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ABSTRACT

Sensory neurons are the primary cells responsible for detecting temperature, mechanical
forces, pain, pruritus, and many other somatosensations. These cells, primarily located in
the dorsal root ganglia (DRGSs) or trigeminal ganglia (TG), exhibit a distinctive morphology,
with axons extending up to one meter in length in humans. The cellular and molecular
features of sensory neurons, both in physiological and pathological states, are commonly
studied in vitro using rodent models, which examine both the cell body and its extensions in
the same environment. However, the limited applicability of animal models to the human
somatosensory system and the differences between cell bodies and neurites have emerged

as significant challenges in sensory neuron research.

To address these issues, this work aims to develop a human-based model of sensory
neurons through the direct conversion of fibroblasts, a process also known as
transdifferentiation. Fibroblasts obtained from foetal lungs, neonatal dermis, or adult dermis
were transduced to express Brn3a and Ngnl using lentiviral vectors. Additionally, the
cultured cells were subjected to conversion media containing small molecules that either
inhibited or induced intracellular pathways crucial for neuronal development. The
effectiveness of the conversion protocols was primarily assessed using calcium imaging, to
guantify the functionality of putative induced sensory neurons (iISN). The most promising
conversion  protocols were further characterized with molecular (gPCR,
immunocytochemistry) or functional studies (MEA CMOS, patch clamp). As a result, at least
one promising conversion protocol was found for every fibroblast type. Foetal lung
fibroblasts presented sensory neurons’ morphology and some neuronal markers after few
days of conversion. However, we believe these protocols need to be refined due to their
cytotoxicity. Neonatal dermal fibroblasts conversion was more challenging, however finally
the addition of the small molecule DAPT seemed to increase the conversion protocol
efficiency. However, the same protocol was proven to be inefficient in adult dermal
fibroblasts. Therefore, Ascll and Brn2 induction was added to the protocol as well as REST
inhibition. The addition of these genetic modifications and changing media composition led
to a significant increase in the conversion efficiency and in generating putative induced

sensory neurons cultured in vitro up to 50 days, which was the end point of our experiment.




Importantly, electrophysiological assays should be performed to confirm that the converted

cells are functional neurons.

Moreover, to recreate the in vivo architecture of sensory neurons, the culture of mouse
DRGs in microfluidic chambers (MFC) was optimized. MFCs enabled the physical
separation of cell bodies and neurites, allowing for targeted stimulation of terminals and the
recording of activity in the cell body. The optimization of this compartmentalized culture
allowed to co-culture sensory nerve endings with keratinocytes, paving the way to co-
culturing with other cell types. Furthermore, nerve endings were treated with inflammatory
mediators or a chemotherapeutic agent, demonstrating peripheral sensitization through

these agents.

This work paves the way to optimizing several conversion protocols and further investigating
the already optimized protocol to understand the role of the different components used
during the conversion. Moreover, future experiments may be focused on setting up human
sensory neurons' compartmentalized culture, which would be a valuable tool for studying

human peripheral signalling.
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RESUMEN

Las neuronas sensoriales son las primeras células responsables de detectar la temperatura,
las fuerzas mecanicas, el dolor, el prurito y muchas otras sensaciones. Estas células,
localizadas principalmente en los ganglios de la raiz dorsal (DRG por sus siglas en inglés)
o en los ganglios trigéminos (TG por sus siglas en inglés), presentan una morfologia
peculiar, con axones que se extienden hasta un metro de longitud en humanos. Las
caracteristicas celulares y moleculares de las neuronas sensoriales, tanto en estados
fisiolégicos como patoldgicos, se estudian comunmente utilizando modelos de roedores in-
vitro, que examinan tanto el cuerpo celular como sus extensiones en el mismo entorno. Sin
embargo, la aplicabilidad limitada de los modelos animales al sistema somatosensorial
humano y las diferencias entre cuerpos celulares y neuritas presentan desafios

significativos en la investigacion de las neuronas sensoriales.

Para abordar estos temas, este trabajo tiene como objetivo desarrollar un modelo basado
en neuronas sensoriales humanas a través de la conversion directa de fibroblastos, un
proceso también conocido como transdifferenciacion. Fibroblastos obtenidos de pulmén
fetal, dermis neonatal o dermis adulta fueron infectados con vectores lentivirales para
expresar Brn3a y Ngnl. Ademas, las células cultivadas fueron sometidas a medios de
conversion que contenian pequefias moléculas que inhiben o inducen vias intracelulares
cruciales para el desarrollo de la cresta neural. La efectividad de los protocolos de
conversion se evalud principalmente utilizando imagen de calcio, para cuantificar la
funcionalidad de las neuronas sensoriales inducidas (iSN por sus siglas en inglés) en
respuesta a agonistas tipicos de neuronas sensoriales. Ademas, los protocolos de
conversion mas prometedores se caracterizaron con estudios moleculares (qPCR,
inmunocitoquimica) o funcionales (MEA CMOS, patch clamp). Como resultado, se encontrd
al menos un protocolo de conversion prometedor para cada tipo de fibroblasto. En cuanto
a la conversion de fibroblastos pulmonares fetales, después de pocos dias de conversion,
estas células ya presentaban morfologia de neuronas sensoriales y algunos marcadores
neuronales. Sin embargo, creemos que estos protocolos necesitan ser refinados debido a
la toxicidad en las células convertidas. La conversion de fibroblastos dérmicos neonatales

fue mas desafiante, pero finalmente la adiciéon de la pequefia molécula DAPT parecio
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aumentar la eficiencia del protocolo de conversion. Sin embargo, el mismo protocolo
demostro ser ineficiente en fibroblastos adultos. Por lo tanto, se decidio inducir la expresion
de los factores de transcripcion Ascll y Brn2, asi como la inhibicién de REST. La adicion
de estas modificaciones genéticas y el cambio de la composiciébn de los medios de
conversion, llevo a un aumento significativo en la eficiencia del protocolo y a la generacién
de neuronas sensoriales putativas capaces de sobrevivir hasta 50 dias, que fue el punto
final de los experimentos. Es importante destacar que todos estos protocolos necesitan
ensayos electrofisiologicos para ser caracterizados mas profundamente, con el fin de

demostrar que las células convertidas son neuronas funcionales.

Ademas, para recrear la morfologia que las neuronas sensoriales presentan in vivo, se
optimizé el cultivo de DRGs de raton en camaras microfluidicas (MFC). Los cultivos
compartimentalizados permitieron la separacién fisica de cuerpos celulares y neuritas,
permitiendo la estimulacion dirigida de los terminales y el registro de la actividad en el
cuerpo celular. La optimizacion de este cultivo permitié co-cultivar terminaciones nerviosas
sensoriales con queratinocitos, abriendo el camino al co-cultivo con otros tipos celulares.
Ademas, las terminaciones nerviosas fueron tratadas con mediadores inflamatorios o un

agente quimioterapéutico, demostrando sensibilizacion periférica a través de estos agentes.

Este trabajo abre el camino a la optimizacidn de otros protocolos de conversion a través de
modificaciones de los protocolos ya optimizados, con el fin de comprender el papel de todos
los componentes utilizados durante la conversion. Ademas, los experimentos futuros
pueden centrarse en optimizar el cultivo compartimentalizado de neuronas sensoriales

humanas, que seria una herramienta valiosa para estudiar la sefializacion periférica.
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1.INTRODUCTION

1.1. Somatosensory system

Sensation includes the five senses: vision, hearing, touch, taste, and smell; and the somatic
perceptions of proprioception, pain, itch, temperature, visceral sensations, and the
vestibular sense of balance and head movement. The sensory information is neural
activity originating from the stimulation of nerve terminals in specific body parts, which is
relied on by specific processing centres in the central nervous system (CNS) [1]. The cells
capable of detecting distinct classes of sensory modalities are called sensory neurons,
whose differential sensitivity is due to the expression of different receptor proteins at the
peripheral terminal [2]. Depending on the protein expression and thus the function, sensory
neurons can be classified into four groups: (1) mechanoreceptors, responsible for touch,
hearing, balance, and proprioception; (2) chemoreceptors, that allow smell, taste, and pain;
(3) photoreceptors, implicated in vision; (4) thermoreceptors, which perceive temperature

3],

Sensory neurons present a peculiar morphology called pseudo-unipolar [1] (Figure 1),
characterized by one axon that divides into two branches: one directed peripherally and one
centrally [4]. Due to this unique structure, pseudo-unipolar neurons are bidirectional, as they
can send and receive signals from both ends [5]. In humans, the peripheral process of a
lumbar DRG can reach a 1-meter length, having the majority of the cytosol present in the
processes and highlighting the importance of studying not only the cell body but also the
neurites [6].
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Figure 1 Morphology of a pseudo-unipolar neuron. Adapted from Kandel et al. [1]

As previously introduced, the axon of a somatosensory neuron is comprised of two
branches: (1) a peripheral specialized ending and (2) a central branch forming a synapse
with the CNS [7]. The peripheral ending is part of a sense organ or is the sense organ itself,
as nociceptors free nerve endings in the skin. Here, transduction takes place, which is the
process by which the energy of the stimulus is converted into an electrical signal. When a
stimulus activates a type of specialized receptor, it allows for an inward cation current
(mainly Ca?* and Na*) which partially depolarizes the cell membrane, known as generator
potential. If the stimulus has enough strength, the membrane voltage gets over the firing
threshold, triggering the opening of voltage-gated channels and calcium-induced calcium

release, which will, in turn, trigger action potentials [1][8].

The peripheral terminals are located far from the CNS; therefore, active propagation of the
electrical signal is needed for the transmission of the information. Trains of action potentials
spread via subsequent nerve cells, called first-, second-, and third-order neurons. The cell
bodies of first-order neurons are located in the dorsal root (DRGSs) or trigeminal ganglia
(TGs). These ganglia comprise a mixture of neural and non-neural cells; different reports in
rodents account for a presence of neurons in DRGs of 70%-85% [9][10]. Second-order

neurons are placed in the spinal cord and third-order neurons are found in the thalamus and
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they project to the cerebral cortex [1][3][7]. Throughout the sensory pathway, there are
different mechanisms of modulation, which are mediated by neurotransmitters and other
molecules that decrease or increase the intensity of the noxious signal. Finally, the brain

perceives the information and integrates signals to mount a response [11] (Figure 2).
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Figure 2 Pain propagation phases: (1) Transduction, (2) Transmission, (3) Modulation, and
(4) Perception. Image

created in Canva.

Different sensory modalities are transmitted by peripheral nerve fibres which differ in
diameter and electrical conduction velocity [5][1]. The canonical classification distinguishes
afferent fibres for being myelinated or not. Among the myelinated, Aa and A are large and
medium diameter neurons, with high conduction velocity. These fibres are
mechanoreceptors for touch, proprioception, and other innocuous mechanical stimuli. The
high conduction velocity in the mechanical fibres is necessary to allow a fast motor response
to the stimulus. Other myelinated fibres are called Ad, which are thinly myelinated small
small-diameter neurons. These fibres are thermal receptors, chemoreceptors, and

nociceptors mediating localized fast pain, conducting impulses more slowly than other
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myelinated fibres. On the other hand, the unmyelinated afferents are small-diameter fibres
called C-fibres; these neurons convey poorly localized, slow pain. The difference in
conduction velocity between fibres, allows the mechanical and innocuous stimuli to be
perceived before the noxious ones [1][5]. C-fibre neurons have small cell bodies and can be
additionally divided into two subpopulations: (1) peptidergic neurons that express
neuropeptides such as substance P (SP), calcitonin gene-related peptide (CGRP), and the
tropomyosin receptor kinase A (TrkA) which responds to nerve growth factor (NGF); (2) non-
peptidergic neurons, expressing c-Ret neurotrophin receptor that is targeted by glial-
derived neurotrophic factor (GDNF), and a large group of these nociceptors also binds to
the isolectine B4 (IB4) in rodents [5]. In contrast, the large diameter neurons are
characterized by the expression of the neurofilament NF200 [4][12], however in humans, it
seems that NF200 is present in all DRGs sensory neurons co-localized with brain-specific
homeobox/POU domain protein 3A (Brn3a) [13]. This fibres classification has been later
extended by the introduction of molecular markers that can be correlated with the previous
functional classification. For example, scRNA-seq studies have divided DRG neurons into
12 molecularly defined cell types (Figure 3). Among these groups, the NF 1-3 are
myelinated low-threshold mechanoreceptors (LTMRS) that transmit tactile information and
NF4 are proprioceptors that sense the movement and position of the body. Tyrosine
hydroxylase (TH) labels unmyelinated C-fibores LTMRs which also encode noxious
information. Another type of unmyelinated cells is PEP1 which are peptidergic neurons
expressing CGRP and SP. On the contrary, myelinated neurons PEP2 do not express SP,
while PEP3 expresses TRPM8, PIEZO2, and probably CGRP. Furthermore, nociceptors are
also present in the NP1 subpopulation, which are unmyelinated polymodal nociceptors that
respond to noxious mechanical, thermal, and pruritic stimuli. Itch is also sensed by NP2 and
NP3, although these neurons are also able to transmit pain-related information as well.
TRPMS8 cells comprise a different group, defined by their expression of the cold-sensing
transient receptor potential (TRP) channel melastatin 8 [10][15][16][17][18][19].

