repos-
itory at www.jacionline.org), whereas flow cytometry analysis of
peritoneal mast cells from TRPV1°°Td-tomato™™" mice showed
no cre expression (see Figs E18, E and E20 in the Online
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5 to 14 animals/group; 1-2 cohorts. CM, Conditioned media; Veh,

Repository at www.jacionline.org). Although the
TRPV1°FCeR 1y"™ mouse Ty;2 and mast cells were intact, their
JNC neurons did not express FCerlvy following in vivo allergen
sensitization (see Fig E21, A-C in the Online Repository at
www.jacionline.org), nor did they respond to IgE-OVA (see Fig
E21, D). However, capsaicin-induced calcium flux responses
were still intact (see Fig E21, E).

The reduction in the influx of lung immunocytes in
TRPV1°::FceR1y"™ mice was accompanied by similar levels
of IgE (not shown), suggesting that although the capacity to
mount an allergic antibody response was present in these mice,
AAI was reduced. The diminished inflammatory phenotype in
the TRPV1<™::FceR 1" mice was phenocopied by mice whose
TRPV1" sensory neurons were genetically ablated
(TRPV1°"::DTA™" [see Fig E22, A-C in the Online Repository
at www.jacionline.org]). Although the specific knockdown of
FceR1y on TRPV1™ sensory neurons did not prevent the polari-
zation of ILC2s (not shown), the genetic ablation of TRPV1™"
neurons did (see Fig E22, D-F). Finally, coexposing HDM-
challenged mice on days 8 and 9 to neuron-conditioned media
(supernatant from immune complex—stimulated allergen-
sensitized JNC neurons) further augmented the HDM-evoked
increases in BALF CD457" cell, CD4" cell, eosinophil, and
neutrophil cell numbers (Fig 6, C).

DISCUSSION

Sensory neurons’ involvement in AAI was first suggested by
the finding that TRPA1 genetic ablation reversed OVA-induced
AAL* How are these neurons activated? IL-5, a type II effector
cytokine produced by multiple immune cells during allergy,
directly activates airway sensory neurons, leading to the secretion
of the neuropeptide VIP. In turn, VIP acts on ILC2 and CD4 ™ cells
to induce cytokine production, including IL-5 and IL-13, to
initiate a positive feedforward proinflammatory cycle.'*'>** In
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parallel, NMU (the ligand of NMURI1) activates ILC2s. Acting
with IL-25, it also amplifies allergic inflammation.***"** In the
airway, NMU is found exclusively in lung afferent DRG neurons.
A loss of NMU-NMURI signaling reduces ILC2 function by
altering transcriptional programs following an allergen challenge
in vivo, and this loss of signaling prevents the development of
AALY

What sets off the neuroimmune cycle in the setting of AAI?
Does it begin with the activation of immune cells or nociceptors
by allergen exposure in sensitized animals? The data presented
here point to an upstream detection role of allergen-IgE com-
plexes by nociceptors in driving Ty2 cell activation and down-
stream allergic inflammation. Following allergen sensitization,
immune complex sensing by FceR1y™ nociceptors sets off the
airway neuroimmune interactions that trigger and maintain AAIL

JNC neurons express FceR1

We identified a subset of mouse JNC neurons that express
functional FceR 1. Studies have reported neuronal-Ig interactions in
Alzheimer disease, chronic pain, arthritis-induced hypersensitivity,
allergy, and antigen-specific autoimmune diseases.”>*"*! 1gG
and IgE activate motor neuron release of neurotransmitters and
help control antigen trafficking in lymph nodes.”*%>> These find-
ings are in line with the expression by neurons of receptors typically
expressed by immune cells, such as MHC class I on central nervous
system neurons, as well as nociceptor expression of the immune
checkpoint receptor PD-1.7’

IgE drives neuronal expression of FceR1

Sensory neuron responsiveness is highly tunable, changing in
response to diverse insults.'>® We have now revealed that similar
to FceR1 expression on hematopoietic cells,”****° IgE drives
FceR1 overexpression in cultured murine JNC nociceptors and
in human induced pluripotent stem cell-derived nociceptors.
FceR1 is also upregulated in the abdominal vagus nerve in mice
with food allergy,54 in the trigeminal ganglion neurons of
allergen-sensitized mice,” and in lumbar DRG neurons following
exposure to ragweed pollens” or during cutaneous anaphylaxis.*®
Overall, these data support a mechanistically conserved mecha-
nism for the neuronal sensing of immune complexes during
allergy.

TRPC3 mediates IC-FceR1-induced calcium influx

Immune complex sensing leads to TRPC3-dependant calcium
influx and the subsequent release of neuropeptides. TRPV1,
TRPC3, and FceR1 are coexpressed in nociceptors, as revealed by
the single-cell RNA sequencing of sciatic nerve crushed mouse
peptidergic neurons (cluster 2).*? The FcyR-syk-TRPC3 axis is
also responsible for [gG-IC—induced hyperalgesia.”®

Nociceptor-ILC2 crosstalk

ST2* ILC2s express transcripts for Ramp1, Nmurl, and Tacrl.
Previous reports have shown that vagal neurons produce VIP'*
and lumbar neurons release NMU, both of which control ILC2
activation.***"** In addition, although CGRP supports ILC2 pro-
duction of TIL-5,°" it also inhibits alarmin-driven type 2 cytokine
production, constrains IL-13 expression, and blocks ILC2 prolif-
eration.’’ ®* We found here that the complete ablation of
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peptidergic neurons (in TRPV1™::DTAY™ mice) prevents type
2 cytokine production and infiltration of ILC2s. Such findings
phenocopy our earlier data obtained with ablation of all nocicep-
tors in Nay1.8::DTA™*" mice or nociceptor silencing pharma-
cologically with QX-314."* Although immune complex sensing
promotes SP and VIP (but not CGRP) production, IgE-allergen
complex—stimulated JNC neurons fail to modulate ILC2 function.
The level of immune complex-FceR1-induced VIP release (0.01
ng/mL)is, however, lower than that produced by IL-5 (0.8 ng/mL)
or capsaicin (40 ng/mL). In addition, the ILC2s used here were
only costimulated with IL-7, while other studies found that a
broader costimulation, including with IL-25 and IL-33, is neces-
sary for these cells to respond to CGRP and NMU. This result sug-
gests that neuron-ILC2 crosstalk requires the maximal
engagement of multiple peptidergic neurons to trigger a broad
release of neuropeptides, including NMU and CGRP, for their
activation, and that such a pattern of neuropeptide release may
not occur subsequent to allergen sensing.

Neuropeptides drive T2 polarization

Conditioned media harvested from IgE-OVA-stimulated JNC
neurons obtained from allergen-sensitized mice drives Ty2 cell
polarization in vitro and enhances HDM-mediated airway inflam-
mation with increased BALF influx of CD45™ cells, CD4 ™" cells,
and eosinophils in vivo. The neuronal detection of immune com-
plexes leads to the release of SP and VIP in the mucosa,®** which
can facilitate the local influx and the polarization of these immune
cells. Indeed, Ty2 cells and OVA-exposed BALF CD4™ T cells
express the receptors for these peptides (ie, Vipr2 and Tacrl).
Although we previously found that recombinant VIP increased
Ty2 cell activation and polarization, we have now shown that
the SP-Tacrl axis increases production of IL-5", IL-13™", and
IL-57IL-13" Ty2 cells in vitro. In addition, we also have found
that SP contributes to mucus metaplasia.' Overall, all of our cur-
rent and past data indicate that antigen detection by lung nocicep-
tors sets off systemic defensive reflex responses such as cough or
mucus secretion'” and, by mobilizing Ty2 cells, prompt engage-
ment of the adaptive immune system.

Neurons control AAI

Fcerlvy acts as an ITAM adapter protein, transducing signals of
immunoreceptors such as Fc receptors and IL-3R.°>%” Consistent
with the immune complex sensing by FceR1 nociceptors as a ma-
jor upstream driver of Ty2-mediated AAI, we found that nocicep-
tors lacking FceR1y (TRPV1°™::FceR1y"™) are protected from
IgE-OVA-induced calcium flux. In addition, mice whose noci-
ceptors lack FceR1vy are protected from airway inflammation
induced by OVA (a classic mouse model of allergic asthma)
and HDMs (a more clinically relevant model of patient allergy).
These effects phenocopy the findings that we observed in irradi-
ated FceR1a knockout mice into which bone marrow had been
transplanted (a model resistant to IgE-induced systemic anaphy-
laxis). In addition, the detection of allergens by nociceptors pre-
ceded an immune response because silencing nociceptors
before the allergen challenge reduced the inflammation. In vivo
immune complex challenges in sensitized mice triggered action
potentials in vagal neurons within 5 minutes of exposure, which
is an effect independent of mast cells. These findings are similar
to that regarding the role of IL-4R™ skin nociceptors in atopic
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dermatitis—induced skin inflammation via infiltration of T2 cells
and basophils.”

TRPV1 does not affect mast cell function

Along with the irradiated mice into which bone marrow had
been transplanted, we generated nociceptors lacking FceR1vy by
using the well-characterized TRPV1°"™® mouse line.'”'"**0%7*
Whereas immortalized human mast cells (from mast cell
leukemia) might bear TRPV1, detailed genetic findings reveal
that mouse mast cells do not express this ion channel in functional
assays’* and that mouse mast cells do not express either the
TRPV1 transcript or protein,’”’>”"’ do not degranulate in
response to heat’® or capsaicin,’®’® and are insensitive to
resiniferatoxin chemoablation, which occurs through TRPV1
activation.””

From 5 unbiased expression profiling data sets (microarray,
bulk RNA sequencing, and single-cell RNA sequencing), we
have now confirmed that mouse mast cell populations do not
express TRPV1. In addition, peritoneal mast cells from
TRPV1°FCeR1y"™ mice degranulate normally in response to
IgE-OVA and TRPV1°*DTA™™" mice have the same proportion
of peritoneal mast cells as controls, whereas flow cytometry anal-
ysis of peritoneal mast cell from TRPV1°°Td-tomato™™" mice
shows no Cre expression. Overall, although an indirect activation
of nociceptors by mast cell-produced histamine is likely,”” our
data suggest that the earliest activation of nociceptors by allergens
is actually direct, occurring via the immune complex. Both IgE-
OVA and capsaicin (TRPV1 agonist) induce vagal nerve com-
pound action potentials in vivo, and this activity is present in
mast cell-depleted mice (c-Kit™™"W=*")*" but absent in the
FCeR1y™ mouse.

Immunologic sensitization drives B cells to initiate antibody
class switching, the generation of memory B cells, and the release
of specific immunoglobulins.*” After antigen recall, the specific
antibodies bind to Fc receptors on innate immune cells, allowing
for a swift and precise response.”’ We have now uncovered a
novel aspect of allergen detection, namely, that vagal nociceptors
expressing FceR1 detect allergens complexed to IgE, and leads to
the activation of lung Ty2 cells. Preventing immune complex
sensing by FceR1 nociceptors reduces antigen-induced airway
inflammation. These findings reveal a novel potential therapeutic
avenue for the early treatment or prevention of allergic airway dis-
ease that targets direct sensory neuron activation by allergens in
immune complexes.

‘We would like to thank Professor Bruce P. Bean, Dr Yung-Chih Cheng, Dr
Seungkyu Lee, and Dr Andrew Snavely for discussion and Catherine Ward and
Elaria Meshreky for their assistance with mice genotyping.

Key messages

o Vagal nociceptor neurons overexpress FceR1ly during
allergy.

o FceRlvy-expressing neurons sense invading allergens,
which initiate allergic inflammation.

neuron-released SP drives cell

o Nociceptor
polarization.

T2
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In this publication, using transcriptomics and a screening approach, we observed that two major type-2 cytokines,
IL-13 and IL-4, induce gene expression changes in airway specific vagal nociceptors during asthma.

The student and supervisor designed the study. The student performed most of the experiments and analysis with
the support of other lab members. The electrophysiology experiments on dissociated neurons were performed by
S. Bhat. The western blots and some immunofluorescence stainings were performed by C. Salaun. Read mapping
and DESeq2 analysis of RNA-seq data were performed by the bioinformatic core of the IRIC genomic platform.
The student and supervisor drafted and proofread the manuscript.

Abstract:

Nociceptor neurons play a crucial role in maintaining the body's equilibrium by detecting and responding to
potential dangers in the environment. However, this function can be detrimental during allergic reactions, since
vagal nociceptors can contribute to immune cell infiltration, bronchial hypersensitivity, and mucus imbalance, in
addition to causing pain and coughing. Despite this, the specific mechanisms by which nociceptors acquire pro-
inflammatory characteristics during allergic reactions are not yet fully understood. In this study, we aimed to
investigate the molecular profile of airway nociceptor neurons during allergic airway inflammation and identify the
signals driving such reprogramming. Using retrograde tracing and lineage reporting, we identified a class of
inflammatory vagal nociceptor neurons that exclusively innervate the airways. Using an ovalbumin mouse model
of airway inflammation, we found that these neurons undergo significant reprogramming characterized by the
upregulation of the NPY receptor Npy1r, along with 116. A screening of asthma-driving cytokines revealed that IL-
13 drives part of this reprogramming, including Npy1r overexpression via the JAK/STAT6 pathway, while IL-13
induces IL-6 expression and release. Additionally, we observed that sympathetic neurons release NPY in the
bronchoalveolar fluid of asthmatic mice, which limits the excitability of nociceptor neurons. In summary, allergic
airway inflammation reprograms airway nociceptor neurons to acquire a pro-inflammatory phenotype,
characterized by the release of IL-6, while a compensatory mechanism involving NPY1R limits nociceptor neurons'
activity.

75



IL-13 promotes sensory-sympathetic neurons crosstalk in asthma.

Théo Crosson 12, Shreyas Bhat 23, Jo-Chiao Wang '2, Clara Salaun "2, Katiane Roversi 2, Herbert Herzog 4,
Moutih Rafei ', Rikard Blunck 23, Sebastien Talbot 1.256#

" Département de Pharmacologie et Physiologie, Université de Montréal, Canada.