18



Late Neurogenesis Early Neurogenesis

Ngn1; TrkA; Runxl Ngn2; TrkB/C

Ret Runx3/TrkC

TrkB/Ret

Runx1-dependent

TRPMS8 PEP1 C-LTMR NP1 NP2 NP3 PEP2 PEP3 NF1-4 NF1-4

«

w

@ i X  Pruri Aa

o C=Cold C'NE(::;NO' C-LTMR CPT;:::;Z'& C-Pruriceptor ¢ Px;:;’:": r& Ad-H-Nociceptor ATHING ASSAPLINRS W

2

prr

[}

2

2 Trpm8 Trpvi, Trpat, Trpm3, Piezo2 Piezo2 Piezo2, Mrgprd Mrgpra3, Hrh1 Hrh1, Piezo1, Trpm2 Trpvi Piezo2, Trpm8"* Piezo2 Piezo2

=
28
ER 6-8% 25% 15-20% 2532% 47% 59% 25% 25% % 2.5%

> Mo A . i Skin, Muscles, Kin, Muscli
Oz Skin, Deep Skin, Deep Hairy skin Hairy/Glabr. skin Hairy/Glabr. skin Skin Skin, Deep? Skin, Deep? J - Skin, Muscles,
§ u | S Joints
(-9 E

Slow pain o Deep Sharp & fast

g Noxious Heat Plosgant Mechanical Inflammatory & inflammatory pain? mecharical paln Touch!

= Innocuous threshold lich chronic itch 4 ; Touch

= " Chemical touch iich Warmti Sharp Hair pull pain Proprioception

g & Mechanical : heal pain? Noxious cold?

=]

T

Figure 3 Molecular and functional taxonomy of mouse dorsal root ganglion sensory
neuron types based on mouse scRNA-seq data. Legend: M, mechanical; H, heat; HTMR,
high-threshold mechanoreceptor; LTMR, low-threshold mechanoreceptor); question mark
indicates prediction based on expression. Adapted from Kupari and Ernfors [20]

Although many somatosensory markers have been extensively studied, a globally accepted
view of the transcriptional profile of DRG neurons has not been established yet. With the
advancement of transcriptomics studies, traditional functional characterization has become
more intricate. For instance, these studies have shed light on phenomena such as thinly
myelinated fibres expressing CGRP and their capacity to perceive itch [20]. Importantly, the
majority of these studies were conducted on rodents’ sensory neurons leading to a lack of
information about human DRGs or TGs. However, recent studies on human sensory
neurons highlighted important differences and similarities between species which may be
critical in translating data retrieved from rodents to human pathologies. To make some
examples, the size of human sensory neurons was estimated in a range between 20 and
100 um, being larger than rodents’, and human sensory neurons do not express IB4, which

in rodents DRGs is used as a non-peptidergic marker [5], [21].
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1.1.1. lon channels in sensory neurons

The detection of somatosensory stimuli involves the expression of metabotropic and/or
ionotropic receptors, which define the functional properties of the neurons [3]. The cell
excitability and sensitivity are regulated by ionotropic channels such as transient receptor
potential (TRP), voltage-gated sodium (Nav), calcium (Cav) as well as potassium (Kv)
channels [1][13]. Transient receptor potential channels (TRPsS) are nonselective cation
receptor channels similar in structure to voltage-gated channels [1], their activation mainly
leads to the influx of Ca?* across the plasma membrane. TRPs are expressed in the cell
membrane, where they patrticipate in the homeostasis of Ca?*, Mg* and Na* among other
cations [22], in the membrane of intracellular organelles, and in vesicles in the presynaptic
membrane [7]. TRP channels respond to temperature, mechanical stimuli, osmolarity
changes, pheromones, taste, and chemicals, such as toxins, venoms, and substances
released by injured tissues [23][1]. Among these, TRPV1 (transient receptor vanilloid 1) is
activated by temperatures above 45°C and by the vanilloid capsaicin [1]. This channel
contributes to acute thermal nociception and hyperalgesia after tissue injury [15][30]. In
humans, the presence of TRPV1 has been confirmed in all-size neurons, in contrast to
rodents where the channel marks a population of peptidergic C-fibres, that constitute 30-
50% of all somatosensory neurons. A cohort of TRPV1-expressing fibres also expresses
TRPA1 (transient receptor ankyrin 1) that can be activated by TRPV1-dependent
cytoplasmic calcium increase. Activation of TRPV1-positive fibres promotes peptide-
mediated vasodilation and other paracrine actions near the trauma, culminating in the
production of a complex mixture of proinflammatory and proalgesic factors, referred to as
inflammatory soup, which sensitizes the peripheral terminal [23][14]. Some of these factors
can potentiate the channel such as low pH, bradykinin, and nerve growth factor [24]. On the
contrary to TRPV1, TRPMS8 responds to cool temperatures below 25°C and it is activated
by cooling agents such as menthol or icilin. This channel is expressed in 15% of all sensory
neurons, comprising mostly C-fibres, as well as a minor cohort of Ad fibres [24][23]. A subset
of these TRPM8-positive cells may co-express TRPV1 and CGRP, but a major fraction of
these neurons is not labelled by other known somatosensory or nociceptive markers,
revealing a system where hot and cold information reach the CNS through separated

pathways [25]. In contrast to TRPV1, which gives sensitivity only to noxious heat, TRPMS8
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plays a role in both innocuous and noxious cold sensations in vivo [24]. Another cool-
activated TRP channel is TRPAL, which is sensitive to temperatures below 17°C.
Furthermore, this channel is activated by Ca2+ ions and many irritant chemicals such as
mustard oil, tetrahydrocannabinol, allicin, acrolein, formaldehyde, cinnamaldehyde,
gingerol, and thymol. TRPAL also participates in thermosensation and mechanosensation.
It was initially identified in human foetal lung fibroblasts as a transformation-associated gene
product [26]. These three TRP channels were characterized all along this work as a means
to identify and classify the putative human sensory neurons generated with conversion
protocols. Genetic studies highlighted the importance of TRP channels in development and
sensory transduction. Thus, understanding how these channels respond to physiological

stimuli and drugs is of clinical and therapeutic importance [24][23][27][28].

Once the stimulus has been transduced into a generator potential, where many different
membrane proteins are involved, voltage-gated channels come into play. Notably, voltage-
gated sodium channels (Nav) are key players in the generation of action potentials in DRG
neurons. Out of nine components of the Nav family, Nav 1.7, 1.8, and 1.9 are of particular
interest in pain signalling [29]. In humans, the presence of at least one of these three
channels was detected in all-size sensory neurons; in contrast to rodents, where these ion
channels are typically expressed in small-size neurons. Differences of expression were
found between humans and rodents, as Nav 1.8 is more expressed in rodents while Nav 1.7
is more expressed in human DRGs being present in half of human DRG neurons.
Interestingly, these channels seem to co-localize with TrkA, the NGF receptor, at different
amounts [30][31]. Other important ion channels in sensory neurons' electrophysiological
equilibrium are voltage-gated calcium channels (Cav), which are pivotal components of
sensory neuron function as their activation contributes to the exocytosis of transmitted-filled
vesicles at synaptic endings [32]. In recent days, no studies have confirmed the localization
of these channels in human DRGs, however, their presence has been confirmed through
RT-gPCR. The importance of these channels in pain sensitivity resides in their role after the
hyperpolarization of neurons and their ability to be modulated by ATP, as in the case of the
P2X3 channel, which is expressed in human DRGs [14]. Potassium channels are also
important in the repolarization after action potentials being involved in the fast membrane

potential repolarization, in allowing potassium ions to flow into the cell more easily when the
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membrane potential is negative, and in maintaining the resting membrane potential of

neurons [33].

1.2.  Nociception and pain

Nociception is the process whereby primary afferent nerve fibres of the somatosensory
system detect noxious stimuli [24]. According to the International Association for the Study
of Pain (IASP), “pain is an unpleasant sensory and emotional experience associated with,
or resembling that associated with, actual or potential tissue damage” [34]. This definition
takes into account the subjective and emotional response to pain, highlighting the
relevance of the personal experience. Pain is useful to any individual as an alarm to warn
the body about the presence of a noxious stimulus so that corrective feedback can be
mounted [35], however, painful conditions can lead to a persistent sensitization produced
by ongoing inflammatory or neuropathic damage. This persistent and chronic pain can
continue even when the initial motive has already been medically addressed and healed
[36] [37].

Chronic pain is the principal reason why people look for medical care, affecting more than
40% of the US population [35] and it is a major healthcare problem in Europe, according to
the European Pain Federation, being more prevalent in women and older people [38]. The
cost of chronic pain in terms of quality of life and suffering is difficult to quantify, however,
the economic impact of pain is great due to the effects on workplace absenteeism, reduced
levels of productivity, and long-term disability [39]. Many of the treatments available have
limiting side effects such as creating addiction, gastrointestinal problems, and difficult
compliance to the treatment. Despite its importance, many chronic pain conditions still lack
adequate treatment, which in many cases require the use of opioids that are known to
cause gastrointestinal and respiratory side effects as well as tolerance and reduced efficacy
[35][40]. The wrong prescription and use of these antinociceptive drugs led to an increase
in opioid use in the USA, which is nowadays translating into a four times increase in fentanyl-
induced overdoses in the USA since 1999 [41]. Opiates are efficient pain suppressors but
they imply serious side effects. On the other hand, non-steroidal anti-inflammatory drugs
(NSAIDs) are much less dangerous but they display limited efficacy outside of specific
diseases. NSAIDs are effective in treating inflammatory pain but their use is limited by
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gastrointestinal, cardiovascular, and renal side effects [40]. Thus, further knowledge of the
pain alterations is crucial for the development of finer non-opioid interventions against
mechanisms of pain chronification. In principle, analgesic drugs acting at nociceptor-specific
targets have the biological advantage of being specific and selective. Studying the peripheral
nervous system and identifying the mechanisms of peripheral sensitization is a promising
area for potential analgesic treatments avoiding the CNS, thus limiting off-target adverse
effects [26][40]. In addition to adequate treatment, an appropriate multidisciplinary approach
is needed, including psychological treatment, physical exercise, nutrition, and dietary

supplementation.

Pain can be classified into four different types, depending on which are the physiological
and chemical changes occurring. Nociceptive pain is a physiological protective sensation
related to the perception of noxious stimuli and it occurs in the presence of intense stimuli.
This early-warning sensation has a protective role and is essential for maintaining tissue
integrity. Inflammatory pain is also adaptive and protective, it is the result of the activation
of the nociceptive pain pathway and the immune system by mediators released at the site
of tissue injury or infection. By increasing the sensitivity after tissue damage, this pain helps
in the recovery of the injured body part discouraging physical contact and movement while
promoting healing [42]. Pain can also be maladaptive and pathological when it is caused by
a dysfunction of the nociceptive system, such as genetic factors or injury to the nervous
system. This condition is called pathological pain, which can occur after damage to the
nervous system (neuropathic pain), but also without damage or inflammation (dysfunctional
pain) [35][42]. Lastly, functional pain exists, in which chronic pain syndromes occur due to
abnormal amplification states in the CNS. In this form of pain, no neurologic or peripheral
abnormality is detected. Several common pathological conditions may cause pain such as
cancer, inflammatory conditions, fioromyalgia, irritable bowel syndrome, some form of non-

cardiac chest pain, and tension-type headache [11].

As mentioned before, the activation threshold of nociceptors can decrease in response to
repetitive and intense stimuli, a process called sensitisation. In normal conditions, when
the tissue lesion or the noxious stimulus disappears, the system returns to the basal state,
recovering the normal activation threshold [43]. However, in pathological situations this

recovery does not occur, provoking allodynia, a process through which non-painful stimuli
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are perceived as noxious; or hyperalgesia, where stimuli that are normally noxious are
perceived as more painful or during a longer time [11]. Sensitisation can occur at a central
or peripheral level. Both processes are mediated by molecules interacting with receptors or
ion channels present in nervous terminals such as extracellular protons, arachidonic acid,
serotonin, NGF, prostaglandins (PG), bradykinin (BK), etc...[44]. In turn, nociceptors can
release peptides and neurotransmitters that facilitate the production of inflammatory
molecules and promote the release of non-neuronal factors producing positive feedback,

and giving rise to a process called neurogenic inflammation [45].