2 Centre Interdisciplinaire sur le Cerveau et I'Apprentissage (CIRCA), Université de Montréal, Canada.
3 Département de Physique, Université de Montréal, Canada

4 Garvan Institute of Medical Research, Australia.

5 Department of Pharmacology and Physiology, Karolinska Institutet. Sweden.

6 Department of Biomedical and Molecular Sciences, Queen’s University. Canada.

# Lead Contact:

Sebastien Talbot, PhD

Phone: 438-521-3466

ORCID: 0000-0001-9932-7174

KEYWORDS. Allergy, asthma, IL-6, IL-13, neuro-immunology, nociceptor neurons, NPY1R, vagus nerve.
SHORT TITLE: Cytokines reprogram nociceptor transcriptome.
CONFLICT OF INTEREST: The authors have no conflict of interest.

ABSTRACT. Nociceptor neurons play a crucial role in maintaining the body's equilibrium by detecting and
responding to potential dangers in the environment. However, this function can be detrimental during allergic
reactions, since vagal nociceptors can contribute to immune cell infiltration, bronchial hypersensitivity, and
mucus imbalance, in addition to causing pain and coughing. Despite this, the specific mechanisms by which
nociceptors acquire pro-inflammatory characteristics during allergic reactions are not yet fully understood. In
this study, we aimed to investigate the molecular profile of airway nociceptor neurons during allergic airway
inflammation and identify the signals driving such reprogramming. Using retrograde tracing and lineage
reporting, we identified a class of inflammatory vagal nociceptor neurons that exclusively innervate the
airways. Using an ovalbumin mouse model of airway inflammation, we found that these neurons undergo
significant reprogramming characterized by the upregulation of the NPY receptor Npy7r, along with //6. A
screening of asthma-driving cytokines revealed that IL-18, IL-13 and BDNF drive part of this reprogramming.
IL-13 triggered Npy1r overexpression in nociceptors via the JAK/STAT6 pathway, while IL-13 induces IL-6
expression and release. Additionally, we observed that sympathetic neurons release NPY in the
bronchoalveolar fluid of asthmatic mice, which limits the excitability of nociceptor neurons. In summary,
allergic airway inflammation reprograms airway nociceptor neurons to acquire a pro-inflammatory phenotype,
characterized by the release of IL-6, while a compensatory mechanism involving NPY1R limits nociceptor
neurons' activity.

BACKGROUND. Sensory neurons are heterogenous and can be differentiated based on their expression
profiles -3, degree of myelination 4, the type of cues to which they are sensitive 45, the reflexes that they initiate,
their anatomical location © or the organ that they innervate 7:8. For instance, internal organs such as the lungs
are innervated by the vagus nerve®'2, whose sensory neurons originate from the jugular-nodose complex
ganglia (JNC).

Pain sensory neurons, also known as nociceptor neurons, form a key line of defense against environmental
dangers. They detect a broad range of thermal, mechanical, and chemical threats and respond by means of
protective reflexes such as the itch and cough reflexes'3'4. To fulfill their role in host defense, nociceptors are
geared to detect and respond to a variety of danger signals ranging from cytokines to inflammatory lipids,
allergens, fungi, cancer cells, bacteria, toxins, and even immunoglobulins®15.16, Via the axon reflex, nociceptors
respond by locally releasing neuropeptides. While these peptides can have direct inflammatory and
immunomodulatory actions'7-23, nociceptors’ impact on inflammation is also indirect, via modulation of the
autonomic nervous system?4,

In the context of asthma, vagal nociceptors neurons worsen airway hyperreactivity by promoting

bronchoconstriction, coughing, mucus imbalance, and immune cell infiltration'825-27, Yet, the specific
mechanisms by which nociceptors are activated and acquire this pro-inflammatory phenotype are not fully
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understood. Here we sought to define the molecular profile of airway nociceptor neurons during allergic airway
inflammation and to identify the signals driving their reprogramming.

Using retrograde tracing and lineage reporting, we first identified the population of nociceptor neurons that
innervates the airways. Using the ovalbumin mouse model of allergic airway inflammation, we found a drastic
reprogramming of airway nociceptor neurons characterized by the upregulation of the NPY receptor NpyTr,
and the cytokine //6. Next, we identified that the asthma-driving cytokine IL-13, via pSTATG6 signaling, drives
part of this transcriptional reprogramming. Along with Npy1r overexpression, we found that NPY was elevated
in the bronchoalveolar fluid of asthmatic mice. In cultured JNC neurons, NPY 1R agonist decreased nociceptor
neurons cAMP and blunted neuronal excitability.

RESULTS.

A class of inflammatory nociceptor specifically innervates the airways

Via vagal projections, the JNC innervates most visceral organs?®. Single-cell RNA sequencing datasets
revealed that JNC neurons are highly heterogenous231'9 and provide a transcriptome-based neuron subtype
classification23829, While genetically guided optogenetic studies identified JNC neuronal subtypes controlling
breathing and tracheal reflexes'1930, additional molecular characterization of airway nociceptors in
inflammatory context is lacking.

To address this, we tracked airway nociceptors using the Nav1.8¢::tdTomato™* nociceptor neuron reporter
mice, in which, we back-labeled airway neurons using the retrograde tracer DiD’ (i.n. 200 pM). Two weeks
after DiD’ injection, the JNC neurons were isolated, and airway nociceptor neurons (Nav1.8*DiD*), visceral
nociceptor neurons (Nav1.8*DiD-) and a mixed population of Nav1.8 cells (e.g. satellite glial cells,
macrophages, Nav1.8"¢9 neurons, and stromal cells), were purified by flow cytometry (SF. 1A-B) and RNA-
sequenced (Fig. 1A-B, SF. 1C). About 5-10% of JNC nociceptors neurons were labeled with DiD’ (SF. 1B,
D). Principal component analysis (PCA) analysis confirmed that the three cell populations were well
segregated (SF. 1C).

When compared with visceral nociceptor neurons, /16, Kcng1, Trpa1, Trpv1, and Npy1r were found to be
significantly enriched in airway nociceptor neurons (Fig. 1A-B). Calcium imaging of JNC neurons showed that
while capsaicin sensitivity was similar across neuronal subpopulations, JT0O10-mediated TRPA1 activation was
drastically increased (2.5-fold) in airway neurons (DiD*) compared to other visceral neurons (Fig. 1C, SF. 1E-
F). Using JNC neurons from NPY 1RC::tdTomato™tmice, we also confirmed NPY1R enrichment in the airway
population (Fig. 1D).

We then mapped out the airway nociceptor neuron subsets within the JNC neuron populations using published
scRNAseq data from Prescott and colleagues '. We reanalyzed these data using Vglut2, Scn10a and Scna
to define clusters of nociceptors and low-threshold sensory neurons?, and Phox2b and Prdm12 to differentiate
between jugular and nodose neurons (Fig. 1E, SF. 2A-D) We found that the marker genes of one cluster,
coined Nodose Nociceptor 8 (NN8), were highly enriched (Normalized Enrichment Score (NES)=2.2) in our
airway nociceptor neurons sequencing (Fig. 1E).

NN8 appears to exclusively innervate the airways. Several of NN8 markers (Trpv1, Trpa1; Fig. 1E) are known
drivers of neurogenic inflammation in the airways2”:31-34 while this cluster also co-expresses Npy7r and /I6
(Fig. 1E, SF. 2E-J). Additionally, we identified three other populations of sensory neurons preferentially
innervating the airways (Fig. 1E), including a subset that we assume to be cough-inducing mechanoreceptors
(NN7; Supplementary table 1). An in-silico analysis of Zhao et al.” single cell projection-seq data validated
this result (SF. 3A-H). Thus, these data confirm that one specific lung-innervating neuron subtype co-express
Scn10a (gene encoding for Nav1.8), Npy1r, Keng1, Trpa1 and [/13ra1 (SF. 3C-H).

Airway nociceptors undergo transcriptional reprogramming in asthma

Next, we sought to test whether the airway nociceptor neuron transcriptome is impacted during allergic airway
inflammation (AAl). Retrograde tracer-exposed nociceptor reporter mice (Nav1.8¢e::tdTomato™™t) underwent
the classic ovalbumin (OVA) model of asthma'®. OVA-exposed mice showed significant airway inflammation
characterized by eosinophilic infiltration (Fig. 2A), but had a similar number of back-labeled airway nociceptor
neurons (SF. 4A). As previously defined (SF. 1A-B), the JNC neurons were isolated, and airway nociceptor
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neurons (Nav1.8*DiD*), visceral nociceptor neurons (Nav1.8'DiD-) and Nav1.8 cells were purified by flow
cytometry and RNA-sequenced.

DESeq2 analysis revealed that AAI significantly affected the expression of 92 genes in airway nociceptor
neurons (Fig. 2B-E), compared with only one and two genes in the visceral nociceptor neurons and Nav1.8
cell populations, respectively (Fig. 2B, SF4. B-C). Seventeen of these upregulated genes had previously been
associated with increased pain or nociceptors activity, while six were observed to dampen pain sensation
(Supplementary table 2). Within the airway nociceptor neurons, AAl notably increased the expression of Bdnf,
116, Keng1, Npy1r, Sting1, and Trpa1 (Fig. 2C-D).

Cytokines trigger gene expression changes in nociceptors

Since the transcriptome changes induced by AAI are restricted to airway nociceptors and are virtually absent
in other visceral nociceptors and Nav1.8- cells, these variations are likely triggered by a mediator in the airways
detected by peripheral nerve endings. To identify this neuromodulator, we exposed (24h) cultured JNC
neurons to various allergy driving cytokines, inflammatory lipids, and neurotrophins, and used transcription
changes to Npy1r, Sting1, Bdnf, and //6 as proxies for an AAl-like signature (Fig. 2C). This screening approach
revealed that IL-4 and IL-13 triggered the overexpression of Npy1r (Fig. 3A), TNF-a and IL-1B induced //6 (Fig.
3B), Bdnf was triggered by the neurotrophin itself (Fig. 3C), while Sting7 was induced by IL-138, BDNF, TNF-a
and IgE mixed with its cognate antigen ovalbumin (Fig. 3D). The other cytokines and neurotrophins tested did
not impact the expression of the tested genes.

Cytokines and neurotrophins are known to initiate transcription programs in their target cells3536. We then
exposed cultures of JNC from of Nav1.8¢¢::tdTomato™*t reporter mice to IL-13, IL-18, BDNF and TNF-q, before
purification of the nociceptor neurons by flow cytometry (tdTomato*) and RNA-sequencing. DEGs were
triggered in the four different conditions (Fig. 3E-l, Supplementary table 3), with the most drastic changes
induced by IL-13 and BDNF.

A gene set enrichment analysis (GSEA) was performed using the most significantly overexpressed genes
(FDR<0.2) in all tested conditions. These data revealed that the genes elevated in cultured JNC neurons
exposed to IL-1B, IL-13, and BDNF, as well as the ones previously identified in injured neurons®’, were
enriched in JNC nociceptors of AAI mice (Fig. 3J, Supplementary Table 4). IL-13 signature showed the
strongest enrichment (NES=2.0). Specifically, 11 DEGs identified in AAI neurons were then also induced in
vitro by BDNF, and 9 genes induced by IL-13, among which 4 were induced by these two proteins (Fig. 3K).
IL-13 induced 2 genes identified in AAl, Npy1r and Serpina3i (Fig. 3K). Morphologically, BDNF affected the
neurite outgrowth in cultured JNC nociceptors, while the tested cytokines had no impact (Fig. 3L). These
results highlight the similarities and specificities between transcription programs inducible in nociceptor
neurons, and suggest that IL-138, BDNF and IL-13 signaling pathways are complementary to induce the AAI
signature in our mouse model of asthma.

Nociceptor neurons produce IL6

IL-1B notably led to a strong /I6 overexpression in cultured JNC neurons (Fig. 3B, F). While neuronal
expression of //6 has been reported in other types of neurons 38, the expression of this cytokine has not yet
been evidenced in JNC nociceptor neurons. Along with the transcription changes that we elucidated here, we
confirmed that IL-6 is expressed and released by IL-1B-exposed JNC neurons (Fig. 4A-C), with levels
comparable to IL-1B3-exposed splenocytes (Fig. 4C).

IL-13 reprograms nociceptors through JAK/STAT6

While IL-18 and BDNF effects on nociceptors has been thoroughly investigated®343%-42 the literature regarding
IL-13 is scarcer'#43, and this interaction was not yet reported in vagal sensory neurons. We then aimed to
delineate the mechanisms by which IL-13, a type 2 specific cytokine, activates nociceptor neurons and
changes their transcriptome. IL-13 (24h) significantly affected the expression of 47 genes, including Npy1r
(Fig. 3A, E, Fig. 5A, Supplementary table 4). Since both IL-4 and IL-13 and had comparable effects in vitro
(Fig. 3A), we used our transcriptomic profiles to identify which IL-13 and IL-4 receptors are expressed by
nociceptor neurons and found that only the IL4RII subunits //4ra and //13ra1 are detected in these cells (SF.
4A, Supplementary table 5). //13ra1 expression was higher in nociceptors than in Nav1.8- cells and was also
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found to be expressed in the inflammatory airway nociceptor cluster NN8 (Fig. 1E; SF. 2I), along with the
signaling mediator Stat6 (SF. 2J).

Since IL4RIl is a shared receptor for IL-13 and IL-4 that signals via JAK1/2 and STATG6 to regulate immune
cells’ transcription*4, we tested whether a similar mechanism was at play in nociceptor neurons. We found that
IL-13 (30min) triggered STAT6 phosphorylation in JNC and DRG neuron cultures (Fig. 5B-D). In addition, IL-
13-mediated induction of Npy1r was prevented by the STAT6 inhibitor AS1517499 as well as by the JAK1/2
inhibitor ruxolitinib (Fig. 5E). In the tested conditions, IL-13 did not induce calcium flux in nociceptor neurons
(SF. 5B), but nevertheless resulted in an increased in Npy1r transcript expression in cultured DRG neurons
(SF. 5C). To see if this pathway is responsible for Npy1r overexpression in vivo, we treated AAI mice with
intranasal instillation of AS1517499 (150ug/50uL). AS1517499 prevented Npy7r induction in nociceptor
neurons without affecting //6 overexpression, confirming that the AAI molecular profile depends in part on
pSTAT®6 activity (Fig. 5F).

Sympathetic neurons release NPY in the airways during asthma

Npy1r appears as a major marker of AAl inflammation in nociceptor neurons. Since the optogenetic activation
of NPY1R* JNC neurons trigger expiratory reflexes in mice ' and NPY1R activation impacts pain and itching
reflexes*5-53, we sought to test whether Neuropeptide Y (NPY)/NPY1R interaction could occur in the lung.
Using lung cryosections and immunostainings, we observed a strong and specific expression of NPY in nerve
fibers often located around the bronchi (Fig. 6A-B, SF. 6A-C). While in proximity, the NPY-expressing neuron
fibers were mostly distinct from Nav1.8 positive nociceptor nerve endings (Fig. 6A-C; SF. 6A-C).

Using triple-labeling, we found that NPY-expressing neurons colocalized with the sympathetic neuron marker
tyrosine hydroxylase (TH; Fig. 6B-C, SF. 6B-C). Thus, approximately 40% of sympathetic neurons in the
stellate ganglia (SG) express NPY (Fig. 6D-F) which is in sharp contrast with virtually no expression in the
JNC neurons (Fig. 6D-F).

The pattern of sympathetic NPY* lung innervation was comparable between naive and AAl mice, while
bronchoalveolar lavage fluid (BALF) CD45* cell number was drastically increased (Fig. 7A-E, SF. 6D). Along
with airway inflammation (Fig. 7F), allergen challenges (day 18) significantly increased the release of NPY in
BALF (Fig. 7G) and serum (Fig. 7H). Of note, NPY levels were normal upon allergen sensitization (day 1 and
7), and while immune cells were still elevated, the neuropeptide concentration returned to baseline during the
resolution phase (day 21; Fig. 7G-H). A similar pattern was observed for BALF IL-13 level (Fig. 7C).

In the lung, Npy RNA increased after allergen challenges and remained elevated during the resolution phase,
a pattern comparable to the one of the asthma markers Mucbac and /113 (Fig. 71). Finally, Npy1r
overexpression in JNC nociceptors also transiently peaked upon allergen challenges (Fig. 7J). We then tested
whether these changes were specific to OVA-induced airway inflammation and found a similar rise in BALF
NPY in the house dust mite (HDM) model of asthma (Fig. 7K).

NPY 1R blunts vagal nociceptor excitability

Given that both Npy7r and NPY levels were elevated during airway inflammation, we tested whether blocking
NPY 1R would impact OVA-induced AAIl. As opposed to previous studies®, the NPY 1R inhibitor BIBO3301 did
not impact AAl immune cell infiltration in our model (SF. 7A-B). Similarly, the conditional knock-out of NPY1R
on nociceptor neurons (Nav1.8%¢::NPY1R™) did not change the number of immune cells in the BALF (SF. 7C-
D).

NPY1R is a Gi-coupled receptor®® and the action of NPY on DRG nociceptor neurons promotes either
analgesia or noxious hypersensitivity#5-53. Given this discrepancy we set out to address how NPY-NPY1R
modulates cultured JNC nociceptor neuron sensitivity. To do so, we used whole cell patch clamp recording of
NPY1R* JNC nociceptor neurons (NPY1Ree::tdTomato™t). We measured electrical changes in response to
the NPY1R-specific agonist Leu®'Pro3*NPY. We observed a significant reduction in the nociceptor neurons’
excitability (Fig. 8A-D), as measured by a reduced number of action potentials in response to current injection.
We also measured a reduced level of intracellular cAMP in cultured JNC neurons exposed to Leu3'Pro3*NPY
(Fig. 8E). Taken together, NPY1R decreased nociceptor neuron sensitivity (CAMP, current clamp excitability)
without impacting allergy-mediated immune cell infiltration, and future work is necessary to measure whether
it modulates neuron-induced coughing, bronchoconstriction, or mucus metaplasia.
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DISCUSSION. Nociceptor neurons shape host defense at mucosal barriers. They do so by detecting
environmental danger, triggering an avoidance response, and by tuning immune responses. In the context of
allergy, nociceptor neurons were found to amplify dermatitis’#192056  conjunctivitis®” and airway
inflammation8.26.:31.3258.59  |n the lungs, these responses range from coughing and bronchoconstriction to
mucus secretion and, depending on the context, amplifying, or taming immunity. Such broad responses are
made possible by the highly heterogenous nature of nociceptor neurons.

Airway nociceptors. The exact neuronal subset involved in these responses remained to be defined. Zhao and
colleagues’ posit that the variety of organs innervated by the vagus nerve explains in part the need for JNC
sensory neuron heterogeneity. As such, airway sensory neurons®911.30 were classified as i) low-threshold
stretch-sensitive neurons (essential to the respiratory cycle); ii) mechanoreceptors (sensitive to punctate
mechanical stimuli); and iii) high threshold thermosensitive and chemosensitive nociceptors (recruited in
response to tissue injury, inflammation, noxious chemicals or temperatures).

Using a combination of lineage reporters, retrograde tracing and transcriptomic analysis, we revealed that JNC
airway nociceptor neurons have a unique gene signature segregated from that of other visceral nociceptors.
We identified a new class of Kcng1-expressing inflammatory nociceptors (Trpa1*, Trpv1*, lI6*, Npy1r*, l113ra1*)
that exclusively innervate the airways (NN8). This confirms the assumption of Kupari and colleagues? that this
neuron subtype (which they label as NG14) consists of pulmonary afferent unmyelinated neurons. Additionally,
we found that the airways are preferentially innervated by a neuronal subset (Kcnv1*, Piezo1*, Piezo2*)
reminiscent of cough mechanoreceptors (NN7, NG3 in Kupari et al.’s study) as well as by a subset of polymodal
nociceptors (NN2), and an Nav1.8'°" population possibly belonging to the low-threshold stretch-sensitive
neurons'®'". These neuronal subtypes and their markers are listed in supplementary table 1.

AAI reprogramming. We identified a drastic reprogramming of airway nociceptor neurons in response to
allergic airway inflammation. Interestingly, the gene signature that we identified largely overlap with the one
typically observed in injured nociceptor neurons. These changes are reminiscent of those observed in LPS
model of airway inflammation®®. We can hypothesize that inflammation induces neuronal damage in the
airways, which would explain such similarities.

While immune and glial cell activation or infiltration is sometimes reported in the spinal cord or DRG following
peripheral inflammation or nerve injury5'.61-65 this was not the case in the JNC of AAI mice. This implies that
the neuro-immune interactions occur at the peripheral nerve ending level rather than in the ganglia.
Additionally, the nociceptor neurons innervating other organs were shielded from the transcriptional changes
we observed in airway neurons, which also involves that those changes are triggered by signals originating
from the nerve ending in the airways.

Cytokines reprograms nociceptor neurons. As we found that AAI reprogrammed airway nociceptor neurons’
transcriptome, we tested how various cytokines impact JNC neuron expression profiles. Interestingly,
nociceptor neurons showed different gene signatures when exposed to IL-13/IL-4, IL-1B, TNF-a, or BDNF.
Thus, it appears that the combination of signaling pathways induced by nerve ending damage, inflammatory
cytokines and neurotrophins add up in vivo and result in the nociceptors AAl signature. These findings are also
indicative of nociceptor neurons’ plasticity to various inflammatory conditions and subsequent context-
dependent neuro-immune responses*®®.

IL-13 mimics some of the transcriptional changes observed during AAIl, an effect that involves STAT6
phosphorylation and subsequent regulation of gene expression. In physiology, our findings suggest that IL-
4/1L-13 released by airway Th2 and ILC2 cells are locally sensed by IL4RII-expressing vagal nerve endings.
In turn, the intracellular signals are likely to be retrogradely transported to the soma to generate transcriptional
changes. Such retrograde transport has been reported in nociceptors for STAT367-70 and CREB”"72, and thus
may also occur for STAT6.

IL-4 and IL-13 were previously found to induce calcium flux in dorsal root ganglia nociceptor neurons and to
trigger an itching reflex'443. While we did not observe direct calcium flux in JNC nociceptor neurons exposed
to IL-13, our data converge regarding the functional expression of IL4RII and JAK1/2 activation in nociceptor
neurons*373, |L-13/IL-4/JAK/STAT6 is a key signaling pathway essential to type 2 inflammation and
allergies™ 75, and strategies to target it have proven effective to treat atopic dermatitis, asthma and to prevent
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itching”®. We can reason that the sensory relief observed in these patients may, in part, be due to the silencing
of this pathway in nociceptor neurons.

IL-6. IL-6 is a pleiotropic cytokine released by a variety of immune cells 77. Its release is enhanced in asthmatic
patients’®, various mouse models of asthma’ and other models of lung inflammation. IL-6 has a variety of
immunomodulatory actions, such as inducing Th2 and Tnu17 differentiation®8', suppressing Tr182, inhibiting
Tregs®384, or increasing lung fibrosis® and mucus secretion. IL-6 expression was previously reported in
enteric neurons®, and sometimes appears in sensory neurons’ transcriptome following nerve injury?®.

Here, we present the first evidence that IL-6 is expressed and released by JNC nociceptors. We found this
release to be enhanced by IL-13 stimulation. This finding likely has important physiological consequences,
since the amount released by nociceptor neurons was equivalent to that produced by immune cells from the
spleen. Since II6 expression is increased in airway nociceptors during AAl, it will be of interest to investigate
the contribution of vagal nociceptor-released IL-6 to airway inflammation and define which tissue and cells it
targets.

NPY, NPY1R, pain and allergy. Pain warns the organism of environmental dangers. Endogenous
neuromodulatory mediators can either increase or decrease the organism'’s perception. In the context of pain,
the impact of NPY and NPY 1R remains controversial. Nevertheless, a consensus has emerged as for NPY1R
expression and antinociceptive effect in the central nervous system#5-48.50,

The effect on primary afferent nociceptor neurons is less established and NPY exerts a complex influence on
pain sensitivity and neuropeptide release. This duality is likely explained by nociceptor neurons’ co-expression
of NPY1R and NPY2R, with the former dampening pain and inflammation while the latter exacerbates it4%-51-53,
Building on these findings, we presented the first set of data suggesting the impact of NPY-NPY1R on vagal
neuron sensitivity. We discovered that NPY-NPY1R decreased JNC nociceptor neuron activity by decreasing
the levels of cAMP and reducing action potential firing. cAMP has long been recognized as an intracellular
messenger promoting nociceptor sensitization8”-92, an effect mediated in part by PKA-induced phosphorylation
of Nav1.8 channels®.

NPY also fulfills numerous physiological functions, ranging from the control of hunger/feeding to energy
homeostasis®%, vasoconstriction®® and immunomodulation®”. As we found to be the case in our OVA- and
HDM-challenged mice, other studies showed elevated NPY levels in various rodent models of lung
inflammation498-101 as well as in the plasma of elderly asthma patients'%2. While NPY1R was reported as a
driver of lung immune cell infiltration>*, we failed to see any such effect. However, airway NPY was also
reported to increase methacholine-induced bronchoconstriction®, and NPY1R* vagal neurons were shown
to trigger expiratory reflexes’. It would thus be of interest to assess whether this GPCR expression on vagal
neurons is involved in cough and bronchoconstriction.

Conclusion. In summary, our data revealed a new class of vagal airway specific nociceptors that acquire an
inflammatory gene signature during allergic inflammation or when stimulated with IL-13 and IL-1B3. Npy1r
overexpression was induced by IL-13 in a JAK/STAT6-dependent manner. During allergic airway inflammation,
sympathetic nerve fibers, found in proximity to nociceptor fibers within the bronchi, release NPY, which
subsequently decrease nociceptor neurons’ activity (SF. 8). Future work will reveal whether targeting vagal
NPY1R constitutes a relevant therapeutic target to quell asthma-induced bronchoconstriction and cough.
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Figure 1. Airway vagal nociceptor neurons have a unigue molecular profile.

(A-B) To identify airway-innervating nociceptor neurons, naive 8-week-old male and female nociceptor
neurons reporter (Nay1.8ce::tdTomato™*) mice were injected intranasally with the retrograde tracer DiD’ (200
pUM). Fourteen days later, the mice were euthanized and their JNC ganglia isolated and dissociated. Airway-
innervating nociceptor neurons (Nav1.8*DiD*), visceral nociceptors (Nav1.8*DiD) and Nav1.8 cells were
purified by flow cytometry and their RNA sequenced. A volcano plot of pairwise comparison of airway-
innervating nociceptor neurons versus visceral nociceptor neurons shows differentially expressed transcripts
in red (adjusted p-value <0.2). Among others, Npy1r, Kcng1, Trpa1, Trov1 and /6 were enriched in airway-
innervating nociceptor neurons (A). Npy1r, Kcng1, Trpa1 and Trpv1 were also more expressed in airway
nociceptors when compared to Nav1.8- cells (B).

(C) 8-week-old male and female C57BL6 mice were injected intranasally with the retrograde tracer DiD’
(200uM). Fourteen days later, the mice were euthanized and their JNC ganglia isolated and dissociated. JNC
neurons were cultured (16h) and responsiveness to noxious stimuli was assessed. While responsiveness to
the TRPV1 agonist capsaicin (300 nM) was stable between the two groups, the proportion of neurons
responsive to the TRPA1 agonist JTO10 (50 uM) was higher in airway-innervating neurons (DiD*; C).

(D) Naive 8-week-old male and female NPY1R reporter (NPY1Ree:tdTomato®") mice were injected
intranasally with the retrograde tracer DID’ (200 uM). Fourteen days later, the mice were euthanized and their
JNC ganglia isolated and dissociated. JNC neurons were cultured (16h), and neurons defined by KCI calcium
responses. Using fluorescent imaging, we found that NPY1R-expressing neurons (tdTomato*) are more
frequent in the airway-innervating population (DiD*; D).

(E) UMAP of Slc17a6* (VGLUT2) JNC neurons from single-cell RNA sequencing revealed heterogeneous
neuronal subsets. Gene set enrichment analysis was performed to address which neuron subtype
preferentially innervated the airways, with normalized enrichment score (NES) indicated in blue. The neuronal
cluster NN8 expresses several neuro-inflammatory markers (//6, Kcng1, Npy1r, Trpa1, Trpv1) and exclusively
innervates the airways (NES=2.3). Experimental details were defined in Prescott et al. and the bioinformatic
analysis is described in the method section (E).

Data are shown as a representative volcano plot displaying DESeq2 normalized count fold change and nominal
p-values for each gene (A), as mean + S.E.M (B-D), or as normalized enrichment score (E). N are as follows:
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A-B: n=3 biological replicates (4 mice per sample), C-D: n=7-8 dishes per group. P-values were determined
by DESeqZ2 analysis (A); one-way ANOVA with post hoc Tukey’s (B); or two-sided unpaired Student’s t-test
(C, D). P-values are shown in the figure.