1.3.  Sensory neurons development

All peripheral nervous tissue originates from the neural crest, which is a population of
multipotent cells that only exist during the early stages of embryonal development. Immature
neuronal tissues receive genetic and environmental cues that induce a hierarchical
developmental process, until the formation of the neuronal subtype-specific identities and
axonal projections. During the early phase of foetal neuronal development, the signalling
pathways wingless-related integration site (Wnt), bone morphogenetic proteins (BMP),
fibroblasts growth factor (FGF), and neurogenic locus notch homolog protein (Notch),
among others, have a pivotal role in the induction, migration, and conversion of the neural
crest cells. In this phase, neural crest cells migrate towards the ventral area of the neural
tube where they coalesce into ganglia at regular intervals [15][46][47][48]. During the
process of sensory neurons development, the expression of basic helix-loop-helix (bHLH)
transcription factors (TFs) Neurogenin 2 (Ngn2) and Neurogenin 1 (Ngnl) drives two
different waves of neurogenesis. The first wave induces large-size neurons while the second
wave induces small-size neurons, both leading to the emergence of a few sensory sub-
lineages. After these first two waves of neurogenesis, immature sensory neurons start to
express insulin gene enhancer protein (Isl-1 or Isletl) and brain-specific homeobox/POU
domain protein 3A (Brn3a), which lead to the final specification and suppression of other
neural fates [15][49] (Figure 4).
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inhibition and blue lines indicate induction. Dashed lines indicate correlation. The image was
created using PowerPoint, modified from Marmigére and Carroll [49].
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More in detail, during the first neurogenesis wave, mediated by Ngn2, three myelinated
populations are generated: (1) early-Ret that expresses GDNF receptor; (2) tropomyosin
receptor kinase B/C (TrkB/TrkC) positive cells that are sensitive to brain-derived
neurotrophic factor (BDNF) and neurotrophin-3 (NT3); and (3) early-TrkA that expresses
NGF receptor. During the second wave of neurogenesis, mediated by Ngnl1, unmyelinated
late-Trka and late-Ret populations are developed. These populations express both TrkA and
RUNX family transcription factor 1 (Runxl1) in the early stages, but, later in development,
late-TrkA maintain TrkA expression and switch off Runx1 in some cells only. On the other
hand, late-Ret will develop to non-peptidergic nociceptors maintaining the expression of
Runx1, TrkA, and Met, the hepatocyte growth factor (HGF) receptor. As a result of these
changes in the expression signature, neurotrophin receptors become important not only as
a way to classify sensory neurons but also for peripheral innervation of the appropriate
targets, cell survival, and expression of molecular properties of the different sensory neuron
subtypes. For example, large-diameter DRG neurons conveying low-threshold
mechanoreception from the skin, express Ret and/or TrkB (in combination, or not, with
TrkC); large proprioceptive neurons express TrkC; and small- and medium-diameter
neurons, many of which respond to noxious stimuli and mediate pain sensation, express
TrkA, Met and/or Ret [49][50][51].

As previously stated, sensory neurons can be classified into 11 different subtypes based
on their molecular signature. However, DRG neurons can also be classified according to
their developmental ontogeny (Figure 3, Figure 4): for example, NF1-4 are generated early,
during the first wave of neurogenesis while TH, TRPM8, NP1-3, and PEP1-2 subtypes are
developed later. Runxl-persistent neurons, which switch off TrkA and activate the Ret
receptor, represent a majority of NP1, TRPM8 neurons, TH neurons, and a small subset of
neurons with high levels of TRPV1. On the other hand, neurons that maintain TrkA and
switch off Runx1 are PEP1, NP2, and NP3, as well as a small subset of TRPMS8 positive
neurons. NP2 and NP3 are crucial for itch sensation and their development needs early
Runx1 activity before it is switched off. On the contrary, PEP1-2 neurons, which play a
pivotal role in nociception, are independent on Runx1 expression [15][17][52].
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1.4. Sensory neurons animal models

Pain studies on human subjects are challenging, subjective, and ethically limiting, and thus
many preclinical animal models have been developed to research and characterize different
types of pain and its symptoms. Pain research is mainly performed on rodents, because of
the ease of breeding and care, their behavioural complexity, and the possibility of assessing
some of the affective components related to pain conditions. Smaller animal models such
as Drosophila sp. may be more useful in the identification of a molecular target. However,
due to the increase of genetically modified rodents, mice and rats are also highly used in
investigating the molecular aspects of pain. Furthermore, a large panel of evaluation devices
used to characterize pain-like behaviour in animal models have been developed over the
years, which in most cases permit to quantify the sensory component of pain. Although
rodents have been pivotal in many discoveries of pain mechanisms and molecular targets,
the organization of their nervous system remains different from that of humans [53] [54]. The
main model for in vitro studies of sensory neurons relies on dissociated cells from DRGs
or TGs. These cells have been widely characterized; however, their use poses ethical issues
and their representativity of the human sensory neurons is limited. Furthermore, the number
of cells that can be extracted is low, especially from trigeminal ganglia; and neurons have
limited survival in vitro, therefore high experience is needed to perform reproducible
experiments. Human DRGs have also been used in preclinical studies, however, their
availability is reduced, and relies on donors, which poses ethical limits. These cells are
mainly used to test whether analgesic molecules validated in rodent models can work in
human tissue [14][13][55].

While there is no doubt about the necessity of animal models in pain research, they present
a high rate of failure in the translation of basic science data into effective and commercially
available therapies. Many molecules that successfully demonstrated analgesic effects in
preclinical studies, fail to produce similar effects when tested in clinical trials. Translation is
defined by the National centre for Advancing Translation Science as “the process of turning
observations in the laboratory, clinic, and community into interventions that improve the
health of individuals and populations from diagnostics and therapeutics to medical

procedures and behavioural interventions”. One of the reasons this failure might occur relies
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on the genetic and molecular neurochemical differences between humans and animals.
However, it could also be due to non-optimal research conditions and not directly related to
the failure of the model. Furthermore, the debate is complicated by the lack of published
negative data, both from preclinical and clinical trials [17][34][53][54][56]. In light of the failure
in translating preclinical to clinical data, the use of human in-vitro models will likely facilitate

the development of new drugs to treat pain.

1.5. Cell reprogramming

In 1957, Conrad Hal Waddington presented his view of development describing the
metaphor of a ball rolling down from the top of a slope towards the bottom of a hill, restricting
the developmental options of the cell until a stable state of terminal differentiation. This
metaphor led to the understanding that the fate of a cell is decided in the early developmental
stages. However, later studies found out that the overexpression of transcription factors or
the change in environmental conditions are able to convert embryonic or somatic cells to
another cell type, revealing that cell identity can be modified even during latter
developmental stages [57] [58]. Cells resembling human sensory neurons have been
generated from human embryonic stem cells (hESCs) [59] and induced pluripotent stem
cells (iPSCs) [60] [61]. In comparison to hDRG neurons, iPSCs induced neurons allow to
study rare genetic modifications and generate an almost limitless supply of cells to study.
Donor cells are usually obtained from skin biopsies or blood because of the ease of
extraction, compared to obtaining hDRG [55]. Skin fibroblasts or blood peripheral blood
mononuclear cells (PBMCs) are reprogrammed to pluripotent stem cells that can
differentiate into a variety of cell types [62]. The most commonly used protocol to
comprehensively generate sensory neurons from iPSC was developed in 2012 by
Chambers and colleagues. In this study, human iPSCs were differentiated into a
homogenous culture of neurons with a transcriptional and functional profile similar to DRG
nociceptors [60]. However, there are also reports of the same protocol generating neurons
with gene expression profiles resembling other sensory neuron types. Such differences may
be due to minor protocol modifications highlighting the sensitivity of the protocol to small
changes in culture media [63][64]. As an alternative to IPSC, as a starting cells type to obtain

sensory neurons, two publications in 2015 demonstrated that forced expression of
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transcription factors can convert dermal fibroblasts to induced sensory neurons (iISNs).
One study by Wainger and collaborators [65] used a combination of TFs to generate a pure
population of TRPV1+ nociceptors. The second study, conducted by Blanchard, Eade et al.,
produced a heterogeneous group of neurons that expressed TrkA, TrkB, and TrkC by
overexpressing Brn3A and Ngnl (BN1) or Brn3A and Ngn2 (BN2) in rodent and human
fibroblasts [66]. The process of inducing a desired cell fate, by converting somatic cells from
one lineage to another, without transitioning through an intermediate pluripotent or

multipotent state, has been described as ‘transdifferentiation’ or ‘direct conversion’ [54] [55]

%Q

Fibroblasts

Reprogramming

Transdifferentiation
or

Direct conversion

Figure 5 Direct conversion, also known as transdifferentiation, refers to the direct change
in cell fate from one cell type to another. In contrast, reprogramming involves an
intermediate pluripotent state that is followed by the differentiation to a terminal differentiated
cell. The image was created by the author using Canva.

Direct conversion is faster, more efficient, and presents advantages for tissue repair, in comparison
to iIPSC differentiation. However, the direct conversion efficiency of fibroblasts to iSNs is less than 5%
[66][65]. Transdifferentiation does not benefit from the advantages of using a pluripotent intermediate
but removes the costly and variability-inducing step of cellular reprogramming. Low conversion
efficiency may be a consequence of the starting cell type, as direct conversion of neural crest cells

shows substantially increased differentiation efficiency [55][61]. Several additional factors such as
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species and age of the donor, passage number, and prolonged culturing of cells before conversion,
affect the efficiency of this approach [67][68]. To assess the impact of donors’ age in reprogramming,
transcriptomes of fibroblast-induced neurons (iNs) and iPSCs were compared, demonstrating that
directly reprogrammed iNs retained donor aging signatures, while iPSCs-derived neurons were
rejuvenated [67]. Interestingly, in 2017, Drouin-Ouellet, Lau, and colleagues directly converted
fibroblasts to a heterogeneous population of neurons by inducing the expression of Ascll, Brn2, and
two short hairpin RNAs (shRNA) inhibiting repressor element 1 silencing transcription factor
(REST). This protocol presented efficiency between 30 and 60%, whereas the efficiency was
calculated as the number of Tubulin-associated unit (Tau) positive cells over the total number of
fibroblasts plated. The high conversion efficiency was confirmed using fibroblasts from different
donors and did not decrease at high passages, identifying REST as a barrier to human fibroblasts

reprogramming [68].

A common challenge to all differentiation protocols is to validate how representative
induced cells are to their native counterparts. Sensory neuron populations are commonly
classified based on their functional response to stimuli and/or their transcriptional profile.
However, being rodents’ sensory neurons the most characterized system, human
differentiated neurons are often compared to markers as defined in rodents. Another issue
to be addressed is how mature the iISNs are, since human sensory neurons develop and
mature over years, while iISNs are cultured for few weeks or months and are therefore
unlikely to represent fully mature neurons [55]. So far, iPSC or fibroblasts-derived iSNs have
provided valuable insight into rare genetic pain conditions, such as mutations in Navl.7
[63][64], the role of PIEZO2 in mechanotransduction [61] and much more. Moreover, iISNs
from healthy donors are assumed to be naive and uninjured sensory neurons, which creates
an opportunity to induce pathological conditions or injury de novo [55]. While we cannot yet
recreate the full range of sub-populations among sensory neurons, there has been recent
progress in expanding the list of populations that can be generated (Table 1) both through

iPSc differentiation and direct conversion.
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Table 1 Main sensory neurons differentiation strategies and resultant subtypes. Modified from
Chrysostomidou et al. [55]

i L Functional and molecular main features Reference

subtypes

Cold :ﬂlzsthr?c?réensitive Nickolls et al.[58], Blanchard and
thermoreceptor ’ Eade et al [59], Wainger et al [60]

Noxious cooling sensitive

Non-peptidergic RET+, Chambers et al.[57]

nociceptor Activated by a,p me-ATP

TrkA+, .
Peptidergic CGRP+ and CGRP release, Blanchard .and Eade et al, Wainger et

. L. " al, Saito-Diaz et al [61], Alshawaf et al
nociceptor Capsaicin sensitive,
. o [56]

Noxious heat sensitive

A5-LTMR VLEE Alshawaf et al

Activated by osmotic swelling

Pruriceptor Activated by His, IL-4, IL-31, Bam8-22

Umehara et al [62], Blanchard and

Eade et al
Proprioceptor TrkC+, Mazzara et al [63]
TrkB/C+, . . :
AB-LTMR FAM191A1+, Nickolls et al, Saito-Diaz et al,

Activated by osmotic swelling Alshawaf et al

Another issue to be addressed is that nociception requires sensory neurons to act in concert
with many cell types and abnormal inter-cell signalling can lead to pathological pain
conditions [1]. The possibility of developing in vitro systems that allow studying cell—cell
interactions is, therefore, attractive. Rodent sensory neurons have been co-cultured with
many cell types such as glia, immune cells, peripheral end targets, and second-order
neurons [55][69]. Lately, a study was published where authors induced epithelial and neural
crest cells within one skin organoid. The tissue presented dermis, epidermis, and functional
hair follicles, it was innervated by iSNs and also contained glial cells [70]. Homogeneous
cultures reduce experimental variability and offer greater power to characterize cellular
phenotypes. However, the ability, to assess the effect of an analgesic candidate on multiple
subtypes of sensory neurons in the same culture may generate more translational data.
Further work is required to develop protocols where many types of cells co-exist and
communicate, but the presence of studies trying to include the many sensory components
in one in-vitro model is an exciting prospect. For these experiments to be representative,

efforts are made to validate consistent in vitro protocols.
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Previous studies have shown that it is possible to change cell fate by inducing the expression
of TFs or non-coding RNAs. This is usually done by the introduction of lentiviral or adenoviral
vectors into the target cells. Viral vectors are necessary in this field to induce transgene

expression in primary cell lines such as human fibroblasts.