83



A 1007 [)Naive AN B 120+ @ Airway nociceptors C 2500 D 30
M Visceral nociceptors PL0.001
p<0.001 1004 ENay1.8 cells ° pe0001
% 807 o0 92 2000 .
2 3 " ENpyir
£ 0 80 5 T 20
84 604 3 1500-] 2
£3 I N g
20 o 60 > 2
w © a o] =3
w5 404 ¢ 1000 2
33 40 8 . =
o g 20 500 :
20 p=0.002
e P=0.006 2 FDR <
5 2 .
0- ° 0 0- -
16 Sting1 Npy1r Bdnf
Log, Fold Change
(AAI/Naive)
Anti- Pro- Nerve Immune
nociception  nociception  repair response

I L = 1 i

Figure 2. Allergic airway inflammation reprograms airway nociceptors transcriptome.

(A-E) 8-week-old male and female nociceptor neuron reporter (Nav1.8¢::tdTomato™) mice underwent the
ovalbumin mouse models of asthma. Allergic inflammation was induced in mice by an initial sensitization to
ovalbumin (OVA) (i.p. day 0 and 7) followed by inhaled OVA challenges (days 14-17). To identify airway-
innervating nociceptor neurons, the mice were injected intranasally with the retrograde tracer DiD’ (200 uM)
(days 2-4). One day after the last allergen challenge, the bronchoalveolar lavage fluid (BALF) was harvested
and immunophenotyped by flow cytometry. OVA-exposed mice showed significant airway inflammation
characterized by a significant eosinophilic (CD45*CD11C°¥SiglecF") infiltration (A). The JNC ganglia were
isolated and dissociated. Airway-innervating nociceptor neurons (Nav1.8*DiD*), visceral nociceptors
(Nav1.8*DiD") and Nav1.8 cells were purified by flow cytometry and their RNA sequenced. Differentially
expressed genes were virtually only observed in airway-innervating nociceptor neurons (B). Among others,
116, Sting1, Npy1r, and Bdnf were overexpressed in airway-innervating nociceptor neurons (Nav1.8*DiD*; C).
Pairwise comparison shows differentially expressed transcripts in airway-innervating nociceptor neurons
between naive and AAI conditions, shown as a volcano plot (adjusted p-value <0.2 in red; D) and heatmap

(E).

Data are shown as mean + S.E.M (A-C), a volcano plot displaying DESeqZ2 normalized count fold change and
nominal p-values for each gene (D), or a heatmap displaying the z-score of DESeq2 normalized counts (E). N
are as follows: A-E: n=3 biological replicates (4 mice per sample). P-values were determined by a two-sided
unpaired Student’s t-test (A) DESeq2 analysis (adjusted p-value in C and nominal p-value in D). P-values are
shown in the figure.
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Figure 3. Teasing out the cytokine cocktail driving AAl-induced nociceptor reprogramming.

(A-D) 8-week-old male and female naive C57BL6 mice JNC neurons were cultured and exposed (24h) to
various inflammatory mediators. Changes in Npy1r (A), ll6 (B), Bdnf (C), and Sting1 (D) transcript expression
were assessed by qPCR. In comparison to the vehicle, IL-4 and IL-13 (100 ng/mL) increased JNC neurons'
expression of Npy7r. IL-1B and TNF-a (100 ng/mL) increased the expression of //6. BDNF induced its own
overexpression while IL-18 (100 ng/mL), IgE-OVA (10 ug/mL), BDNF (50 ng/mL) and TNF-a (100 ng/mL)

increased the expression of Sting1.

(E-l) 8-week-old male and female naive nociceptor neuron reporter (Nay1.8¢e::tdTomato™*!) mice JNC neurons
were cultured (24h) in the presence of vehicle, IL-13 (E), IL-13 (F), BDNF (G), or TNF-a (H). The nociceptor
neurons (tdTomato*) were FACS-purified and their RNA sequenced. Pairwise comparison showed
differentially expressed genes induced by these cytokines (adjusted p-value <0.2 in red) and the genes in
common with the AAI signature are highlighted in blue. IL-13, IL-13, BDNF, and TNF-a respectively induced

the overexpression of 46, 230, 608 and 22 genes (I).
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(J) GSEA analysis were performed to compare gene signatures (i.e., overexpressed DEGs) induced by AAl,
nerve injury3®, BDNF, IL-1B, IL-13 and TNF-a to their respective whole datasets. The gene signatures induced
by nerve injury, IL-13, IL-18 and BDNF were enriched in JNC neurons from mice with AAI (J).

(K) The common DEG induced by cytokines and AAIl are depicted in a Venn diagram. IL-13 and BDNF
signatures had similarities, while IL-13 induced two specific AAl genes Npy1r and Serpina3i (K).

(L) Nociceptor neuron reporter (Nav1.8¢¢::tdTomato™t) mice JNC neurons were cultured (24h) in the presence
of vehicle, IL-13, IL-13, BDNF, or TNF-a. BDNF, but not cytokines, promoted neurite growth (L).

Data are shown as mean + S.E.M (A-D, L), as a volcano plot displaying DESeq2 normalized count fold change
and nominal p-values for each gene (E-H) as number of DEGs (I), as heatmap displaying normalized
enrichment score (NES) (J) or as a Venn diagram (K). N are as follows: A-D: n=3-4 cultures from different
mice per group, E-H: n=3-4 cultures from different mice per group, L: n=6 culture dishes per group. P-values
were determined by one-way ANOVA with post hoc Dunnett’s (A-D, L) or DESeqZ2 analysis (E-H), or GSEA
analysis (J). P-values are shown in the figure or indicated by * for p < 0.05; ** for p < 0.01; ***for p < 0.001.
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Figure 4. |L-10 induces IL-6 release from JNC nociceptors.

(A-B) IL-6 expression was assessed using immunofluorescence in 8-week-old male and female C57BL6 mice
JNC neurons cultures exposed to IL-1B (100 ng/mL; 24h). IL-6 (green) was found to be expressed in PGP9.5*
(red) neurons (A), at higher levels in IL-1B-treated than in vehicle-treated neurons (A, B).

(C) 1.5 x 104 INC neurons or 3 x 108 splenocytes from naive 8-weeks-old male and female C57BL6 mice were
cultured (36h) in the presence or absence of IL-1 (100 ng/mL), and supernatant was harvested for ELISA. In
comparison to the vehicle, IL-1 increased IL-6 release by JNC neurons and splenocytes (C).

Data are shown as as cell immunostaining, scale bar 200 um (A), or mean £+ S.E.M (B-C). N are as follows:

A-B: n=6 culture dishes per group, C: n=4 culture wells per group. P-values were determined by two-sided
unpaired Student’s t-test (B-C). P-values are shown in the figure.
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Figure 5. |L-13 reprograms nociceptor neurons.

(A) Pairwise comparison shows 48 differentially expressed genes between the vehicle and IL-13 treated
neurons, shown as a heatmap with putative gene function (see Supplementary table 4) (A).

(B-D) Naive 8-week-old male and female C57BL6 mice JNC or DRG neurons were cultured and exposed (30—
60 minutes) to IL-13 (100 ng/mL) or vehicle. Changes to pSTAT6 were analyzed by Western blot. IL-13 time-
dependently increased the pSTAT6/STATG ratio in JNC (B, D) and DRG (C, D) neurons.

(E) In the presence or absence of the STATG6 inhibitor AS1517499 (1 uM) or the JAK1/2 inhibitor ruxolitinib (10
pM), naive 8-week-old male and female C57BL6 mice JNC neurons were cultured (24h) with IL-13 (100 ng/mL)
and changes to Npy1r transcript expression was analyzed by gPCR. Npy1r overexpression induced by IL-13
was blocked by both AS1517499 and ruxolitinib (E).

(F) 8-week-old female nociceptor neuron reporter (Nav1.8¢e::tdTomato™*!) mice underwent the ovalbumin
mouse models of asthma. Allergic airway inflammation was induced in mice by an initial sensitization to
ovalbumin (OVA) (i.p. day 0 and 7) followed by intranasal instillation with OVA mixed with STAT6 inhibitor
AS1517499 (150ug/50ul) or vehicle (days 14-17). One day after the last allergen challenge, mice were
sacrificed, and JNC nociceptor neurons (tdTomato*) purified by flow cytometry for RNA extraction and RT-
gPCR. OVA-exposed mice nociceptors showed increased expression of Npy1r and /6. Npy1r overexpression
was prevented by AS1517499 (F).

Data are shown as a heatmap displaying the z-score of DESeq2 normalized counts (A), as Western blots (B-
C), as mean + S.E.M (D, F), or as box (25th—75th percentile) and whisker (min-to-max) plot (E). N are as
follows: A: n=3 cultures from different mice per group, B-D: n=1 JNC culture and n=3 DRG cultures from
different mice, E: n=5 cultures from different mice per group, F: n=7-8 mice per group. P-values were
determined by one-way ANOVA with post hoc Dunnett’s (D-F). P-values are shown in the figure or indicated
by *for p < 0.05; **for p < 0.01; ***for p < 0.001.
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Figure 6. NPY is expressed by sympathetic neurons in the lung

(A-F) Lung (A—C), jugular nodose complex ganglia (JNC; D) and stellate ganglia (SG; E) were harvested from
naive 8-weeks-old male and female nociceptor neuron reporter (Nav1.8¢¢::tdTomato™) mice. The tissues
were cryosectioned, and the source of NPY assessed by immunofluorescence. In the lung, NPY (green) and
Nav1.8 (tdTomato, red) were expressed in nerve fibers around the bronchi (A). While often in proximity, NPY
(green) mostly colocalized with the sympathetic neuron marker tyrosine hydroxylase (TH; blue) rather than
with Nav1.8 (tdTomato; red) nociceptor fibers (B-C). NPY was not expressed in the JNC (D, F). In the stellate
ganglia (SG), NPY was strongly expressed in TH* sympathetic neurons (E, F). PGP9.5 (white) was used to
define JNC and SG neurons (D, E, F)

Data are shown as immunostained tissue, scale bar 50 um (A, B, D, E), or as mean + S.E.M (C, F). N are as

follows: B, C: n=12 field of views from 4 different mice, D-F: n=4-5 mice per group. P-values were determined
by a two-sided unpaired Student’s t-test (C, F). P-values are shown in the figure.
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Figure 7._NPY is released in airways during allergic airway inflammation.

(A) Schematic of the AAI protocol. 8-week-old female C57BL6 mice underwent the ovalbumin mouse models
of asthma. Allergic airway inflammation was induced in mice by an initial sensitization to ovalbumin (OVA) (i.p.
day 0 and 7) followed by inhaled OVA challenges (i.n. days 15-17).

(B-E) Naive and AAI mice (day 18) lung were harvested and cryosections prepared for immunostaining with
anti-NPY (green) and anti-CD45 (blue) (B-C). NPY was observed in nerve fibers around the bronchi, and the
pattern of innervation was comparable between conditions (D), while CD45* cells shown increased infiltration
the lung of AAI mice (E).

(F-1) 8-week-old female C57BL6 mice underwent the ovalbumin mouse models of asthma. BALF, serum and
lung were harvested at different time points (days 0, 14, 18, and 21) and the levels of inflammatory mediators
were analyzed by ELISAs and gPCR. OVA-exposed mice showed significant airway inflammation
characterized by leukocytes (CD45%) and eosinophil (CD45*CD11Co¥SiglecFH) infiltration on day 18 (F). Along
with this rise in airway inflammation, we found an increase in BALF (G) and serum (H) NPY, while lung Npy
expression was also increased (I).

(J) JNC ganglia were harvested from OVA-exposed nociceptor reporter mice (TRPV1ce::tdTomato™!) at
different time points, TRPV1* neurons were purified (tdTomato*) by flow cytometry, and changes in transcript
expression were measured by gPCR. At the peak of inflammation (day 18), we found a transient increase in
Npy1r expression (J).

(K) To induce another model of allergic airway inflammation, 8-weeks-old female C57BL6 mice were
challenged (day 1-5 and 8-10) with house dust mite (HDM; 20ug/50pL, i.n.). The mice were sacrificed on day
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11, their BALF harvested, and cell free supernatant analyzed by ELISA. HDM-exposed mice showed a
significant increase in BALF NPY level (K).

Data are shown as experiment schematics (A), as immunostained tissue (B-C) or as mean + S.E.M (D-K). N
are as follows: B-E: n=6 mice per group, D-I: n=6-7 mice per group, J: n=4-10 mice per group, K: n= 3-6 mice
per group. P-values were determined by two-sided unpaired Student’s t-test (D, E, K), one-way ANOVA with
post hoc Dunnett’s (B-J, comparison to day 0). P-values are shown in the figure or indicated by * for p < 0.05;
**forp < 0.01;, ***for p < 0.001.
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Figure 8. NPY1R blunts JNC nociceptors excitability.

(A-D) 8-week-old male and female NPY1R reporter (NPY 1Rc®::tdTomato™*!) mice were sacrificed and their
JNC neurons harvested and cultured (16 hours). Whole cell patch clamp electrophysiology was performed on
the NPY1R* nociceptor neurons. A current clamp was applied while the neurons’ membrane potential was
recorded before and after exposing (10 min) the cell to Leu3'Pro3*NPY (250 nM) or its vehicle. The number of
action potentials for each neuron was normalized by the maximum number observed at baseline (B-D). The
areas under the curve in (B) and (C) were calculated and plotted (D). While the vehicle had little to no effect
on neuronal excitability (A, B, D), Leu3'Pro®NPY reduced the number of action potentials in response to
current stimulation in NPY1R* (tdTomato) neurons (A, C, D).

(E) 8-week-old C57BL6 male and female mice were sacrificed and their JNC neurons harvested and cultured
(16 hours). The neurons were exposed to Leu3'Pro®*NPY (250 nM) or vehicle for 30 minutes in presence of
phosphodiesterase inhibitors. The cells were then lysed and the cAMP concentration assessed by enzymatic
assay. Leu3'Pro®*NPY significantly reduced cAMP concentration (E).

Data are shown as traces of membrane potential for individual neurons (A), mean + S.E.M (B, C), or box
(26th—75th percentile) and whisker (min-to-max) plots (D-E). N are as follows: B, D: n=10 vehicle treated
neurons, C, D: n=9 Leu®'Pro3*NPY treated neurons, E: n=19 culture wells. P-values were determined by two-
way ANOVA (B, C) or two-sided unpaired Student’s t-test (D-E). P-values are shown in the figure.
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Supplementary Figure 1._Airway vagal nociceptor neurons have a unique transcriptome.

(A) Diagram depicting the retrotracing of the airway-innervating nociceptor neurons. To identify airway-
innervating nociceptor neurons, naive 8-week-old male and female nociceptor neuron reporter
(Nav1.8cre::tdTomato™™1t) mice were injected intranasally with the retrograde tracer DID’ (200 uM). Fourteen
days later, the mice were euthanized and their JNC ganglia isolated, dissociated, and airway nociceptor
neurons were purified by flow cytometry. The neurons’ transcriptome was then analyzed by RNA sequencing
(A).

(B) Jugular nodose complex neurons gating strategy. Small debris were eliminated (FSC/SSC), and the whole
cells were identified (nucleus marker SYTOA40). Populations of airway-innervating nociceptor neurons
(Nav1.8*DiD"), visceral nociceptors (Nav1.8*DiD-) and Nav1.8- cells were then separated. Lumbar DRG were
used as gating controls since they do not innervate the airways (B).

(C) The transcriptome of purified airway-innervating nociceptor neurons (Nav1.8*DiD*), visceral nociceptors
(Nav1.8*DiD-) and glial cells (Nav1.8-DiD-) was analyzed by RNA sequencing and population segregation was
confirmed using principal component analysis (C).

(D) Naive 8-week-old male and female Nav1.8°e:tdTomato™ mice were injected intranasally with the
retrograde tracer DiD’ (200 uM). Fourteen days later, the mice were euthanized and JNC, thoracic DRG, and
TG ganglia isolated, dissociated, and imaged with a fluorescence microscope. DiD’ retrotracer was detected
in JNC nociceptor neurons but virtually absent in other ganglia (D).

(E-F) Naive 8-week-old male and female C57BL6 mice were injected intranasally with the retrograde tracer
DiD’ (200 pM). Fourteen days later, the mice were euthanized and their JNC ganglia isolated and dissociated.
JNC neurons were cultured (16 h) and calcium responsiveness to noxious stimuli was assessed. While the
average neuronal responsiveness to the TRPV1 agonist capsaicin (300 nM) was stable between the two
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groups (E), the calcium flux induced by the TRPA1 agonist JTO10 (50 uM) was higher in airway-innervating
nociceptor neurons (F).

Data are shown as a schematic (A), flow cytometry dot plot (B), principal component analysis (C), and mean
+ S.E.M (D—F). N are as follows: D: n=4 culture dishes, E: n=116 airway-innervating neurons and 1307 visceral
neurons, F: n=137 airway-innervating neurons and 1406 visceral neurons. P-values were determined by a two-
sided unpaired Student’s t-test (D) and are indicated in the figure.
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Supplementary Figure 2. JNC airway
nociceptor neuron markers

(A-D) UMAPs of Slc17a6* (VGLUT2) JNC
neurons from single-cell RNA sequencing
showing expression of Phox2b (A),
Prdm12 (B), Scn1a (C), and Scn10a (D).
Phox2b and Prdm12 delineate the
nodose and jugular neurons, while Scn1a
and Scn10a delineate low-threshold
sensory neuron and nociceptor neuron
populations. The experimental details
were defined in Prescott et al. and the
bioinformatic analysis is described in the
methods section (E).

(E-J) Violin plot showing expression of
Npy1r (E), Keng1 (F), Trpat (G), 116 (H),
I113rat (1), Stat6 (J) in neuronal cells for
each cluster identified by single-cell
sequencing. All these genes are co-
expressed in the  airway-specific
nociceptor neuron cluster NN8. The
experimental details were defined in
Prescott et al. and the bioinformatic
analysis is described in the methods
section.

Data are shown as UMAPs with log-
normalized expression as a feature (A-D)
or as a violin plot of the log-normalized
expression (E-J).
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Lung barcode
expression

Supplementary Figure 3. Lung projecting
neurons single cell RNA sequencing.

(A-B) UMAPs of barcode positive JNC
neurons cluster from single-cell RNA
projection-sequencing’” (A) and lung
barcode expression (B). 4 clusters innervate
the lung, 2 of them being lung specific, the
two others also innervating stomach and
colon (B). The experimental details were
defined in Zhao et al”. and the bioinformatic
analysis is described in the methods
section.

(C-H) Violin plot showing expression of
Npy1r (C), Keng1 (D), Trpatl (E), 1l6 (F),
I113rat (G), Scn10a (H) in neuronal cells for
each cluster identified by single-cell
sequencing.

Data are shown as UMAPs with log-
normalized expression as a feature (A-B) or
as a violin plot of the log-normalized
expression (C-H).
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Supplementary figure 4. Airway-innervating nociceptor neurons from AAI mice overexpress nerve injury
markers

(A-C) 8-week-old male and female nociceptor neuron reporter (Nav1.8¢¢::tdTomato™) mice underwent the
ovalbumin mouse models of asthma. Allergic inflammation was induced in mice by an initial sensitization to
ovalbumin (OVA) (i.p. day 0 and 7) followed by inhaled OVA challenges (days 14—-17). On days 2, 3, and 4,
mice were injected intranasally with the retrograde tracer DIiD’ (200 uM). One day after the last allergen
challenge, the mice were euthanized and their JNCs isolated and dissociated, and airway-innervating
nociceptor neurons (Nav1.8*DiD*) were purified by flow cytometry (A). Visceral nociceptor (Nav1.8*DiD-) and
Nav1.8- cell transcriptomes were analyzed by RNA sequencing (B-C). The number of JNC airway-innervating
nociceptor neurons is similar between naive and OVA-exposed mice (tdTomato*DiD*) (A). A volcano plot
(adjusted p-value <0.2 in red) of pairwise comparison of naive versus AAl visceral nociceptors (Nav1.8*DiD-)
shows one differentially expressed gene (B). A volcano plot (adjusted p-value <0.2 in red) of pairwise
comparison of naive versus AAl Nav1.8 cells shows two differentially expressed genes (C).

Data are shown as mean + S.E.M (A), a volcano plot displaying DESeq2 normalized count fold change and

nominal p-values for each gene (B, C). N are as follows: A-C: n=3 biological replicates (4 mice per sample).
P-values were determined by a two-sided unpaired Student’s t-test (A) or DESeq2 analysis (B, C).
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Supplementary figure 5. |L-13 reprogram airway nociceptor neurons through IL4RII.

(A) Naive 8-week-old male and female nociceptor neurons reporter (Nav1.8%¢::tdTomato™*) mice were
injected intranasally with the retrograde tracer DID’ (200 uM). Fourteen days later, the mice were euthanized
and their JNC ganglia isolated and dissociated. Airway-innervating nociceptor neurons (Nav1.8*DiD*), visceral
nociceptors (Nav1.8"DiD-) and Nav1.8- cells were purified by flow cytometry and RNA sequenced. Both IL4RII
subunits, /l4ra and I/13ra1, were detected in JNC nociceptors. Other IL-13 and IL-4 receptors are not detected.

IL13ra1 transcript expression was higher in nociceptor neurons when compared to levels measured in Nav1.8
cells (A).

(B) Naive 8-week-old male and female C57BI6 mice were euthanized and their JNC and DRG ganglia were
isolated and cultured (16 h). The neurons were then loaded with the calcium indicator Fura-2AM (5 uM) and
their responsiveness to IL-13 (100 ng/mL) was assessed using calcium microscopy. DRG and JNC neurons
show limited calcium response when exposed to IL-13 compared to its vehicle (B).

(C) Naive 8-week-old male and female C57BL6 mice DRG neurons were isolated and cultured in the presence
of IL-13 (100 ng/mL; 24 h) or its vehicle. Transcript levels were assessed by gPCR. In comparison to the
vehicle, IL-13 increased DRG neurons' expression of Npy1r (C).

Data are shown as mean + S.E.M (A-B), or as box (25th-75th percentile) and whisker (min-to-max) plots (C).
N are as follows: A: n=3 biological replicates (4 mice per sample), B: n=11 culture dishes for JNC and 3 culture
dishes for DRG, C: n=4 cultures from different mice per group. P-values were determined by one-way ANOVA
with post hoc Tukey'’s (A); or a two-sided unpaired Student’s t-test (B-C). P-values are shown in the figure.
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Supplementary figure 6. Airway-innervating sympathetic neurons express NPY.

(A-C) The lungs of 8-week-old male and female nociceptor neuron reporter (Nay1.8¢::tdTomato™“) mice were
harvested, cryosectioned, and NPY expression was assessed by immunofluorescence. Representative lung
images (20x) showed NPY (green), nuclei (purple), and Nav1.8 (red) distribution (A). Representative lung
images (40x) showed NPY (green), nuclei (purple), Nav1.8 (red), and TH (blue) distribution (B) A Venn diagram
shows that NPY colocalized with lung TH* sympathetic fibers, but was largely distinct from Nav1.8* nociceptors
neurons fibers (C).

(D) 8-week-old female C57BL6 mice underwent the ovalbumin mouse models of asthma. Allergic inflammation
was induced in mice by an initial sensitization to ovalbumin (OVA) (i.p. day 0 and 7) followed by inhaled OVA
challenges (days 14-17). One day after the last allergen challenge, the lungs were harvested, cryosectioned,
and NPY and CD45 expression were assessed by immunofluorescence. NPY (green) innervation patterns are
comparable between conditions, while CD45 cells (blue) were increased in lung from AAl mice (D).

Data is shown as tissue immunostaining, scale bar = 50um (A, B, D) or a Venn diagram (C). N are as follows:
C: n=12 field of views from 4 different mice; D: n=6 field of views from 6 different mice per condition.
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Supplementary figure 7. NPY does not impact immune cell infiltration.

(A-B) 8-week-old female C57BL6 mice underwent the ovalbumin mouse models of asthma. Allergic
inflammation was induced in mice by an initial sensitization to ovalbumin (OVA) (i.p. day 0 and 7) followed by
inhaled OVA challenges (days 14-17). NPY1R blocker BIBO3304 (25 pg/200 l, i.p.) or its vehicle (DMSO
0.33%) was injected daily (day 13-17). One day after the last allergen challenge, the bronchoalveolar lavage
fluid (BALF) was harvested and immunophenotyped by flow cytometry. OVA-exposed mice showed significant
airway inflammation characterized by increased BALF infiltration of leukocytes (CD45*), eosinophils
(CD45*CD11ClovSiglecF*), alveolar macrophages (CD45*CD11ClovSiglecF*), neutrophils
(CDA45resSiglecF'ovCD11BM"LY6GM), and CD4 T cells (CD45pPosSiglecFo"CD11Bo¥CD4hish) (A-B). BALF cell
numbers were not affected by the NPY1R blocker BIBO3304 (A-B).

(C-D) 8-week-old female nociceptor neuron NPY1R conditional knockout (Nav1.8%::NPY1R") and littermate
control mice (Nav1.8*::NPY1R%) underwent the ovalbumin mouse models of asthma. Allergic inflammation
was induced in mice by an initial sensitization to ovalbumin (OVA) (i.p. days 0 and 7) followed by inhaled OVA
challenges (days 14—-17). One day after the last allergen challenge, the bronchoalveolar lavage fluid (BALF)
was harvested and immunophenotyped by flow cytometry. OVA-exposed mice showed significant airway
inflammation characterized by increased leukocytes infiltration (CD45*), among which eosinophils
(CD45*CD11ClvSiglecFH), neutrophils (CD45r°sSiglecFlovCD11BMN"LYBGM9"), and CD4 T cells
(CDA45prosSiglecF'evCD11B'°wCD4hish), while alveolar macrophages (CD45*CD11Chi¢hSiglecFH) were reduced.
BALF cell numbers were not affected by the conditional KO of NPY1R (C-D).

Data are shown as mean + S.E.M (A-D). N are as follows: A-B: n=17 mice per group; C-D: n=6 (naive) and

16—19 (AAl) mice per group. P-values were determined by a two-sided unpaired Student’s t-test (A, B) or one-
way ANOVA with post hoc Tukey’s (C, D). P-values are shown in the figure.
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Supplementary figure 8. [L-13 promotes sensory-sympathetic neurons crosstalk in asthma.

When allergens are present in the airways, the immune and stromal cells in the area become activated and
release inflammatory cytokines such as IL-13 and IL-13. These cytokines are then detected by nociceptor
neurons, which leads to specific changes in gene expression. For example, exposure to IL-1§ increases the
expression and release of IL-6 by airway nociceptor neurons. Additionally, IL-13 signaling through its
interaction with IL4RII leads to increased expression of Npy1r via phosphorylation of STAT6. Via the action of
neuropeptide Y (NPY) released by sympathetic neurons, this cascade ultimately decreased the sensitivity of
NPY 1R-expressing nociceptor neurons through reduced intracellular levels of cAMP.
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Supplementary Table 1. Airway neuronal subtypes. Single cell sequencing data of JNC cells from Prescott
et al. were reanalyzed using Seurat. Neuronal cells were selected based on Sic17a6 (Vglut2) expression. A
total of 21 neuronal populations were identified. Phox2b and Prdm12 were used to identify nodose and jugular
groups, while nociceptor neurons and low-threshold sensory neurons were defined based on their expression
of Scn10a and Scn1a. The markers identified for each cluster were compared to airway-innervating neurons
sequencing by GSEA. A positive normalized enrichment score indicates preferential innervation of the airways
for a given neuronal population. Detailed classification of neurons preferentially innervating the airways is
displayed in a tab. Other tabs display the average expression of all genes for all neuronal clusters and DESeq2
analysis comparing airway and visceral nociceptor neurons. Another tab shows the average gene expression
in clusters identified in reanalysis of projection-seq data from Zhao et al.

Supplementary Table 2. DESeqg2 analysis of JNC cell populations in AAl and Naive conditions. 8-week-old
male and female nociceptor neuron reporter (Nav1.8¢¢::tdTomato™) mice underwent the ovalbumin mouse
models of asthma. Allergic inflammation was induced in mice by an initial sensitization to ovalbumin (OVA)
(i.p. days 0 and 7) followed by inhaled OVA challenges (days 14—17). On day 2, 3, and 4, mice were injected
intranasally with the retrograde tracer DiD’ (200 pM). One day after the last allergen challenge, the JNC
neurons were harvested for flow cytometry purification and RNA sequencing. DESeq2 pairwise comparison of
airway-innervating (Nav1.8*DiD*) naive nociceptor neurons versus AAIl nociceptor neurons counterparts shows
92 differentially expressed genes. A literature review for each gene allowed a classification of their expected
function 5277.103-152 Other tabs display DESeq2 analysis of visceral nociceptors (Nav1.8*DiD*) and Nav1.8
cells.