1.5.1. Lentiviral vectors and TetOn system

Lentivirus is a viral genus that is part of the Retroviridae family. Their genome is formed by
two molecules of positive mono-catenary RNA. In the production of lentiviral vectors (LTVSs),
the components necessary for virus production are split across multiple plasmids to increase

the safety of lentivirus. The 2nd-generation systems are comprised of three plasmids.

- the transfer plasmid which contains the gene of interest, the viral long terminal
repeats (LTRs), and the psi packaging signal. The transgene sequence is flanked by
LTR sequences, typically, it is the sequence between the LTRs that is integrated into
the host genome upon viral transduction. For safety reasons, transfer plasmids are
all replication incompetent and self-inactivating after integration into the host cell;

- the packaging plasmid which encodes for the regulatory proteins of lentivirus such as
Gag, Pol, Rev, and Tat;

- the envelope plasmid that encodes the protein Env, usually pseudotyped with

Vesicular Stomatitis Virus G protein (VSV-G) which has wide infectivity.

The development of 3rd generation system composed of four plasmids increased safety,
where packaging is split into two plasmids: one transcribing Rev and one Gag and Pol, while
Tat is eliminated. All 2nd generation lentiviral transfer plasmids must be used with a 2nd
generation packaging system because transgene expression from the LTR is Tat-
dependent. Although safer, 3rd generation LTVs can be more inconvenient to use and result
in lower viral titres. In all transfer plasmids used in this work, the Woodchuck Hepatitis Virus
Posttranscriptional Regulatory Element (WPRE) is present. This sequence stimulates the
expression of transgenes via increased nuclear export and it is used to titrate lentiviral

vectors.

To have a tight time-control of the expression of the exogenous genes introduced with

lentiviral vectors in the host cells, some of the LTVs used in this work (Brn3a and Ngn1l) are
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doxycycline-inducible. Doxycycline is a tetracycline-derived antibiotic used to activate or
inhibit the expression of genes of interest in Tet systems [71]. Gene regulation in the Tet
systems is highly specific and responds fast allowing a tight time regulation of the gene
expression. The first Tet system was created by Hillen and Berens in 1994 [72][72] [73]. The
authors optimized a Tet-Off system based on the presence of a tetracyclin-controlled
transactivator (tTA) which inhibits the expression of the target gene in the presence of
doxycycline. In the TetOn system, which was developed later, the presence of doxycycline
activates the transcription of reverse tTA (rtTA), which binds to the tetracycline-response

element (TRE) that, in turn, activates the transcription of the gene of interest (Figure 6) [71].
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Figure 6 TetOn system: A. Transcription of rtTA in response to doxycycline; B. Binding of
rtTA and TRE and the subsequent transcription of the genes of interest Brn3a and Ngnl. The
vectors here represented are oversimplified to focus on the TetOn system mechanism. The
image was created by the author using PowerPoint.

1.5.2. Small molecules

In addition to LTVs, another promising approach to direct cell fate is the addition of small
molecules in culture, targeting many different intracellular pathways. Small molecules
permeate easily inside the cell membrane due to their small size of less than 1 kDa [74].
These molecules have been shown to promote cell reprogramming and generate induced
pluripotent stem cells and neural progenitors starting from mouse fibroblasts. Furthermore,
small molecules enhance the action of transcription factors in the conversion from
mesenchymal cells to neuronal-like cells. Small molecules, including GSK3p inhibitors,

cAMP/PKA modulators, adenylyl cyclase activators, TGFB/BMP inhibitors, or y-secretase
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inhibitors (Figure 7), showed efficiency to convert somatic cells into neurons and, for
example, synergize with Ngn2 to redefine the transcriptional profile of fibroblasts. Even if the
mechanisms underlying neural induction from fibroblasts by chemical cocktails have not
been elucidated, direct conversion through small molecules, without introducing exogenous
genes, could provide a suitable system for neural induction. Some authors sustain that it is
unlikely that small molecules would be sufficient to completely replace the TFs induction
because they do not only affect their target but can inhibit others at the same time
[75][76][77][78][79]. As a result, there is still a need to identify novel small molecules that

can be used in reprogramming.
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Figure 7 Most commonly cited pathways inhibited or induced through small molecules
during cell reprogramming/differentiation. TGFB (Ser/Thr K) pathway is green, it is
involved in self-renewal and differentiation to mesoendodermal lineages. FGF pathway (Tyr
K) is represented in orange, the signalling via MEK/ERK allows self-renewal and proliferation
of hPSCs. cAMP pathway, in yellow, is involved in reprogramming and differentiation into
many subtypes. The Notch/Delta pathway is represented in ochre and it is important in
specifying neural subtypes. WNT pathway, in blue, inhibits differentiation to mesoendodermal
lineages induces self-renewal of PSCs, and aids in reprogramming. Small molecules are written
near their target, in red if they are inhibitors or in blue if they are activators. The image was
created using PowerPoint.
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1.6.  Microfluidic chambers for the study of nerve endings

The peripheral terminals of a sensory neuron are the prime targets of peripheral mediators
and stimuli, while the soma and the central terminal are transducers of neuronal excitability
[1]. Considering the differences all along a primary sensory neuron and the importance of
being able to study each one of its segments, compartmentalised cultures have become
an emerging scientific topic since 1979, when professor Robert Campenot developed the
first compartmentalised cultures to study neurons [80]. The word “microfluidics” refers to
devices presenting a series of channels and chambers, that range from one to a few hundred
pum in size, through which microscopic volumes of fluids can be processed [81]. So far, the
peripheral terminal of sensory neurons has been a difficult study subject due to its small
size, although it is the main site where painful stimuli activate the cells in vivo. In contrast,
the soma of the primary afferent neurons is easily accessible for experiments, therefore
most in vitro sensory neuron data have been obtained studying the cultured cell bodies,
assuming that they are reliable and predictable models of their peripheral terminals [82]. As
the ability to fabricate tools in the micro- and nanoscale has progressed, it is now possible
to study nociceptive terminals at a scale compatible with their size [81]. Compartmentalised
culture methods present numerous advantages for studies of nerve fibre, such as (1) cost
savings, since they work with micro volumes of media, hormones, and growth factors, that
are often expensive, and (2) fine control of the environment around the studied subject,
including physical and chemical gradients, which play an important role in driving cell
attachment and neurite outgrowth [81]. As shown in Figure 8, the microfluidic chambers
(MFC) used in this work present four wells, two for the somal compartment and two for the
axonal compartment. Nerve endings were attracted through media volume and neurotrophin

gradients.
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Figure 8 Microfluidic chambers scheme. A. Scheme of upper view of the microfluidic
chamber without cells or with cells and developed axons. B. Scheme of a side view of a
microfluidic chamber with cells. Axons are drawn to grow in the direction of the axonal
compartment due to a physical gradient (medium volume) and a chemical gradient
(neurotrophic factors concentration). Image from Giorgi et al [83].

The environmental control we have in microfluidic devices helped reveal new insights into
cellular physiology and cell behaviour in physio-pathological states. Prior MFC cultures of
DRG or TG neurons yielded valuable insights into various aspects of neural function such
as axonal regeneration, the peripheral expression and activation of TRP channels, distinct
regulatory mechanisms governing sensory neurons across neuronal regions, manipulation
of synapses, compound evaluation as well as the establishment of co-cultures involving
different cell types, extending to the development of three-dimensional (3D) cultures
[69][84][85][86]. While a significant number of these systems operate in a two-dimensional
context and therefore do not completely replicate the intricate in vivo arrangement of sensory
neurons, MFCs offer a distinctive advantage by enabling the study of DRG or TG neurons
in a manner that more closely approximates the in vivo layout. The multitude of capabilities
afforded by MFCs should be taken into account when the aim is to uncover novel insights

into neuronal physiology under both healthy and diseased conditions.
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2.0BJECTIVES

2.1. General objectives

Sensory neurons are usually studied in-vitro through the analysis of rodent cells extracted
from DRGs or TGs. These models pose ethical limitations and have low translatability to
humans due to species differences and to the environment in which the cells are studied
(e.g., soma and neurites undergo the same treatments). To increase the translatability of in-
vitro studies of sensory neurons, the main objectives of this thesis are to:

1. develop an in-vitro preclinical system of human sensory neurons;
2. develop a compartmentalized culture of rodent sensory neurons.

2.2.  Specific objectives

To develop an in-vitro preclinical system of human sensory neurons, the following
specific objectives were carried out:

a. Production and titration of high titer lentiviral vectors (LTVS);

b. Direct conversion of fibroblasts into sensory neurons through forced expression of
Brn3a and Ngnl through LTVs and defined small molecules;

c. Optimization of foetal lung fibroblasts conversion protocols and characterization by
molecular and functional techniques;

d. Optimization of neonatal dermal fibroblast conversion protocols and
characterization by molecular and functional techniques;

e. Optimization of adult dermal fibroblasts conversion protocols and characterization
by molecular and functional techniques.

For the development of a compartmentalized culture of sensory neurons:

a. DRGs were cultured in microfluidic chambers;

b. Nerve endings were co-cultured with human fibroblasts as a proof of concept for co-
culturing models;

c. Nerve endings were treated with inflammatory compounds or chemotherapeutic
agents to test compartmentalized sensitization.
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3.RESULTS

3.1. Lentiviral vectors optimization

LTVs are necessary for the transgene expression into primary fibroblasts. Therefore, the
first step in this project was to optimize a protocol for LTVs production. LTVs were produced
through calcium phosphate or lipofectamine transfection methods by multiple transfection in
HEK293 LTV. This process was optimized with GFP LTV, which expresses GFP
constitutively. As shown in Figure 9, HEK 293 LTV transfected with the calcium phosphate
method presented fewer cells expressing GFP compared to the lipofectamine transfection
method. Thus, lipofectamine transfection fostered a higher efficiency compared to calcium
phosphate. Furthermore, looking at transmitted light photos, the cells transfected with
lipofectamine presented lower cell confluence while cells transfected with calcium

phosphate displayed normal growth.

Figure 9 HEK 293 LTV 48 hours after the transfection with calcium phosphate or
lipofectamine method to produce eGFP lentiviral vectors. A., B. transmitted light and
fluorescent light of calcium phosphate method. C., D. transmitted light and fluorescent light
of lipofectamine method. Scale bar = 100 um

After the transfection, LTVs were collected, concentrated by ultracentrifugation, and titered
by gPCR [87], obtaining titres of 108-10° IU/mL. High and stable titres allowed to infect a
high number of cells using low and stable vector volumes throughout independent

experiments.

To demonstrate that the LTVs produced were able to induce GFP expression in human
dermal fibroblasts from adult donors (HDFa), these cells were infected with GFP LTV and

polybrene 8 pg/mL. The LTVs optimization assays were performed on HDFa since these
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cells represent a model of adult dermal fibroblasts, which is our final goal cell type. As shown
in Figure 10, the infection of HDFa with calcium phosphate lentiviral vectors did not induce
GFP expression while the LTVs produced with lipofectamine induced high-intensity GFP
expression 36 hours after the infection.

Figure 10 HDFa 36 hours after being infected with GFP LTV A., B. HDFa infected with GFP
LTV produced with calcium phosphate method C., D. HDFa infected with GFP LTV produced
with lipofectamine transfection. Scale bar = 100 um

Furthermore, the infection with GFP LTVs produced with lipofectamine was compared to
commercial GFP LTV (Addgene) and non-infected cells. As shown in Figure 11, GFP LTV
produced with lipofectamine seemed to have a slightly faster kinetic in the GFP expression
compared to commercial GFP LTV, however, 4 days after the infection, both LTVs induced
the same values of fluorescence intensity. Thus, the lipofectamine transfection method was

chosen as the best one to produce LTVs, compared to calcium phosphate protocol.
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Figure 11 GFP fluorescence intensity of HDFa 36h after infection A., B. HDFa infected
with GFP LTV produced with lipofectamine method C., D. HDFa infected with commercial
GFP LTV E., F. HDFa not infected. G. Quantification of fluorescence intensity measured 16
hours, 36 hours, or 4 days after the infection. Data represented as mean +* SEM. N=2
independent experiments, n>30 cells.
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When infecting fibroblasts with LTVs, many authors use polybrene, a cationic polymer that
increases the infection efficiency. However, this polymer can be toxic to some cell types,
therefore toxicity was assessed through the MTT test. HDFa cells were treated with
polybrene 8 pug/mL for 6, 24 or 48 hours. MTT results (Figure 12) showed that polybrene
did not affect cell health, as measured by this test. However, it is to be noted that the MTT
assay only demonstrated the presence or absence of metabolic toxicity, while it does not

account for other types of cytotoxicity.
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Figure 12 MTT assay on HDFa incubated with polybrene 8 ug/mL for 6, 24 or 48 hours.
Positive control cells were not treated; the negative control cells were treated with DMSO 10%
for 24 hours. Wells without cells were also present to know the effect of the cell medium on
the absorbance measurement. Results are represented as mean +* SEM. Statistical analysis
ordinary one-way ANOVA, Tukey’s post-hoc test. **** P < (0.0001. N=2 independent
experiments, n=6 wells.