Supplementary Table 3. Cytokines reprograms nociceptor transcriptome. 8-week-old male and female
nociceptor neuron reporter (Nay1.8¢e::tdTomato™*) mice JNC neurons were cultured (24 h) with IL-13 (100
ng/mL), IL-18 (100 ng/mL), BDNF (50 ng/mL), TNF-a (100 ng/mL) or vehicle, before nociceptor purification by
flow cytometry and RNA-sequencing. Data from Cobos and colleagues 37 was also reanalyzed by DESeq2
and shows various differentially expressed genes induced in whole DRG three days after spared nerve injury.
The different tabs shows the DESeq2 analysis for each of these conditions.

Supplementary Table 4. DEGs in IL-13 exposed nociceptors. 8-week-old male and female nociceptor neuron
reporter (Nav1.8%¢::tdTomato™) mice JNC neurons were cultured (24 h) with IL-13 (100 ng/mL) or vehicle.
The nociceptor neurons were then purified by flow cytometry and changes to their transcriptome analyzed by
RNA sequencing. The tables display the results of the DESeq2 analysis comparing the vehicle and IL-13-
exposed conditions. DEGs are showed in a separate tab. A literature review for each gene allowed a
classification of their expected function52153-175,

Supplementary Table 5. FPKM normalized sequencing data. Fragment per kilobase per million (FPKM)
normalized values for all sequencing data produced in this study (airway nociceptors, visceral nociceptors,
Nav1.8- cells in naive and allergic airway inflammation conditions, cultured nociceptors exposed to vehicle,
cytokines, or neurotrophins).

100



METHODS

Animals. Mice were housed in standard environmental conditions (12h light/dark cycle; 23°C; food and water
ad libitum) at facilities accredited by CCPA. Parental strain C57BL6 (Jax, #000664), tdTomato™® (Jax,
#007914), Trpv1crelcre (Jax, #017769), Npy1rerelcre (Jax, #030544) were purchased from Jackson Laboratory.
Parental strain Nav1.8%¢ce mice were generously supplied by Prof. John Wood (UCL). Parental strain
NPY1R¥ mice were generously supplied by Prof. Herbert Herzog (Gavan Institute of Medical Research). Male
and female mice were bred in-house and used between 6 and 12 weeks of age. Cross breeding was used to
generate the following genotypes: Nav1.8¢e:tdTomato™, NPY1Ree::tdTomato™, TRPV1ce::tdTomato™*,
Nav1.8°¢::NPY1RM and Nav1.8"t::NPY1R" (littermate control).

Ovalbumin model of allergic airway inflammation. On days 0 and 7, mice were sensitized by a 200 yL i.p.
injections of a solution containing 1 mg/mL ovalbumin (Sigma, #A5503) and 5 mg/ml aluminum hydroxide
(Sigma, # 239186). On days 15-17, mice were lightly anesthtetized (isoflurane 2.5 %, CDMV #108737) and
instilled daily with 50 ug/50 uL OVA intranasally. Mice were sacrificed on day 18 unless otherwise indicated.

House dust mite model of allergic airway inflammation. Lightly anesthetized (isoflurane 2.5 %, CDMV
#108737) mice were challenged (20 ug/50 L, intranasal) on day 1-5 and 8—10 with house dust mites (CiteQ
Biologics, #15J01) and sacrificed on day 11.

Airway neurons’ retrograde tracing. Mice were injected (50 pL, 200 uyM in PBS, 1% DMSQO; intranasally)
with DIiD’ (Thermofisher, #D7757) for 3 consecutive days (D2-D4 of OVA protocol). The mice were sacrificed
two weeks after the last injection to allow the tracer to reach the JNC.

BIBO3304: 30-min prior to the OVA/veh challenges, the mice were injected (25 ug / 200 pL; intraperitoneally)
with BIBO3304 (Tocris, #2412) or vehicle (0.2% DMSO diluted in PBS) on days 14, 15, 16 and 17.

AS1517499: Ovalbumin was mixed with AS1517499 (150 ug / 50 pL) or vehicle (DMSO), for intranasal co-
instillation at each challenge of the OVA protocol (day 15-16-17). Naive mice received the vehicle (DMSO)
without Ovalbumin.

Neuron culture: Mice were sacrificed and JNC or DRG were dissected into an ice-cold HEPES buffered
DMEM medium (Thermofisher, #12430062). JNC ganglia from 2-10 mice were pooled in the same tube. The
cells were transferred to a HEPES buffered DMEM medium completed with 1 mg/mL collagenase IV (Sigma,
#C5138) + 2.4 U/mL dispase Il (Sigma, #04942078001) and incubated for 70 minutes at 37 °C. Ganglia were
triturated with glass Pasteur pipettes of decreasing size in DMEM medium, then centrifuged (200 g) over a
15% BSA gradient in PBS to eliminate debris. The neurons were plated on laminin (Sigma, #L2020) coated
cell culture dishes. The cells were cultured at 37° with Neurobasal-A medium (Gibco, #21103-049),
supplemented with 2% B27 (Thermofisher, #17504044) 0.01 mM AraC (Sigma, #C6645), 200 nM L-Glutamine
(VWR, # 02-0131), 100 U/mL penicillin and 100 ug/mL streptomycin (Corning, #30002CI) without neurotrophin
unless otherwise indicated. Culture densities and durations are described for each application.

Cyclic AMP. JNC neurons were cultured (1.5x103) in 96 well plates (VWR #10062-900) for 16 hours. The
media was removed, and neurons exposed to Leu3'Pro®*NPY (250nM Tocris #1176) or vehicle (PBS
containing cAMP phosphodiesterase inhibitor (100 yM Ro-20-1724; Sigma, #557502 and 500 uM 3-Isobutyl-
1-methylxanthine; Sigma, #15879) for 30 minutes. Cells were lysed for enzymatic cCAMP measurement assay
using a commercial kit and following manufacturer’s instructions (Promega, #V1501).

Calcium microscopy. C57BL6 or NPY1Rcre::tdTomato” DRG or JNC neurons were plated (2x103) on
laminin-coated glass-bottom dishes (35 mm; ibidi, #81218) and cultured overnight. The cells were then loaded
with Fura-2-AM (5 pM, 37 °C, Biovision, #125280) for 45min, washed with Standard Extracellular Solution (145
mM NaCl, 5 mM KCI, 2 mM CaClz, 1 mM MgClz, 10 mM glucose, 10 mM HEPES, pH 7.5), and imaged at room
temperature. Capsaicin 50 nM, 100 nM and 300 nM (Tocris, #0462) or JT0O10 10 yM and 50 uM (Sigma,
#SML1672), or IL-13 (100 ng/mL, Biolegend #575904) were prepared in SES and were flowed (30 seconds, 1
minute and 1 minute, respectively) directly onto neurons using perfusion barrels followed by buffer washout (5
minutes). 40 mM KCI solution was then flowed on the cells for 20 seconds. To test NPY1R effect on neuron
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sensitivity, Leud'Pro®*NPY (250 nM; Tocris, #1176) or vehicle was perfused for 5 minutes before the other
compounds. A single field of view was acquired per dish. Cells were illuminated by a UV light source (Cool
LED, pE-340) with alternating 340 nm and 380 nm excitation, and a camera (Photometrics Prime 95B 25 mm)
captured fluorescence emission (515/45 nm) with a 20X objective on a Ti2 microscope (Nikon). Regions of
interest (ROI) were manually drawn and 340/380 fluorescence ratios were exported. Microsoft Excel was used
for further analysis (Microsoft, USA). Neurons were considered responsive to a compound if the fluorescence
ratio increased by at least 10% within 1 minute after injection.

Electrophysiology. JNC neurons from NPY 1R¢e::tdTomato™t mice were plated (2x103) onto Poly-D-lysin and
laminin-coated glass-bottom 35 mm dishes (Ibidi #81218) and cultured in supplemented neurobasal medium.
TdTomato-positive JNC neurons were identified using a Nikon Eclipse Ti microscope. Whole-cell voltage and
current-clamp recordings were performed with an EPC 800 patch clamp amplifier (HEKA) and were filtered at
10 kHz with the internal Bessel filter and digitized using an Axon Instruments Digidata 1440A digitizer at 20
kHz. The neurons were placed in standard external solution (163 mM NaCl, 2.5 mM CaClz, 2 mM MgClz, 20
mM glucose, and 10 mM HEPES, pH = 7.4). Recording pipettes were pulled from soda lime glass pipettes
(outer diameter 1.5 mm, Kimble® Chase, #41A2502,) using a P-97 microelectrode puller (Sutter Instrument).
Pipettes with resistances of 3-5 MQ were used for recordings. Pipettes were filled with internal solution (133
mM potassium gluconate, 6 mM NaCl, 1 mM CaClz, 0.7 mM MgCl2, 10 mM HEPES, and 10 mM EGTA, pH =
7.2, final Kin* concentration —163mM).

For voltage clamp experiments, the neurons were clamped at —-60mV. Neuronal currents were recorded before
and after drug exposure from a series of depolarization steps ranging from —120 to +70mV in 10 mV intervals.
For the current clamp AP protocol, neurons were injected with a series of 35 pA current steps (1 s duration)
from 0 to 630 pA. These voltage and current clamp experiments were performed before and 10 mins post-
addition with a pipette of external solution (vehicle) or Leu3'Pro®*NPY (250 nM; Tocris, #1176). Current
amplitudes and APs were quantified using Clampfit 10.7 (Molecular Devices). Since baseline activity varied
among the JNC neurons, the activity of the neurons after application of vehicle or Leud'Pro®*NPY was
normalized to baseline activity of the same cell.

Bronchoalveolar lavage fluid (BALF). Mice were anesthetized by intraperitoneal injection of urethane (250
ML i.p., 20%) and a 20G sterile catheter inserted longitudinally into the trachea. 500 pL followed by 1 mL of
ice-cold buffer (PBS, 2% FBS, 1 mM EDTA) containing protease inhibitors (Sigma, #P1860) was injected into
the lung, harvested, and stored on ice. BALF underwent a 400g centrifugation (5 min; 4 °C), supernatant of
the first flush was harvested and frozen (-80°C) for subsequent ELISA experiments. Cells were resuspended
for cell count and flow cytometry analysis.

BALF immunophenotyping. Cells were resuspended in red blood cells lysis buffer (Gibco, #A10492-01) for
1 minute then washed with PBS. Cells were then stained with Zombi Aqua (Biolegend, #423102) for 10
minutes, before staining in a flow cytometry buffer (PBS, 2% FBS, 1 mM EDTA) supplemented with 1% Rat
Serum. Staining antibodies included anti-CD45-BV421 (1:400; BioLegend, #103134), anti-Siglec-F—PE
(1:400; Thermofisher, #12-1702-82), anti-CD11b-APC—Cy7 (1:400, BioLegend, #101262), anti-CD11¢c-FITC
(1:400, BioLegend, #117306), anti-Ly6G—APC (1:400, BioLegend, #127614), anti-Ly6C—PE-Cy7 (1:400,
BioLegend #128018), and anti-CD4-PerCP-Cy5.5 (1:400, BioLegend, #116012) for 30 minutes in the dark at
4 °C. 1x10* counting beads (Biolegend, #424902) were added for absolute quantification before data
acquisition on a FACS Canto Il (BD Biosciences). Leukocytes were gated as CD45r°, eosinophils as
CD45rosSiglecFNishCD11Clo%, alveolar macrophages as CD45rosSiglecFhshCD11Chigh,  neutrophils as
CD45posSiglecF'ovCD11BMghLY6GNish, and CD4 T cells as CD45r°sSiglecF'o¥CD11BowCD4bhigh,

Flow cytometry sorting of sensory neurons. Nay1.8%¢::tdTomato™t mice were sacrificed and JNC or DRG
were dissected into ice-cold HEPES buffered DMEM medium (Thermofisher, #12430062). For RNA
sequencing of airway nociceptor neurons, JNC ganglia were pooled from 4 mice (2 males and 2 females) for
each biological replicate. Ganglia were transferred into a HEPES buffered DMEM medium completed with 1
mg/mL collagenase IV (Sigma, #C5138) + 2.4 U/mL dispase Il (Sigma, #04942078001) and incubated for 70
minutes at 37°C, then washed in DMEM medium before trituration with glass Pasteur pipettes of decreasing
size. Cells were then centrifuged (200g) over a 15% BSA gradient in PBS to eliminate debris. Nucleus were
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stained with SYTO40 (10 yuM, 5 minutes RT; Thermofisher, #S11351) to differentiate cells from axonal debris,
washed with PBS, then cells were resuspended in sterile flow cytometry buffer (PBS, 2% FBS, 1 mM EDTA)
and filtered (70 um; VWR, #10204-924).

For DiD’-injected mice, JNC neurons were sorted directly into Trizol (500 pL; Invitrogen, #15596026) and
stored at -80°C for subsequent RNA extraction. Airway nociceptors were gated as Syto40"tdTomatohDiDres,
visceral nociceptors as Syto40hitdTomato"DiD'°, and glial/stromal Nav1.8 cells as Syto40"tdTomato'. DiD’-
injected Nay1.8°e::tdTomato™ mice lumbar DRG neurons and naive Nav1.8%¢:tdTomato™t mice JNC
neurons were used as gating controls for DiD’. JNC neurons from C57BL6 mice were used as gating controls
for tdTomato.

BALF ELISA. Cell free BALF supernatant and serum were used for ELISA quantification after storage at -80°.
IL-13 (Thermofisher, #88-7137-88) and NPY (Cusabio, #CSB-E08170M) were measured using commercial
kits following manufacturer’s instructions.

Nociceptor neuron ELISA. C57BL6 mice JNC neurons were cultured (1.5x10%) in 96 well plates with vehicle
or IL-1B (100 ng/mL). After 36 hours, supernatant was harvested, centrifuged (500g) to remove cellular debris,
and IL-6 secretion analyzed using a commercial ELISA kit following the manufacturer’s instructions (Biolegend,
#431304).