Furthermore, to know if polybrene could increase the infection efficiency, HDFa were
infected with GFP LTV in the presence or absence of polybrene. Results in Figure 13 show
that polybrene increased infection efficiency (p=0.0383). Together with the results shown in
Figure 12, this demonstrated that polybrene does not display metabolic cytotoxicity and it

increases the infection efficiency of GFP LTV in HDFa.
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Figure 13 HDFa infected with GFP LTV with or without polybrene. A. GFP positive cells
48h after the infection without polybrene B. GFP positive cells 48h after the infection with
polybrene C. GFP positive cells 72h after the infection without polybrene. D. GFP positive
cells 72h after the infection with polybrene. E. Quantification of the number of GFP-positive
cells at 48 or 72 hours with or without polybrene during the infection. Data are represented as
mean * SEM. Statistical analysis two-way ANOVA. * P = 0.0383; **** P < 0.0001. N=3 wells.

Once the GFP expression was assessed in HDFa, we wanted to optimize a doxycycline-
inducible LTV system to have a tight time control of the transgene expression. For a
doxycycline-dependent LTV to work, it needs to be co-infected with the transactivator rtTA,
which is activated by doxycycline and therefore induces transgene expression. For this
reason, TetOGFP LTV was produced, which can only express GFP in the presence of rtTA
and the antibiotic doxycycline. HDFa were co-infected with TetOGFP and rtTA (rtGFP cells)
(Figure 14) and 16 hours after the infection doxycycline 1 yg/mL was added to the medium.
As a positive control, cells were infected with GFP LTV constitutively expressing the green
fluorescent protein (GFP cells). As shown in the fluorescence quantification in Figure 14,
not infected cells did not express GFP while GFP cells presented high levels of fluorescence.
rtGFP cells treated with doxycycline presented increasing GFP expression from day 2 to
day 4 after induction, while the cells that were not treated with doxycycline presented a
leaking basal level of GFP expression. Notably, GFP cells reached higher levels of GFP

expression and presented faster kinetics than rtGFP cells.
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Figure 14 HDFa infected with rtGFP A., B. HDFa infected with rtGFP and treated with
doxycycline C., D. HDFa infected with rtGFP not treated with doxycycline. Scale bar = 100
um. E. Fluorescence intensity of HDFa 16 hours, 2 days, or 4 days after the infection with
GFP, rtGFP induced with doxycycline, not induced with doxycycline, or not infected. Data
represented as mean £ SEM. N=2 independent experiments, n>35 cells.

Brn3a and Ngnl (BN1) are two pivotal genes during the development from neural crest to
mature sensory neurons. To convert fibroblasts to sensory neurons, Blanchard, Eade and
collaborators induced BN1 expression through the infection with LTV [66]. To optimize the
doxycycline-inducible system to induce BN1 expression in fibroblasts; HDFa were infected
with Ngn1, Brn3a, and rtTA and treated with doxycycline. A MOI (multiplicity of infection) of
10 for Brn3a and Ngnl or MOI 20 for rtTA were chosen according to the literature
[88][68][89]. On day 4 of induction with doxycycline, immunocytochemistry was performed
targeting Brn3a and Ngnl, and fluorescence intensity was quantified. As shown in Figure
15, double-positive cells presented a pseudo-neuronal morphology already at day four, while
the same does not occur in cells that only express one transgene. Cells infected and treated
with doxycycline presented higher fluorescence intensity compared to non-infected cells
(p=<0.0001) and to cells infected but not treated with doxycycline (p<0.0001). Interestingly,
the expression intensity of both Brn3a and Ngnl was higher in cells infected and induced
with doxycycline compared to rodent DRGs (Brn3a p<0.0001; Ngnl p=0.0002).
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Figure 15 Immunocytochemistry of Ngnl (green), Brn3a (red), DAPI (blue), and Merge in
A. HDFa infected with Brn3a, Ngnl, and rtTA and treated with doxycycline for four days,
scale bar 50 um, B. rat DRGs, scale bar 10 um, scale bar 50 um. C Fluorescence intensity
quantification of immunocytochemistry at day 4 labelling Brn3a or D. Ngnl in HDFa not
infected, HDFa infected and treated with doxycycline, rat DRGs or HDFa infected but not
treated with doxycycline. Data presented as mean £ SEM in box and whiskers. Statistical
analysis: ordinary one-way ANOVA with Tukey’s post-hoc test. *** P=0.0002; **** P <
0.0001. Every dot is a cell, n>68 cells.

The same experiment was performed on day 8 and day 14 of induction with doxycycline, to
gain more knowledge about the kinetics about the doxycycline-dependent LTVs. During the
development and maturation of neural crest to sensory neurons, Ngnl and Ngn2 induce
Brn3a expression, which, in turn, inhibits the expression of neurogenins. As represented in
Figure 16, the in vitro kinetics is consistent with the in vivo one. It was indeed observed that
after the co-infection of Brn3a and Ngnl, Ngnl's maximal expression was at day 4
(p=<0.0001), while the highest expression of Brn3a was at day 8 (p<0.0001), later than Ngn1.
Interestingly, Brn3a expression could be observed in samples only infected with Ngn1 and

rtTA, suggesting that Ngnl expression in vitro can induce Brn3a expression.
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Figure 16 Fluorescence intensity quantification of immunocytochemistry at day 4, 8, or 14
labelling A. Brn3a or B. Ngnl in HDFa not infected, HDFa infected and treated with
doxycycline, rat DRGs or HDFa infected but not treated with doxycycline. Data presented as
mean = SEM in box and whiskers. Statistical analysis: ordinary one-way ANOVA with Tukey’s
post-hoc test. ** P=0.0062; **** P < 0.0001. Every dot is a cell, n>48 cells.

Once assessed that the doxycycline-dependent system was effectively inducing Brn3a and

Ngn1l expression in vitro, various conversion protocols were performed on different fibroblast

cells to find a good model of induced sensory neurons.

In summary, LTV production was optimized and LTVs with constitutive or doxycycline-
dependent expression were produced with high titers.

Doxycycline-dependent systems allow a tight time control of the transgene’s expression,
nevertheless, constitutively GFP expression was faster and more intense compared
to doxycycline-dependent ones.
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3.2. Direct conversion of foetal lung fibroblasts to sensory

neurons

IMR9O is a foetal lung fibroblasts cell line. Conversion protocols were performed on IMR90
to verify the conversion efficiency in young and highly potent cells. Notably, these cells are
not the optimal cell type for conversion because they were extracted from lung tissue, which

is not easily accessible.

3.2.1. Protocol 1 and Protocol 2

Conversion protocols 1 and 2 consisted of seeding IMR90, infecting the cells with Brn3a,
Ngnl, and rtTA, and treating them with an induction medium with small molecules (SM) and
neurotrophic factors (Figure 17, Figure 48, Figure 49). Media composition and timing were
different between the two protocols. Protocol 1 was designed by modifying Li et al. [90],
while Protocol 2 was modified from Qin et al. [91]. After conversion, calcium imaging was
performed stimulating the cells with KCI 40 mM, capsaicin 1 uM, menthol 100 uM, and AITC
100 uM. The percentage of response was calculated by normalizing data to lonomycin (used
as a positive control of living cells) or to KCI (positive control for cells able de be depolarized).
The response size was also analysed normalising the stimulus peak height to lonomycin.
As shown in Figure 17, 7.8% of protocol 1 cells and 8.5% of protocol 2 cells responded to
KCI while IMR90 control cells only presented 2.7% of cells responding to KCI. Analysing KCI
response size, protocol 2 cells presented significantly higher responses than control cells
(p=0.0325), while the same did not occur in protocol 1. TRPs agonists responses were also
analysed, and both conversion protocols slightly increased the responses to capsaicin
compared to control cells, however the difference was not statistically significant. On the
other hand, menthol and AITC percentages of responses in converted cells were as high as

in control cells.
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Figure 17 Calcium imaging results of IMR90 converted with protocol 1 or protocol 2 A.
Scheme of protocol 1 of conversion from IMR90 to sensory neurons. B. Scheme of protocol 2
of conversion from IMR90 to sensory neurons. C. Representative traces of cells treated with
protocol 1. D. Representative traces of cells treated with protocol 2. E. Percentage of cells
responding to KCI in control cells, cells converted with protocol 1 or with protocol 2. Data
presented as mean £SEM. F. KCI response size normalized to lonomycin response size. Data
presented as mean £+SEM in box and whiskers, every dot is a cell. Statistical analysis: ordinary
one-way ANOVA with Tukey’s post-hoc test. * P=0.0137. G. Percentage of cells responding
to capsaicin, menthol, or AITC normalized to KCI. Data presented as mean +SEM. Control
N=3, Protocoll N=4, Protocol2 N=3 independent experiments.

Responses to two or three TRP agonists in the same cell were quantified to have a better
understanding of the subtypes of putative iSNs obtained. As shown in Figure 18, among
KCl responsive cells, in protocol 1 capsaicin and AITC elicited a response in 21,7%, menthol
and AITC increased intracellular calcium concentration in 62.5%, 12% of converted cells
responded to both menthol and AITC while 11% responded to all three stimuli. In protocol
2, AITC or menthol responses were highly prevalent (100% and 84% respectively), as a

result, all menthol and AITC-responsive cells, also responded to capsaicin (34.9%).
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Figure 18 Venn diagram representing the percentage of KCI responders, responding to TRPs
agonists in calcium imaging: A. results for protocol 1 B. results for protocol 2.

In protocol 1, cells’” morphology changed rapidly during the first days of conversion from a
fibroblast-like morphology to an oval body with long prolongations. However, at the end of
the conversion protocol, cells returned to a fibroblast-like morphology.
Immunocytochemistry against Tuj1l and Map2, two pan-neuronal markers, TRPV1, TRPMS,
TRPA1, and CGRP was performed on day 10 (Figure 19). Converted cells expressed Map2
and Tujl however, control cells also slightly expressed these neuronal markers. Treated
and control cells also expressed TRPA1, TRPV1, and TRPMS slightly. Interestingly, treated

cells expressed CGRP while control cells did not.
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Figure 19 Immunocytochemistry of cells converted with protocol 1. A. TRPA1 (green), Tujl
(red), DAPI (blue) and merge. B. TRPM8 (green), Tujl (red), DAPI (blue) and merge. C.
TRPV1 (green), Tujl (red), DAPI (blue) and merge. D. MAP2 (green), CGRP (red), DAPI
(blue) and merge. Scale bar= 50 pm.

Immunocytochemistry was also performed in protocol 2 converted cells. As shown in Figure
20, converted cells had round bodies and prolongations resembling neurites and expressed
Tujl, Map2, Ngnl, and Brn3a revealing the expression of neuronal and sensory neuron
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markers. In addition, protocol 2 converted cells expressed TRPV1, TRPM8, TRPA1, Nav
1.8, and CGRP while control cells did not.

DAPI Tujl
A. S

DAPI Tujl
B.

DAPI Tuj1
C.

DAPI Tujl Nav 1.8
D.

Figure 20 Immunocytochemistry of cells converted with protocol 2. A. DAPI (blue), TRPV1
(green), Tuj 1 (red) or merge of converted cells, B. DAPI (blue), TRPMS8 (green), Tuj 1 (red)
or merge of converted cells, C. DAPI (blue), TRPAL (green), Tuj 1 (red) or merge of converted
cells, D. DAPI (blue), TRPA1 (green), Nav 1.8 (red) or merge of converted cells. Scale bar =
50um

To assess if putative iSNs were postmitotic cells, as mature neurons are, the cell cycle block
was assessed with Edu Click It assay. As shown in Figure 21, in control cells 10% of the
cells were loaded with Edu, meaning 10% of IMR90 were replicating. On the other hand, on

day three of conversion, protocol 1 cells had their cycle completely blocked (p<0.0001
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compared to control) while 0,81% of the cells treated with protocol 2 were still replicating

(p<0.0001 compared to control).

Ctrl Prot 1 D3 Prot 2 D3

A.

o e
B. _E 251 e dede K

_g 20+ v

FIRD .

D 101 "

] M

o 54 o

‘6 0 o ‘A:AQA

X Control Prot 1 D3 Prot 2 D3

Figure 21 Click-it Edu cell proliferation assay. A. IMR90 labelled with Edu Alexa Fluor 488
(green) and Hoechst 33342 (blue) in control cells, cells converted with protocol 1 at day 3 or
cells converted with protocol 2 at day 3. Scale bar = 50 um B. Quantification of Edu labelled
cells normalized to the number of Hoechst 33342 positive cells. Statistical analysis ordinary
one-way ANOVA, Tukey’s post-hoc test. **** P < (0.0001. Data presented as mean + SEM.
N=2 independent experiments, n>9 fields.

Considering the results from calcium imaging and immunocytochemistry assays, protocol 2
seemed to induce putative iISNs with a morphology that resembled sensory neurons more
closely than protocol 1. Therefore, RT-gPCR was performed on protocol 2 measuring mRNA
expression of Map2 as a neuronal marker and Brn3a, CGRP, and Isl1 which are markers of
sensory neurons or sensory neuron subtypes. Furthermore, Fspl mRNA was quantified as
a fibroblast marker (Figure 22). Due to a lack of human sensory neuron tissue, human brain
MRNA was used as a positive control. As a result, converted cells expressed 5 times more
Map2 mRNA compared to the control, however, the expression was lower than in human
brain (p=0.0102). On the other hand, converted cells expressed high levels of Brn3a, even
higher than human brain (p<0.0001). Interestingly, protocol 2 cells expressed CGRP 5 times

more than control cells and 10 times more Isl1 than control cells (which is not expressed in
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human brain). Furthermore, there was a slight decrease in the expression of Fspl in

converted cells and the human brain with respect to control cells.
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Figure 22 RT-gPCR of cells converted with protocol 2 or human brain. Data presented as
mean £SEM normalized to IMR90 control. Statistical analysis: two-way ANOVA with Tukey’s
post-hoc test. * P=0.0102; **** P< 0.0001. N=2 independent experiments, n=6 wells.

To assess whether protocol 2 converted cells may serve to investigate inflammatory
processes, putative iSNs were challenged with acute incubation of an inflammatory soup
comprised of ATP 10 uM, histamine 100 uM, serotonin 10 uM, prostaglandin E2 (PGE2) 10
MM and bradykinin 1 pM or their vehicle (H20). Calcium imaging was performed by
stimulating converted IMR90 with KCI 40 mM, a TRPs agonist (capsaicin 1 uM, menthol 100
MM and AITC 100 pM), inflammatory soup for 4 minutes and another pulse of the same
TRPs agonist (Figure 23). As a result, there was no difference in the percentage of response
between cells stimulated with inflammatory soup or extracellular buffer. However, calculating
the difference in the size of the response between the second and first pulse of the TRP
agonist, the inflammatory soup seemed to slightly potentiate TRPV1, TRPM8, and TRPA1,

however, there was no statistically significant difference.
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Figure 23 Calcium imaging results of IMR90 converted with protocol 2, challenged with
an acute exposition to inflammatory soup A. Scheme of calcium imaging recording B.
Representative traces of control cells stimulated with AITC. C. Representative traces of cells
exposed to inflammatory soup for 4 minutes, stimulated with AITC. D. Percentage of KCI
responders. Data presented as bars, mean + SEM. E. Percentage of KCI responders, responding
to TRPs agonists in the second pulse. Data presented as bars, mean £ SEM. F. The normalized
response size of the second pulse was subtracted from the normalized response size of the first
pulse to visualize the potentiation of desensitization. Data are represented as a violin box plot,
dashed line at the median. N=2 independent experiments, n=6 coverslips.

Although the calcium imaging results appeared promising, electrophysiology stands as the
definitive evidence confirming the conversion of cells into neurons. Patch clamp experiments
were conducted on putative iSNs converted with protocol 2. Regrettably, the cell membrane
did not exhibit sufficient stability to establish a reliable seal and maintain an open
configuration and it was impossible to perform any recording. Therefore, the cells were
seeded onto CMOS MEA chips to enable the measurement of extracellular voltage changes
in response to capsaicin, menthol, AITC, and KCI. Figure 24 illustrates the outcomes,

revealing that the applied stimuli induced extracellular voltage changes both in mDRGs and
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putative iISNs. The frequency of responses in mDRGs closely resembled that of putative
iISNs, suggesting that TRP agonists or KCI induce membrane depolarization in converted
cells, resulting in electrochemical alterations in the extracellular environment. However, it is
crucial to emphasize that mDRGs exhibited a relatively limited number of responsive
sensors compared to the benchmarks set by conventional MEA recordings.
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Figure 24 MEA CMOS was performed on mDRGs or IMR90 directly converted with protocol2.
A. Representative response to capsaicin in mDRGs. B. Representative response to capsaicin of
IMR90 directly converted with protocol2. C. Quantification of events/s. Every dot is a sensor
where a response is detected. mDRG N=2 mice; iSNs N=5 independent experiments.

In summary, IMR9o were converted to putative sensory neurons both with protocol 1 and
protocol 2, as assessed through calcium imaging and immunocytochemistry.
However, protocol 2 seemed to induce cells with a morphology that resembled more
closely sensory neurons.

Protocol 2 converted cells could not be recorded by patch clamp due to membrane
instability, however, they did present electrophysiological properties similar to
mDRGs as measured in MEA CMOS.
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3.3. Direct conversion of neonatal dermal fibroblasts to

Sensory neurons

Considering the age of donors as a notable factor influencing conversion efficiency [67],
[68], the establishment of conversion protocols for neonatal dermal fibroblasts (HDFn)
preceded the optimization of protocols for adult dermal fibroblasts in this work. Moreover,
HDFn exhibited a higher replication index compared to adult dermal fibroblasts, allowing a
greater number of conversion protocols to be performed before reaching senescence. This
advantageous characteristic proves particularly beneficial during the optimization phases,

where a high number of cells is required to facilitate the refinement of protocols.

3.3.1 Blanchard and Eade conversion protocol

In 2015 Blanchard, Eade, and collaborators published an article converting mouse
embryonic fibroblasts and human dermal fibroblasts to sensory neurons using lentiviral
vectors Brn3a and Ngnl and a simple cell culture media with N2 supplement (progesterone,
insulin, transferrin, putrescine and sodium selenite), FGF and neurotrophic factors [66]. We
performed this protocol on human dermal fibroblasts from neonatal donors. Converted cells
were characterized through calcium imaging, stimulating the cells with capsaicin, menthol,
AITC, and KCI. As shown in Figure 25, in our hands only 0.54% of converted cells
responded to KCI, compared to 0.3% of KCI responsive cells in control cells. Interestingly,
control cells presented more responses to capsaicin, menthol, and AITC compared to
treated cells. No KClI-responsive cells responded to any TRP agonist. Therefore, this

protocol was discarded.
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Figure 25 Human dermal fibroblasts from neonatal donors converted with Blanchard and
Eade et al. protocol. A. Protocol scheme B. Morphology of cells converted at day 14, loaded
with Fluo-4. Scale bar= 100 um. C. Percentage of response of control cells or converted cells
to capsaicin, menthol, AITC, and KCI normalized to lonomycin. Data presented as mean +SEM.
N=2 independent experiments, n=9 coverslips for HDFn, n=6 coverslips for Blanchard
protocol.

3.3.2. CAMP and DAPT conversion protocol

Media composition was changed adding small molecules to induce or inhibit defined
intracellular pathways. Such molecules were SB431542, a TGF antagonist; Noggin and
LDN193189, which are BMP antagonists; and CHIR99021, a GSK3 antagonist which
induces WNT pathway. These molecules were used based on the results published by
Ladewig and collaborators [77][67][92], which directly converted human dermal fibroblasts
to neurons. Furthermore, cCAMP was added to the induction media to activate PKA, which
has effectively been demonstrated to mediate neural differentiation [93] and stimulate
reprogramming by inducing Ngn2 [66]. CAMP is frequently used in culture media to induce
neural crest stem cells into neural lineage, as well as other molecules that raise the
intracellular cAMP levels. For example, dibutyryl-cAMP (db-cAMP), inhibits

phosphodiesterases, which degradate intracellular cAMP. cAMP conversion protocol
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consists of infecting HDFn with Brn3A, Ngnl, and rtTA, treating the cells with induction
medium with defined small molecules for 14 days, and with a neural medium which presents
neurotrophic factors for 7 days afterwards (Figure 26, Figure 51). In an attempt to further
increase conversion efficiency, we decided to act on the Notch/Delta pathway, which is an
important conversion route targeted by several authors, through the small molecule DAPT
[60] [94] [65], which is a y-secretase inhibitor, therefore increasing transition from Sox10 to
Ngnl and Ngn2. For these reasons, DAPT was added to the cAMP induction medium. To
assess the effect of CAMP or DAPT conversion protocols, an RT-qPCR against Map2,
Brn3A, and Isl1 was performed (Figure 26, Figure 52), showing no statistically significant
differences between conversion protocols in the mRNA expression. However, DAPT slightly
increased the expression of MAP2 and cell morphology seemed rounder compared to the

CcAMP conversion protocol.
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Figure 26 RT-qPCR of HDFn converted with cAMP or DAPT conversion protocol. A.
cAMP protocol scheme B. DAPT protocol scheme. C. RT-gPCR of cells converted with cAMP
or DAPT protocol against Brn3a, Isll, and Map2. Data are presented with mean + SEM.
Statistical analysis: two-way ANOVA with Tukey’s post-hoc test. ** P=0.0051; *** P=0.0006.
Human brain was used as a positive control, N>2 independent experiments. D. Morphology of
CAMP converted cells. E. Morphology of DAPT converted cells. Scale bar = 50 pm.

When calcium imaging experiments were performed (Figure 27), cAMP-converted cells
presented a percentage of response to KCI of 0.66% while the addition of DAPT slightly
increased the percentage of responses to KCl up to 3.3%, however, no statistical difference
was detected due to high variability in the data sets. Among KCI responsive cells, DAPT-

converted cells also responded to capsaicin (2.5%), menthol (16.5%), and AITC (22%)
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(AITC response percentage p= 0.0039, DAPT compared to cAMP protocol). KCI response
size was also quantified and it seemed that DAPT addition increased it (p=0.0041)
presenting a small population of cells that showed KCI responses between 0.5-0.9 AF, which
was not present in cAMP-converted cells. In addition, the response size to TRPs agonists
was measured: menthol response size in DAPT-converted cells seemed smaller than in

cAMP-converted cells while AITC did not seem to vary among conversion protocols.
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Figure 27 Calcium imaging results of human dermal fibroblasts from neonatal donors
treated with cAMP, DAPT, or RA conversion protocol. A. Representative traces of cCAMP
converted cells. B. Representative traces of DAPT-converted cells. C. Percentage of responses
of cAMP or DAPT converted cells to capsaicin, menthol, AITC, or KCI normalized to
lonomycin. N>4, data are represented as mean £+ SEM. D. Percentage of responses of cAMP
or DAPT converted cells to capsaicin, menthol, or AITC normalized to KCI. N>4, data are
represented as mean £ SEM. Statistical analysis: two-way ANOVA, Tukey’s post-hoc test. **
P=0.0039. E. KCl response size of cells converted with cAMP or DAPT conversion protocol.
Data are represented as mean = SEM in box and whiskers, every dot is a cell. Statistical
analysis: Mann-Whitney U. ** P=0.0041. F. KCI response size of cells converted with cAMP
conversion protocol. Data are represented as mean £ SEM in box and whiskers, every dot is a
cell. G. KCI response size of cells converted with DAPT conversion protocol. Data are
represented as mean + SEM in box and whiskers, every dot is a cell. N>3 independent
experiments, n>8 coverslips.

Cell size of cAMP and DAPT conversion protocol was also analysed, to further characterize

the converted cells. Figure 28 B and C show the cell area of cells responding or not
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responding to KCI. This specific analysis was made to assess if there was a specific size
population responding to KCI depending on the conversion protocol. It appears that CAMP
had an even cell size distribution among cells that respond to KCI. On the other hand, the

DAPT conversion protocol seemed to increase small-size cells responding to KCI.
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Figure 28 Area of cells converted with cAMP or DAPT conversion protocol A. Cell area of
converted cells treated with cAMP or DAPT. Data presented as mean + SEM. B. Histogram of
cells responding or not responding to KCI based on cell area of cAMP-converted cells. C.
Histogram of cells responding or not responding to KCI based on cell area of DAPT converted

cells. N>2415 cells.
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Moreover, DAPT-converted cells presented 2.2% of cells that responded both to capsaicin
and menthol, 2.3% of cells that responded to both capsaicin and AITC and 1.4% of cells that
responded to both menthol and AITC. Interestingly, 0.4% of cells responded to all three TRP
agonists (Figure 29).

lonomycin

MENT
3.5%

1.4%

4.8%

Figure 29 Venn diagram representing DAPT converted cells percentage of response to KCl,
capsaicin, menthol, AITC, capsaicin and menthol, capsaicin and AITC, menthol, and AITC or
to the three stimuli. N>3 independent experiments, n>8 coverslips.