Whole-lung RNA extraction: Whole lungs were minced with a razor blade, and about a quarter of the minced
lung was mixed with 500uL Trizol (Thermofisher #15596018) and stored at -80° for subsequent RNA
extraction. RNA was separated from protein and DNA by mixing 500 pyL of sample in Trizol with 100 pL
chloroform before ultracentrifugation (15 min, 16000g, 4°). The upper phase was mixed with a half volume of
100% isopropanol, transferred to a purification column, and the RNA was then purified using the kit E.Z.N.A.
Total RNA Kit | (VWR, #CA101319) following manufacturer’s instructions.

JNC Neurons RNA extraction: RNA was separated from protein and DNA by mixing 500 pyL sample in Trizol
with 100 uL chloroform before ultracentrifugation (15 min, 16000g, 4°). The upper phase was mixed with a
half-volume of 100° isopropanol, transferred to a purification column, and the RNA purified using the kit
PureLink RNA Micro Scale (Thermofisher, #12183016) following manufacturer’s instructions.

Screening of cytokine neuromodulatory capacity. JNC neurons were plated (5x103; 200 yL) on laminin-
coated 96 well plates and exposed to cytokines (100 ng/mL; IL-18, IL-4, IL-5, IL-6, IL-10, IL-13, IL-17, IL-31,
IL-33, SCF, TGF-B, TSLP or TNF-a), lipid mediators (200 ng/mL; leukotriene C4), neurotrophins (50 ng/mL;
nerve growth factor or brain-derived neurotrophic factor), IgE-OVA (10 pg/mL) or NPY (100 nM). To investigate
IL-13 intracellular signaling, JNC neurons were incubated with IL-13 (100 ng/mL, Biolegend #575904) for 24
hours in presence or not of the STATG6 inhibitor AS1517499 (1 yM MCE #HY-100614) or the JAK1/2 inhibitor
Ruxolitinib (10 uM, MCE #HY-50856). Biological replicates were made using different mice preparations for
each replicate. After 24 hours of culture, the medium was removed, and the cells harvested in 500 pL Trizol
(Thermofisher, #15596018). Samples were then used for RNA extraction and RT-qPCR.

RT-qPCR. RNA was reverse transcribed using the SuperScript VILO Master Mix (Thermofisher, #11755250).
The cDNA was then subjected to two-step thermocycling using PowerUp qPCR SYBR Green Mix (Invitrogen,
#A25742) and data collection was then performed on a Mic gPCR machine (Bio Molecular Systems). 1-3 ng
cDNA was used for gqPCR from neuron preparations, and 80-100 ng for gPCR from whole lung RNA.
Expression levels were normalized using the AACt method with Actb as the reference gene.

The primers used were :  Actb Forward: TGTCGAGTCGCGTCCACC; Actb Reverse:
TATCGTCATCCATGGCGAACTGG; Trpat1 Forward: TCCAAATTTTCCAACAGAAAAGGA; Trpat1 Reverse:
CGCTATTGCTCCACATTGCC; Npy1r Forward: CTCGTCCCGCTTCAACAGAG; Npyl1r Reverse:
TCAAAACGGATCAAATCTTCAGCA; I6 Forward: GGATACCACTCCCAACAGACC; IlI6 Reverse:
AATTGCCATTGCACAACTCTTTTC; Bdnf Forward: CAGGTTCGAGAGGTCTGACG; Bdnf Reverse:
AAGTGTACAAGTCCGCGTCC; Sting? Forward: CTGCCGGACACTTGAGGAAA; Sting1 Reverse:
CCGTCTGTGGGTTCTTGGTAG; Npy Forward: CGCTCTGCGACACTACATCA; Npy Reverse:
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AGGGTCTTCAAGCCTTGTTCT; 1113 Forward: CCAGACTCCCCTGTGCAAC; 1113 Reverse:
GGCTACACAGAACCCGCC; Mucbac Forward: AAGATCAACTGTCCGCAGGG; Mucbac Reverse:
GGTGCACCGTACATTTCTGC; Mucsb Forward: AAGAGCACAGAGTGTCAGGC; Mucbb Reverse:
GTGTGTGGCAGCTTTTGAGG.

Western Blot. C57BL6 mice DRG or JNC neurons (1.5x10%; 200 uL) were plated onto 35mm well plates and
cultured overnight. Neurons were exposed to IL-13 or vehicle for 60 minutes (37°), then washed with PBS and
lysed in RIPA buffer (Sigma, #20-188) supplemented with phosphatase inhibitor (1/100, Sigma #P0044) and
protease inhibitor (1/200, Sigma, #P1860) for 20 minutes at room temperature. Protein concentrations were
measured by BCA (Thermofisher, #23227) and equilibrated with a supplemented RIPA buffer. Samples were
then mixed 1:1 with loading buffer (0.1M Tris pH 6.8; 4% SDS; 0.25% Bromophenol blue; 20% glycerol; 10%
B-mercaptoethanol) and heated to denature proteins (100 °C, 5 minutes). 10 ug of protein were loaded and
separated by SDS-PAGE electrophoresis with an acrylamide gel. Proteins were then transferred to a
nitrocellulosis membrane, blocked with blocking buffer (TBS-T buffer containing 5% BSA), incubated with
primary antibodies in blocking buffer (overnight, 4°), washed, and incubated with secondary antibodies in
blocking buffer (1 h, RT). Membranes were then washed and revealed using SuperSignal West Dura Extended
Duration Substrate (Thermofisher, #34075). Antibodies used included rabbit anti-pSTAT6 (1/1000, CST,
#9361S), rabbit anti-STAT6 (1/1000, CST, #9362S) and HRP anti-rabbit (1/2000, CST, #7074S).

Neurite growth assay Nav1.8°¢::tdTomato™* JNC neurons were plated (1.5x10%) on laminin-coated glass-
bottom dishes (35 mm; ibidi, #81218) and cultured for 24 hours. Neurobasal media was supplemented or not
with with IL-13 (100 ng/mL, Biolegend #575904), IL-1B3 (100 ng/mL, Biolegend #575104), TNF-a (100 ng/mL
Biolegend # 575204), BDNF (50 ng/mL Peprotech #450-02) or vehicle. Pictures of the whole plating area were
taken after 24 hours of culture using a 20X objective to collect tdTomato fluorescence (Excitation 554/23nm;
Emission:609/54nm). For the analysis of neurite outgrowth, an in-house developed method was used. Using
Nikon Elements software, a fluorescence threshold was used to define the tdTomato positive neurites and
soma. The somas were then defined and excluded based on fluorescence intensity, size, and circularity. The
total size of neurites was then divided by the number of somas for each culture dish.

Immunofluorescence. C56BL6 and Nay1.8¢e::tdTomato" mice were anesthetized with urethane (20%, 250
yL, i.p.) and perfused with 10 mL PBS, then with 10 mL 4% PFA. Lungs, JNC, DRG and SCG were harvested
and incubated in 4% PFA for 24 hours at 4°. Organs were then sequentially transferred in 10%, 20%, then
30% sucrose (24 hours each), before mounting and freezing (-80°) in OCT. Cryosections of 40 ym for lungs
and 15 uym for ganglia were prepared. For neuron cultures, the medium was removed, and the cells fixed with
4% PFA for 15 minutes. Sections and cultures were incubated in blocking solution (1X PBS, 0.2% Triton X-
100, 50 mg/mL BSA and 5% goat serum) for 3 hours at room temperature, then incubated with primary
antibodies in staining solution (PBS, 0.2% Triton X-100 and 3% goat serum) for 48 hours at 4°. Primary
antibodies used included rabbit anti-NPY (1/500, CST #11976S), guinea pig anti-PGP9.5 (1/1000, Sigma
#AB5898), chicken anti-TH (1/500, Aves Laboratory #TYH-0020), rat anti-CD45 BV421 conjugated (1/300,
Biolegend ##103134), rabbit anti-IL6 (1/300, CST #12912T). Cryosections were then washed (3 times, 15
minutes with shaking) with PBS containing 0.2% Triton X-100. Secondary antibodies were incubated in staining
solution for 16 hours at 4°. Secondary antibodies included AF488 goat anti-guinea pig (1/1000, Thermofisher
#A11073), AF546 goat anti-guinea pig (1/1000, Thermofisher #A-11074) AF647 goat anti-rabbit (1/1000,
Thermofisher #A21245), CF488 goat anti-chicken (1/1000, Sigma #SAB4600039), AF405 goat anti-chicken
(1/1000, Thermofisher #A48260). Ti2 microscope (Nikon) equipped with a camera (Photometrics Prime 95B
25 mm) was used for imaging. Nerve endings in lung slices were acquired by confocal microscopy (Zeiss,
LSM800), with a Z stack of the whole section (40 um).

Immunofluorescence analysis. Using ImageJ or Nikon Elements, circular ROl were manually defined around
each neuron based on PGP9.5 fluorescence for JNC and SG slices. For confocal pictures of lung slices, an
orthogonal projection of the z-stack was made, then a threshold-based method was used to define the area of
nerve fibers and immune cells for each marker as well as their overlapping areas. Cultured cells were analyzed
with a threshold-based method to define neurons based on tdTomato or PGP9.5 expression. Average
fluorescence in ROI was exported and all further analysis were performed in Microsoft Excel. When spillover
between colors occurred, a compensation was applied using single-stain controls.
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Neuron culture for RNA sequencing. Nav1.8¢¢::tdTomato™"t mice were sacrificed and their JNC harvested.
For each sample, JNC from an equal number of males and females were pooled and enzymatically dissociated,
seeded (1x10* / well) in 12 well plate (VWR, #10062-894), and cultured with IL-13 (100 ng/mL), IL-1B (100
ng/mL), TNF-a (100 ng/mL), BDNF (50 ng/mL) or vehicle. After 24 hours, the cells were then mechanically
detached with a cell scraper and harvested in flow cytometry buffer (PBS, 2% FBS, 1 mM EDTA), filtered (70
um), sorted by flow cytometry (FSCNSSChitdTomatoh), and collected into Trizol.

RNA sequencing. RNA libraries preparation and sequencing were carried out at the genomic platform of the
Institut de Recherche en Cancérologie et en Immunologie (IRIC). Briefly, RNA quality was assessed using a
Bioanalyzer (Agilent), and all preparations had an RIN>7.5. Libraries were prepared using the KAPA mRNA
HyperPrep Kit (KapaBiosystems #KR1352). All barcoded samples were then sequenced with a Nextseq500
(Mumina) with 75-cycle single-end read.

Genome alignment and differential expression analysis were carried out (IRIC genomic platform). Sequences
were trimmed for sequencing adapters and low quality 3' bases using Trimmomatic version 0.35 and aligned
to the reference mouse genome version GRCm38 (gene annotation from Gencode version M25, based on
Ensembl 100) using STAR version 2.7.1. Gene expressions were obtained from STAR as readcounts and
computed using RSEM to obtain normalized gene and transcript level expression in FPKM. Differential
expression analysis for the various comparisons of interest were made using DESeq2 ' and STAR
readcounts. Further analysis and plots were made using RStudio or Microsoft Excel. Genes were considered
as differentially expressed if their adjusted p-value (FDR) was less than 0.2.

In-silico analysis of JNC neuron single-cell transcriptome: Prescott et al." generated single-cell
sequencing data for jugular-nodose ganglia cells from 40 mice using the 10X Genomics platform. The data
was downloaded from the NCBI Gene Expression Omnibus (GSE145216) and analyzed using Seurat.
Neuronal cells were selected based on Slc717a6 (VGLUT2) expression (raw count = 2). A standard workflow
was used for quality control, preprocessing, normalization, and clustering (resolution = 0.2, PCs = 1:30).
Phox2b and Prdm12 were used to identify nodose and jugular groups, while nociceptor neurons and low-
threshold sensory neurons were defined based on their expression of Scn10a and Scnfa 2. Xhao et al.”
generated single-cell projection sequencing data for jugular-nodose ganglia cells from mice in which barcode
expressing viruses were used to retrogradely label neurons innervating various internal organs. The data was
downloaded from the NCBI Gene Expression Omnibus (GSE192987) and analyzed using Seurat. Neurons
expressing at least one barcode (raw count = 2) were selected. A standard workflow was used for quality
control, preprocessing, normalization, and clustering (resolution = 0.75, PCs = 1:20).

GSEA analysis: Gene set enrichment analysis 77 was performed to compare similarities between different
sequencing results together using the GSEA software. To assess the preferential innervation of airways by
scRNAseq neuron clusters, GSEA analysis was performed using the cluster markers identified in Prescott et
al.’s dataset as genesets, and the DESeq2 counts of airway and visceral neurons as gene expression dataset.
To compare AAIl, BDNF, IL-1b, IL-13, TNF-a, and nerve injury sequencing data, gene signatures were
constituted by selecting overexpressed genes (FDR<0.2) induced in each condition. For the nerve injury
signature, RNAseq data from Cobos et al 3 was downloaded from NCBI Gene Expression Omnibus
(GSE102937) and reanalyzed by DESeqg2 (supplementary table 3). The enrichment of each gene signatures
in each DESeq2 count datasets were measured by GSEA.

Data availability. Bulk RNA-seq raw and processed data have been deposited in the NCBI's gene expression
omnibus (GSE223355). Processed data can also be accessed in the supplementary tables 1-5. Additional
information and raw data are available from the lead contact upon reasonable request.

Statistics. No data were excluded. P values < 0.05 were considered statistically significant. One-way ANOVA,
two-way ANOVA, and Student t-tests were performed using Graphpad Prism. DESeq2 and Seurat analysis
and statistics were performed using RStudio.

Replicates. Replicates (n) are described in the figure legends and represent the number of animals for in vivo
data. For in vitro data, replicates can either be culture wells or dishes, animals, fields-of-view (microscopy), or
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neurons (patch-clamp), but always include different preparations from different animals to ensure biological
reproducibility.
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XIlI - Discussion

Our work provided new insights into the regulation of immune responses by nociceptors. We focused specifically
on airway-innervating nociceptors and provided new molecular characterization of these neurons. Additionally,
we identified two type 2 specific immune signals detected by airway nociceptors: IgE through FceRI, and the
cytokines IL-4/IL-13 through IL4RII. Detection of such signals by nociceptors were already suggested in other
studies, but we proved here that these are occurring in vivo in mice models of asthma, and specifically in airway
nociceptors. In addition, we evidenced intracellular pathways triggered in sensory neurons by those signals.
Interestingly, we also observed that sensory and sympathetic nervous systems are interacting in allergic airway
inflammation, which appears to dampen sensory neurons excitability.