In our hands, Brn3a and Ngn1 induction with N2 conversion media (Blanchard, Eade et al
protocol) did not work to convert neonatal dermal fibroblasts to sensory neurons.
However, the addition of defined small molecules improved the properties of
converted cells. Interestingly, DAPT was crucial to obtain KCl-responsive putative
neurons which also responded to capsaicin, menthol, or AITC.
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3.4. Direct conversion of adult dermal fibroblasts to sensory

neurons

After having acquired more experience with dermal fibroblasts cell culture and with
conversion protocols, human adult derma fibroblasts (HDFa) were converted. Blanchard
and Eade conversion protocol was performed as a baseline protocol, even if it was discarded
in HDFn due to its low conversion efficiency. Afterwards, DAPT and other conversion
protocols were performed to optimize a robust, reproducible and high-efficiency conversion

protocol.

3.4.1. Blanchard and Eade conversion protocol

Blanchard and Eade conversion protocol in HDFa (Figure 30) generated cells with mainly
elongated morphology and few cells which presented prolongations. The cells were
analysed by calcium imaging and many assays resulted in no responses to KClI, leading to
1.34 % of cells responding to KCI and high variability in the data. Among KCI-responsive

cells, there were no responses to TRPs agonists.
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Figure 30 Human dermal fibroblasts from adult donors converted with Blanchard and
Eade at al. protocol. A. Protocol scheme B. Morphology of cells converted at day 14, loaded
with Fluo-4. Scale bar =20 um C. Representative traces of converted cells. D. Percentage of
response of control cells or converted cells normalized to lonomycin. Data presented as mean
+ SEM. N>2 independent experiments, n>5 coverslips.
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3.4.2. DAPT conversion protocol

DAPT conversion protocol was performed on HDFa as it was performed on HDFn, on which
results were positive (Figure 27, Figure 52). DAPT-converted HDFa (Figure 31) presented
2.55% of cells responding to KCI. Among these cells, there was high variability and many
experiments did not present cells that responded to both KCI and TRP agonists.
Furthermore, the responses to KCl or TRP stimuli did not present a high response size.

A. B. 1 C. 20,
Caps MentAITC KCI lono
x 1.01 3 84
4] . = 154
uE 0841 o
= % 61
E 0.6-‘ E 10
L 0.44 w— 4
o 3]
o2 S 5
i 24
0.01=
0
0- 0-
CAPSMENT AITC KCI CAPS MENT AITC

Figure 31 Human dermal fibroblasts from adult donors converted with DAPT conversion
protocol. A. Representative traces of DAPT converted cells B. Percentage of the response of
converted cells to capsaicin, menthol, AITC and KCI normalized to lonomycin. C. Percentage
of response of converted cells to capsaicin, menthol or AITC normalized to KCI. Data
presented as mean £ SEM. N=2 independent experiments, n=4 coverslips.

Therefore, this protocol which gave promising results on HDFn, was discarded on HDFa,;
confirming that the age of the donor is an important feature that may affect conversion

efficiency.

3.4.3. Cycle arrest conversion protocol

DAPT conversion protocol was modified into the cycle arrest conversion protocol (Figure
32, Figure 53) in which the cell cycle was blocked in G1 through the small molecule PD
0325901, a cell-permeable inhibitor of the MEK/ERK pathway that inhibits the activation and
downstream signalling of MEK. Cells were infected with Brn3a, Ngnl and rtTA as for the
previous experiments and then treated with an induction medium with small molecules or
with vehicle (0.03 % DMSO). Converted cells (inf SM) presented 1.5% of responses to KCI

while the treatment with vehicle (inf veh) presented less putative neurons. Furthermore,
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12.5% of KCl-responsive cells responded to capsaicin or menthol while 13.2 % responded
to AITC. However, the variability was high and in most experiments no KCl-responsive cells
responded to TRPs agonists,. Furthermore, the morphology of converted cells was round,
with few neurites and very low confluence, indicating high cell death during the conversion

protocol.
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Figure 32 Human dermal fibroblasts from adult donors converted with cycle arrest
protocol. A. Cycle arrest protocol scheme. B. Morphology of converted cells, loaded with
Fluo-4. Scale bar = 20 um C. Representative traces of converted cells D. Percentage of
response of converted cells to capsaicin, menthol, AITC and KCI normalized to lonomycin.
N=4, data presented as mean £ SEM. E. Percentage of response of converted cells to capsaicin,
menthol or AITC normalized to KCI. Data presented as mean + SEM. N=2 independent
experiments, n>5 coverslips.

Human dermal fibroblasts from adult donors presented lower conversion efficiency than
HDFn. The modification of the conversion protocol blocking the cell cycle did not generate
putative induced sensory neurons. These results prove that the age of the donor is a
crucial factor for conversion efficiency.
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3.4.4. Drouin-Ouellet and Lau protocol

Due to the failure of previous conversion protocols performed on human dermal fibroblasts
from adult donors, a new conversion strategy was pursued. In 2017 Drouin-Ouellet, Lau and
collaborators [68] published a work where they directly converted human dermal fibroblasts
from adult donors to a mixed population of neurons. Fibroblasts were infected with the LTV
3410, which expresses Ascll and Brn2 and inhibits REST through two short hairpin RNA,
and treated with conversion media reach in small molecules (Figure 54). During an
internship at the Institute of Translational Medicine of Semmelweis University, this protocol
was applied to human dermal fibroblasts extracted from skin biopsies and several
modifications were applied to increase the number of sensory neurons. The cells were then
characterized by immunocytochemistry labelling Tau, a marker for mature adult neurons,
and Nav 1.8, an ion channel typically expressed in functional sensory neurons, and used as

a sensory neurons’ marker [65].

As shown in Table 2, two rounds of experiments with 12 different conversion protocols were
performed with various combinations of lentiviral vectors and conversion media. Protocols
1.1, 1.2, 1.5, 2.1 and 2.2 were performed using early (ENM) and late conversion media
(LNM) described by Drouin-Ouellet and Lau et al. [68]. In protocol 2.3 the same media were
used, with the addition of NGF 10 ng/mL and DAPT 5 pM, which have pivotal roles in sensory
neurons conversion and maturation [60][65]. In protocols 1.3, 1.4, 1.6, 1.7, 2.4 and 2.5 cycle
arrest conversion protocol conversion media (IM and NM) (Figure 53). Protocol 2.5 was a
further modification of the cycle arrest conversion protocol: PD0325901 was withdrawn and
CAMP was changed to dbcAMP. Furthermore, different LTVs were used: in protocols 1.5-
1.7 doxycycline-inducible lentiviral vectors which encoded for Brn3A, Ngnl and rtTA were
used. However, in previous assays it was observed that doxycycline had a harsh effect on
cells and increased cell mortality, therefore a BN1 all-in-one LTV was designed to express
Brn3a, Ngnl and RFP (red fluorescent protein) without the need for rtTA and doxycycline.
BN1 all-in-one LTV was used alone in protocols 1.2, 1.3. The 3410 vector was used in
protocols 1.1 and 2.1. Furthermore, 3410 and BN1 LTVs were used together in protocols
1.4, 2.2-2.5. Importantly, LTVs used in all these protocols were produced by PEI
transfection; a different method than the ones described at page 45. Methodological details

about LTVs production are described at page 113.
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Table 2 Summary of protocols, lentiviral vectors and MOI used and conversion media applied.

Protocol Lentiviral vectors MOl Media

1.1 3410 20 ENM+LNM

1.2 BN1 20 ENM+LNM

1.3 BN1 20 IM+NM

1.4 3410+BN1 10+10 IM+NM

1.5 Brn3A+Ngn1l+rtTA 10+10+10 | ENM+LNM

1.6 Brn3A+Ngnl1l+rtTA 10+10+10 | IM+NM

1.7 Brn3A+Ngn1+rtTA+3410 | 5+5+5+5 IM+NM

2.1 3410 20 ENM+LNM

2.2 3410+BN1 10+10 ENM+LNM

2.3 3410+BN1 10+10 ENM+LNM + NGF + DAPT
2.4 3410+BN1 10+10 IM+NM

2.5 3410+BN1 10+10 IM+NM — PD — cAMP

As shown in Figure 33, the protocol published by Drouin-Ouellet, Lau and collaborators (protocol 1.1
and 2.1) generates Tau-positive cells and Tau+Nav1.8 double-positive cells. Converted cells have
neuronal morphology, with a round body and prolongations. The same protocol was performed
changing 3410 LTV to BN1 (protocol 1.2, Figure 34); this protocol also generated some round cells
with prolongations which were positive to Tau and Nav1.8 positive cells. However, many cells with

fibroblast-like morphology were present.
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Figure 33 Protocol 1.1 and 2.1 A Protocol scheme. B-C. Fluorescence microscopy images of
cells converted with protocol 1.1 or 2.1 at different magnifications. Tau (magenta), Nav 1.8
(green), DAPI (blue). D. Transmitted light image of cells converted with protocol 1. Scale bar
=50 um
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Figure 34 Protocol 1.2 A Protocol scheme. B-C. Fluorescence microscopy images of cells
converted with protocol 1.2 at different magnifications. Tau (magenta), Nav 1.8 (green), BN1
(red) DAPI (blue). D. Transmitted light image of cells converted with protocol 1. Scale bar =
50 um
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The cells converted with cycle arrest conversion media and BN1 all-in-one LTV did not have
neuronal morphology and presented very low labelling for Tau and Nav 1.8, while the
combination of BN1 with 3410 with cycle arrest conversion media led to an intermediate
morphology between neurons and fibroblast-like shape. Doxycycline inducible LTVs (Brn3a,
Ngnl and rtTA) seemed to decrease the cell confluence, probably due to toxicity and cell
death during the conversion protocol, converted cells had fibroblast-like morphology and did
not label for Tau or Nav 1.8. Considering the results obtained on HDFa and even with these
modifications in the protocol, cycle arrest conversion media and doxycycline-inducible LTVs
were discarded.

In a second round of experiments, the Drouin-Ouellet and Lau protocol (protocol 1.1) was
repeated as an internal control (protocol 2.1). It was then modified with the addition of BN1
LTV (protocol 2.2) and further modified by adding DAPT and NGF in the early conversion
media (protocol 2.3, Figure 35). These protocols generated neuronal-shaped cells which
labelled positively for both Tau and Nav 1.8.
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Figure 35 Protocol 2.3 A Protocol scheme. B-C. Fluorescence microscopy images of cells
converted with protocol 2.3 at different magnifications. Tau (magenta), Nav 1.8 (green), DAPI
(blue). D. Transmitted light image of cells converted with protocol 1. Scale bar = 50 um



The percentage of Tau or Tau+Nav1.8 double-positive cells was quantified and normalized
to the number of nuclei, labelled with DAPI (Figure 36). The Drouin-Ouellet and Lau protocol
presented 15% of neurons and 3% of putative sensory neurons. Notably, protocols 1.1 and
2.2 (which are two independent experiments of the same conversion protocols) presented
statistically significant differences (p=0.0024) highlighting experimental high variability.
However, every protocol was compared to its internal control, i.e., protocols from the first
round of experiments were compared to protocol 1.1 while protocols performed in the

second round of experiments were compared to protocol 2.1.

Protocols 1.2-1.7 presented between 0.3% and 1% of Tau-positive cells and around 0.2%
of Tau+Nav 1.8 double-positive cells. Protocols 2.2 and 2.3 presented a higher number of
neurons compared to protocol 2.1 (p<0.0001), up to 36.2% and 32.8% respectively, while
protocols 2.4 and 2.5 presented ~1% of Tau positive cells, therefore cycle arrest conversion
protocol could not induce the conversion of human dermal fibroblasts to sensory neurons,
both with 3410 or BN1 transduction. Interestingly, protocols 2.2 and 2.3 presented a higher
percentage of Tau+Nav1.8 double-positive cells compared to the Drouin-Ouellet protocol,
leading to 9.9% and 13.2% or putative sensory neurons respectively (p= 0.0170 between
protocol 2.2 and 2.3). In conclusion, protocol 2.3, which implies 3410 and BN1 co-infection,
the Drouin-Ouellet and Lau conversion media, DAPT and NGF, seems to induce the highest

percentage of sensory neurons and a high amount of Tau positive cells.
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Figure 36 Quantification of Tau or Tau+Navl1.8 double-positive cells in protocols 2.1 to
2.5. A. Percentage of expression of Tau-positive cells normalized to nuclei. Statistical analysis
Kruskal Wallis, Dunn’s post-hoc test. ** P= 0.0170; ## P= 0.0024; **** P<0.0001. B.
Percentage of expression of Tau and Nav1.8 positive cells normalized to nuclei. Statistical
analysis Kruskal Wallis, Dunn’s post-hoc test. **** P<(0.0001. N>160 fields.