Airways and vagal neurons

Our work provides novel insights in the classification of vagal nociceptors. We showed that while vagal nociceptors
express a large set of common markers with DRG neurons, they also display important specificities. For instance,
they are strikingly more sensitive to thermal and chemical stimulation, and they express higher levels of TRPA1
and TRPV1. We can rationalize that visceral and airway mucosa are more vulnerable than the skin, and thus
require more sensitive sensors. In addition, JNC vagal nociceptors appeared largely insensitive to NGF, but they
are more responsive to BDNF. Since NGF is an important target of drugs in development to treat pain285286  we
can hypothesize that these treatments would have a moderate effect on visceral pain and interoception. Finally,
the neuron classification classically observed in DRGs does not apply well for JNC neurons, where neuropeptides
produced are different and neurons are larger in size.

More specifically, the airway-innervating nociceptors are even more sensitive to TRPA1 mediated chemical
stimulations than other visceral nociceptors. We showed that airway vagal nociceptors have a unique profile and
defined new airway specific neuronal subpopulations at the molecular level. Such molecular map allows to define
pathways or receptors of interest to specifically target vagal airway nociceptors, to treat allergic airway
inflammation or potentially other pathologies associated with dysregulated lung functions.

Antigen sensing by nociceptors

Using a functional approach, we observed that vagal nociceptors from mice with allergic airway inflammation were
responsive to allergen stimulation. This detection was dependent on the expression of FceRI in populations of
peptidergic nociceptors and participated to the pro-inflammatory function of these neurons by enhancing their
release of Substance P and VIP. Knocking out FceRI in nociceptor neurons reduced the immune cell infiltration in
a mouse model of allergic airway inflammation. Our data is in line with other studies demonstrating the functional
expression of Fc receptors in nociceptor neurons?282.287.288,

Nociceptor transcriptome during allergic airway inflammation

Using RNA-sequencing, we observed a fairly large number of genes overexpressed in nociceptors in a mouse
model of asthma. In the JNC, these changes were restricted to airway-innervating nociceptors, ruling out the
possibility of immune cell activation in the ganglia, and suggesting that these changes are induced by signals
sensed in the inflamed tissue. Our data suggest that cytokine signaling, along with neuronal damage, are
responsible for these gene expression changes.

FceRl in RNAseq

A notable discrepancy between the results of Article 3 and Article 4 must be discussed here. In the RNA
sequencing of airway specific nociceptors, we failed to detect the expression of Fcer1g. However, we did detect
this transcript, as well as its overexpression in asthmatic mice, using a similar approach of neuron purification by
flow cytometry and RT-qPCR (Article 3, supplementary figure E11). These two experiments were performed with
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different genetic reporter mice, TRPV1°e::tdTomato™ and Nav1.8¢e::tdTomato™ . These two populations of
sensory neurons largely overlap, but the TPRV1 population is expected to be more restricted and might be
enriched in FceRI. In addition, the RNA sequencing of airway nociceptors was performed with a very limited
number of neurons and thus a limited amount of RNA. For this reason, some genes with low expression might not
be detected. In our experimental conditions, RT-gPCR is expected to be more sensitive?8°. mRNA sequencing
with deeper coverage might be required to measure neuronal Fcer1g. Notably, we did detect higher amounts of
Fcerig mRNA in cultured nociceptors, which suggest that this gene has higher expression in our in vitro
experiments. Interestingly, we did also observe that exposing neurons to IgE-OVA did induce some the DEGs
observed in AAI (see Article 4)

IL-13/JAK/STAT6 in nociceptors

In line with previous findings, we observed the functional expression of the IL-13/IL-4 receptor IL4RII in
nociceptors. These cytokines were previously found to enhance itch in mice models of dermatitis205. We
demonstrate for the first time the functional signaling induced by this receptor in vagal nociceptors. In line with
observations made with immune cells and other cell types, IL4RII triggers the phosphorylation of STAT6 in a
JAK1/2 dependent fashion, which subsequently regulates transcription. We then identified STAT6 target genes in
nociceptors. Our data suggest an ambivalent role of this cytokine signaling pathway in nociceptors, with the
induction of the antinociceptive receptor NPY1R. This underlies the complex roles of IL4RII, associated with type
2 inflammation and allergic disorders, as well as with epithelial regeneration following tissue damage 8.

The IL4ARII/JAK/STATG6 pathway has been actively investigated by allergy immunologists in the past decade, with
development, and commercialization of drugs targeting this pathway to treat allergic disorders''”. Our data suggest
that targeting this pathway also affects the nociceptor function. It would be interesting to address how these drugs
affect cough, chest pain, and the respiratory cycle in treated patients.

Cytokine expression by nociceptors

Our sequencing data of airway nociceptors from mice with allergic airway inflammation evidenced the
overexpression of a set of genes traditionally associated with immune cells. Among these, IL-6 and amphiregulin
(Areg) are two cytokines observed in asthma and allergic disorders?%0:2%1, The expression and release of these
cytokines by nociceptor neurons is still limited. IL-6 functional expression was previously observed in enteric
neurons??2, and DRG sensory neurons were also shown to express CSF-1 and CCL2 upon nerve injury?293-295,
Despite a robust IL-6 release observed in vagal neuron cultures, genetic ablation of nociceptors did not impact the
amount of IL-6 in the airways of mice with allergic airway inflammation (Figure 8), probably because IL-6 is also
released by other diverse sets of cells. The physiological relevance of IL-6 release by nociceptors has still to be
demonstrated. We can hypothesize that this release is required at specific time points, or in specific tissue layers
where target cells are in contact with nociceptors. Interestingly, IL-6 was also extensively described as a driver of
neuroinflammation in the central nervous system?29%-298_ |f the IL-6 produced by sensory neurons has a modest
contribution in the peripheral tissue innervated, we can also hypothesize that this cytokine is released by the
brainstem terminals of vagal nociceptors, promoting neuroinflammation and central sensitization.
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Relevance in human biology

As most of the work done in these studies were carried out using mouse vagal and DRG neurons, the question
of whether this is applicable to human biology can be raised. Other studies have aimed to access the human
sensory neurons biology, with techniques including either post-mortem sequencing or immunostaining of human
sensory neurons ganglia, as well as with human stem cells differentiated in sensory neurons2%%-302, Sequencing
data is not yet available for human JNC neurons, but the datasets comparing in mice and human DRG
unraveled similar neuronal subtypes?%!, although the gene expression levels may vary for some specific genes.
Interestingly, the dataset released by Jung et alf% reveals that Npy7r and //13ra1 are co-expressed in a subset
of peptidergic nociceptors (PEP1) (Figure 9), which profile is similar the one of the airway-specific NN8 we
identified in mice JNC. This observation is true in both human and mice, with //73ra1 being more expressed in
human than mouse DRG, while the opposite occurs for Npy1r. Although this should be validated in human JNC
nociceptors, we can infer from the RNA data that the pathways described in this thesis are likely to also occur in
human sensory neurons.
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neuronal subtypes were observed in each species. Expression of Npy1r (A) and //13ra1 (B) in clusters from each
species is displayed as a violin plots.

Role of nociceptors in the development of allergies

Our work focused on the communication between vagal nociceptor neurons and immune cells in the context of
type 2 immunity. In this sense, it does not address the causes of development of human allergies and asthma, but
rather focuses on mechanisms at play in the acute phase of inflammation. However, it would be interesting to
investigate if such mechanisms can be dysregulated in patients, potentially worsening, or even triggering the
development of allergies. NPY, for instance, is found to be elevated in the plasma of elderly asthma patients, even
in resting conditions3%3, In genome wide association studies, polymorphisms of genes coding for IL-13, IL-4, and
IL-4RA are recurrently found in asthma patients3%4. The contribution of nociceptors themselves is not established
in the pathogenesis of asthma, but it would be interesting to explore whether asthma patients’ sensory neurons
are more sensitive to type 2 signals such as IL-4/IL-13 or IgE.

Future work

Our work has highlighted the functional expression of receptors associated with type 2 inflammation in nociceptors.
This supports our initial hypothesis that neurons are informed of the ongoing type of inflammation through neuro-
immune crosstalk. Yet, further work is required to obtain a complete understanding of the role of these pathways.
The key function of sensory neurons is to signal to the brain to trigger sensations or reflexes. How this function is
modified by those immune signals, and what sensations and behaviors are impacted remain to be defined. An
essential experiment would be to address the impact of neuronal activation by FceRlI, IL4RII or NPY 1R on airway
hyperreactivity and bronchoconstriction, using mice with conditional Knock-out of these receptors in nociceptor
neurons. Cough behavior cannot be observed in mice, but it would be interesting to measure cough in larger
animals such as guinea pigs, using agonists or antagonists of these receptors. Alternatively, since monoclonal
antibodies targeting IgE and IL4RII signaling are now used to treat asthma patients, it would be relevant to address
the impact of these therapies on symptoms such as cough.

In addition, while we observed that FceRI promotes neuropeptide release, we still lack data demonstrating how IL-
4/IL-13 changes nociceptor physiology. NPY1R, induced by IL4RIl activation, appears to dampen the
electrophysiological activity of nociceptors, but we do not know how IL-13 globally affects nociceptors’ function. In
our conditions, we have not observed morphological changes in nociceptor cultures exposed to IL-13 (Figure
10A), and this cytokine did not affect TRPV1 and TRPA1 calcium responses (Figure 10B). The precise role of
IL4RII activation and STAT6 phosphorylation, as well as the axonal retrograde signaling it involves, must be
explored. We can hypothesize an action on the sensitivity of other untested TRP channels, on voltage gated
channels and neuron electrophysiological properties, or on neuropeptide release. In any case, our sequencing
data of IL-13 exposed neurons provides a toolbox for future investigations.

Finally, our work has focused on airway vagal nociceptors. Despite the specificities we observed, these neurons
have similarities with gut and skin sensory neurons. It would be of interest to explore whether our observations
are also applicable to type 2 inflammation in different tissues. In support of this, we observed that IL-13 also
induced Npy1r overexpression in DRG neurons. Addressing the molecular profile of nociceptors in mice models
of atopic dermatitis or food allergies would be a good way to address common sensory pathways and infer whether
the dysregulation of these could be an aggravating factor in allergic disorders. The advantage would also be that
pain behavior associated with skin inflammation is more accessible than for airway inflammation, and this could
provide an alternative way to explore whether FceRI, IL4RII, and NPY 1R affects pain or itch sensation.
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Figure 10 IL-13 does not affect nociceptor neurite growth and TRP channel responses A- JNC sensory
neurons from Nav1.8%::tdTomato®t were cultured for 24 hours in neurobasal media supplemented or not with
cytokines IL-13, IL-13, TNF-a (100 ng/mL), or the neurotrophin BDNF (50 ng/mL). Only BDNF increased the
neurite outgrowth in nociceptors (A). B- JNC neurons were cultured for 24 hours in neurobasal media
supplemented or not with IL-13 (100 ng/mL), and responses to JT010 (TRPA1) and capsaicin (TRPV1) were
measured by calcium imaging. Calcium responses were not affected by the presence of IL-13 (B).

Pain and neuro-immunology, from basic science to pharmaceutical outcome

The research for therapies effectively targeting the chronic pain associated with various pathologies have suffered
several drawbacks in the past decades. In particular, the chance of success for new pain drugs is particularly low
compared to other pharmaceuticals areas, with only 0.7% of drug candidates in phase | eventually reaching
approval and commercialization3%5. Consequently, pharmaceutical companies have reduced their efforts in
research and development in this field in the past years. Venture capital in the U.S. invests 40 times less to develop
drugs in pain than in oncology?%. Yet, pain is a major burden for both the patients and the society, with about 116
million people suffering from chronic pain in the United States, for an estimated cost of 721 billion dollars3%s.
Chronic itch, cough, and other forms of pain remain largely untreated, with opioids still often being the most
effective treatments despite their important side effects and addictive properties306.307,

However, the fundamental research has made great progress in the past decade, giving hope for the future. The
relatively recent discovery of TRP channels?, and even more recently of the PIEZO channels'2, awarded by the
Nobel prize in 2021, have revolutionized the field. This new knowledge has opened new ways to dissect the
molecular and cellular mechanisms of pain, with the development of new analytical tools and techniques. In
addition, the rapid progress in transcriptomic technologies have provided researchers with complete molecular
maps of nociceptor neurons, which identifies several new specific targets to investigate. Finally, the advances in
genetic engineering promoted the development of several Cre-Lox mice lines, which are now essential tools to
study the function of pain related genes at the physiological level. As a result, considerable progress is being made
by fundamental biologists to better understand sensory neurons. More specifically, and concomitantly to our work,
others have found the importance of neuro-immune crosstalk in pathologic pain and identified the functional
expression of immune related genes in nociceptor neurons''7.:308309 These studies and ours suggest that
repurposing drugs targeting immune cell pathways could be an efficient and cost-effective way to address
inflammatory associated pain17-310.311,

The field of neuro-immunology has notably progressed quickly in the past decade, benefiting from these advances

in the sensory neuron field, and from the innovations and techniques in the immunology research area. Evidence
of neuron-immune interactions and shared pathways are expanding quickly, with their relevance in vivo validated

120



in several mice models. But intracellular mechanisms at play in primary afferent sensory neurons remain largely
to be explored to develop targeted therapies to treat both inflammatory disorders and the associated pain
pathways.

Conclusions

Our work has investigated the ability of airway nociceptors to sense immune signals during asthma. In line with
our initial hypothesis, it appeared that signals specific to type 2 immunity are detected by these neurons, inferring
that they may adapt their phenotype to the different forms of inflammation. In addition, we aimed to provide
molecular characterization of the airway neuron subtypes involved in this neuro-immune crosstalk, in both naive
and pathologic conditions. These studies reveal new genes and pathways of interest to target the neuronal
component of allergic airway inflammation. Our results fit with the ongoing research in the field of neuro-
immunology, but some specificities underline the complex roles of nociceptor neurons in the regulation of
physiology. Future investigations will be required to address the relevance of these pathways in preclinical models,
their connection with pain sensation and reflexes, as well as their role in patients.
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