The induction of Ascli, Brn2, Brn3a and Ngn1 together with the inhibition of REST and
culture media with defined small molecules, converts adult dermal fibroblasts to
putative sensory neurons, which present neuronal-like morphology and express Tau
and Nav 1.8. As expected, adding NGF and DAPT increased the amount of putative

Sensory neurons.
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The most efficient conversion protocol (protocol 2.3) was then performed on human dermal fibroblasts
from age-paired adult male (AF2201) and female (AF2101) donors. Calcium imaging was performed
on day 27 or day 50 of conversion. On day 27, both female and male converted fibroblasts responded
to KClI exhibiting 5.27% and 3.24% of putative neurons respectively, significantly higher values than
what was detected in control fibroblasts. Among these, fibroblasts from female donor presented
capsaicin (2.57%), menthol (5%) and AITC (20.3%) responses. Similarly, male putative neurons
responded to capsaicin (20%), menthol (12.2%) and AITC (14.3%) (Figure 37). No statistically
significant difference was observed between male and female donors induced sensory neurons, nor
in the percentage of response nor the size of the response. The co-response to two or all TRPs
agonists was also analysed and it was found that 0.22% (female) or 0.16% (male) of converted cells
responded to KCI, menthol and AITC. Response size was similar between stimuli and donors, in a
range between 0.2 to 2 AF.
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Figure 37 Calcium imaging results of converted adult dermal fibroblasts 2101 (Female
donor) or 2201 (Male donor), day 27 of conversion. A. Representative calcium imaging
traces of converted AF2101 B. Representative calcium imaging traces of converted AF2201 C.
Quantification of the percentage of responses, normalized to lonomycin. Statistical analysis
One-way ANOVA, Tukey’s post-hoc test ** P= 0.0074. D. Quantification of percentage of
responses, normalized to KCI. E. Quantification of the size of the responses normalized to
lonomycin. N=2 independent experiments, n>4 coverslips.
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The same assay was performed on day 50 of conversion (Figure 38), revealing a similar
percentage of response to KCI (3.8% female, 5.8% male) in comparison to converted cells
analysed at D27. Interestingly, putative neurons capsaicin responses were increased up to
24.3% in female and decreased to 10.4% in male converted cells. As for menthol, responses
in female donor’s converted cells were absent while 7.9% of male converted cells responded
to both menthol and KCI. AITC responses in putative neurons were decreased in
comparison to cells analysed at D27 of conversion, down to 6.6% in female and 3.4% in
male fibroblasts. These evidences reveal donor-to-donor differences in iNs maturation.

Regarding response size, no statistically significant differences were found between stimuli

or donors.
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Figure 38 Calcium imaging results of converted adult dermal fibroblasts 2101 (Female
donor) or 2201 (Male donor), day 50 of conversion. A. Representative calcium imaging
traces of converted AF2101 B. Representative calcium imaging traces of converted AF2201 C.
Quantification of the percentage of responses, normalized to lonomycin. D. Quantification of
percentage of responses, normalized to KCIl. E. Quantification of the size of the responses
normalized to lonomycin. N=2 independent experiments, n=4 coverslips.

The analysis of cell area provided significant insights, as shown in Figure 39, the cell area
of female control fibroblasts was significantly larger compared to converted cells on both
day 27 and day 50 (p<0.0001). This suggests distinct cellular morphology in female control
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fibroblasts, characterized by larger cell sizes. There was a statistically significant difference
in cell area between control fibroblasts from male and female donors (p=0.0002). This
difference may underscore donor-related variations in fibroblast morphology. Regarding
female converted cells, the cell area of KCI responsive cells on day 27 of conversion was
approximately 380.2 um? £ 25.26, which increased to around 420.1 pm? = 28.05 by day 50
of conversion. Male converted cells KCI responsive cells exhibited similar cell area values,
with approximately 383.5 um2 = 45.65 on day 27 and around 424.5 um2 = 30.79 on day 50
of conversion. Considering that the estimated size range of human sensory neurons falls
between 300 and 8000 umz [14], it is evident that the putative neurons generated using this

protocol occupy the lower end of this size spectrum.
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Figure 39 Cell area (um?) A. Control adult dermal fibroblasts 2101 (Female donor) or 2201
(Male donor), converted cells on day 27 or converted cells on day 50 of conversion. Data
represented as 10-90 percentile; every dot is a cell. Statistical analysis: Kruskal-Wallis, Dunn’s
post-hoc test ** P= 0.0024, *** P=0.0002, **** P<0.0001. N=2, n>326 to 1198 cells. B. KCI
responsive cells. Converted adult dermal fibroblasts 2101 (Female donor) or 2201 (Male donor)
on day 27 or converted cells on day 50 of conversion. N=2, n>41 cells. Data represented as a
scatter plot with bar, meanSEM.

The molecular features of the converted cells were assessed, including the analysis of mMRNA
expression levels for various neuronal markers and markers associated with specific neuronal
subpopulations. The goal was to understand the extent to which the converted cells resembled
human neurons and how they differed from control fibroblast cells. As shown in Figure 40, converted
cells displayed high similarity to the human brain while fibroblast control cells displayed a different
pattern of expression. In detalil, the expression of Map2, a marker associated with mature neurons,
was found to be high in human brain tissue and moderately high in the converted cells. In contrast, its
expression was lower in control fibroblast cells. This suggests that the converted cells displayed a
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neuronal-like expression pattern compared to fibroblast controls. Interestingly, Brn3a expression was
notably high on day 27 of conversion but decreased by day 50. Mature sensory neurons do express
Brn3a, so maintaining its high expression in the later stages of conversion might be a consideration
for improving the model. As expected, Cgrp, a marker associated with peptidergic sensory neurons,
showed medium to high expression in both converted cells and human brain tissue, but low
expression in control fibroblasts. On the contrary, Fspl, a fibroblast marker, was highly expressed in
control fibroblasts but had lower expression in converted cells and human brain tissue. Notably,
converted cells from female donors showed higher Fspl expression than male converted fibroblasts.
Moreover, Runxl and TrkA expression was evaluated to determine the composition of sensory
subpopulations within the converted cells. While TrkA is associated with mature C-peptidergic
sensory neurons, Runxl is expressed in mature non-peptidergic cells. However, during early
developmental stages, both genes can be co-expressed, guiding subpopulation fate. The co-
expression of Runx1 and TrkA in the converted cells suggests that they may represent a mixture of
subpopulations. Further insights into whether this co-expression occurs at the single-cell level or at a
population level could be gained through single-cell RT-gPCR. Overall, these findings provide
valuable insights into the molecular characteristics of the converted cells, their resemblance to
sensory neurons, and the potential presence of distinct subpopulations within the culture.

Map2

Brn3a

High

Cgarp
Fsp1

Runx1

Relative expression

Low

TrkA

Figure 40 RTgPCR results of converted adult dermal fibroblasts 2101 (Female donor) or
2201 (Male donor), converted fibroblasts on day 27 or 50 of conversion. Heatmap represents
Logl0 22 as a relative expression, normalized to Bactin. Blue-coloured squares indicate low
expression, and red-coloured squares represent high relative expression. N=2 independent
experiments.
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In addition to molecular assessments, immunocytochemistry was employed to label various
markers, including Tau as a neuronal marker, TRPV1, TRPA1, TRPMS8, and Nav 1.8 (Figure
41). The expression of Tau, TRPs, and Nav 1.8 was detected in both donors at both day 27
and day 50 of conversion. Tau and Nav 1.8 co-expression was quantified as a measure of
conversion efficiency. The results indicate variability in the maturation of iSNs from different
donors. In detail, female iISNs on day 27 of conversion presented 11% of Tau-Nav 1.8
positive cells while male iSNs presented 6.3% of putative sensory neurons. On day 50 of
conversion, female iISNs Tau-Nav 1.8 co-expression decreased to 7.5% while male’s iSNs
increased to 10.8%. These findings align with previous results from calcium imaging,

highlighting differences in how iSNs from different donors mature.

Regarding morphology, the culture displayed a mixture of round, oval, and elongated cells,
each with short to medium-sized neurites. Some cells exhibited a bipolar morphology with
two prolongations on opposite sides, while others displayed multiple neurites, resembling
astrocytes or central neurons more than sensory ones. To conduct a comprehensive
analysis  correlating  morphology  with  marker expression, high-throughput
immunocytochemistry and software-based analysis should be employed. This approach
would enable a more systematic exploration of the relationship between cell morphology

and marker expression.
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Figure 41 Immunocytochemistry of converted adult fibroblasts 2101 (Female) or 2201
(Male), analysed on day 27 or 50. Tau is labelled in red while (A) TRPA1, (B) TRPV1, (C)
TRPMS8 and (D) Nav 1.8 are labelled in green. N=2 independent experiments, n=54 fields. E.
represents the quantification of the percentage of expression of Tau and Nav 1.8 normalized
to the number of DAPI-positive cells. Scale bar = 50 pm.

Protocol 2.3 efficiently converted human dermal fibroblasts into putative sensory neurons
from both male and female donors. Converted cells exhibited sensory neuron
features on both day 27 and day 50 of conversion, including calcium imaging
responses to TRP agonists and KCI, as well as the expression of mRNA and typical
sensory neuron markers.
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3.5. Mouse DRGs culture in microfluidic chambers

Having obtained putative sensory neurons from human fibroblasts, it is crucial to refine in
vitro techniques to mirror their in vivo behaviour accurately. Given the peculiar morphology
of sensory neurons, compartmentalized culture emerges as a tool for separating DRG or TG
soma and neurites [69] [83]. In preparation for the compartmentalized culture of human
sensory neurons, we optimized the compartmentalized culture of rodent DRGs, thereby

acquiring essential proficiency for future experiments.

3.5.1 DRGs compartmentalized culture and co-culture

Rodent DRGs neurons were seeded in microfluidic chambers at high concentrations to have
a consistent axonal outgrowth in the following days (Figure 42). During 6 days in-vitro (DIV)
a physical and a chemical gradient were established between the 2 compartments to allow
the growth of the axons from the somal compartment to the axonal one. To label the neurons
that developed prolongations, the far-red retrograde tracer DID' (Invitrogen) was loaded in
the axonal compartment. At DIV 6, 53 + 14% of cells were loaded with Did' (n cells= 482).
Calcium imaging was then performed by stimulating the neurites with capsaicin (100 nM),
menthol (100 uM) and AITC (100 uM) to activate TRPV1, TRPM8 and TRPA1 respectively.
The increase of intracellular calcium was measured in the somal compartment and only on
the cells that had prolongations in the axonal compartment, as determined by DiD' staining.
After TRPs activation, axons were stimulated with KCl 40 mM. Stimulation of the nerve
endings by the different stimuli resulted in calcium increase in the soma quantified in 12.1%
for capsaicin, 9.8% for menthol, 7.9% for AITC and 53.6% for axonal KCl. DRGs from male
and female mice were used, however, differences among sexes were not observed in the

percentage nor the amplitude of the responses.
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Figure 42 Mouse DRG neurons cultured in microfluidic chambers A. DRGs cultured in
microfluidic chambers at DIV 6 loaded with Did’. Scale bar= 100 um. B. Representative traces
of calcium imaging performed stimulating the axonal compartment and recording the activity
in the soma. C. Quantification of the percentage of response to capsaicin, menthol, AITC or
axonal KCI normalized to KCI in the soma. Data are represented as bars, mean + SEM. Every
dot is a coverslip. N=4 animals, 2 males and 2 females; n>2 coverslips per animal; total number
of neurons=747.

Microfluidic chambers can be employed to study the effect of different cell types on neuronal
functionality. To do so, DRG neurites were co-cultured with human keratinocytes. This
model could prove useful to reproduce the in vivo layout, where keratinocytes are in contact
with sensory neurons’ endings in the skin. As assessed through electron microscopy,
neurites and keratinocytes were in physical contact (Figure 43). Calcium imaging was
performed as described previously, leading to activation in 27.4% of cells for capsaicin,
31.5% for menthol, 24.4% for AITC and 70.2% for KCI. It is to be noted that the percentage
of responses in DRGs co-cultured with keratinocytes increased significantly with respect to
the responses recorded in DRGs microfluidic culture (p-value<0.0001)
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Figure 43 Nerve endings of DRG neurons in co-culture with keratinocytes A. Scheme of
upper view of the microfluidic chamber with neurons and keratinocytes B. Picture of the axonal
side with keratinocytes fully confluent at DIV 6, when calcium imaging was performed. C.
Pictures of the axonal side with axons (blue) labelled with Fluo-4 and keratinocytes (white)
labelled with Did’. Scale bar= 100 um. D. Representative traces of neurons responding to
capsaicin, menthol, AITC or axonal KCI. E-G. Scanning electron microscope pictures of axons
interacting with keratinocytes, the dashed line indicates the end of the microchannels. From
left to right, scale bar= 100 pm, 10 pm; 500 nm; 10 um; 2 pm.

3.5.2. Peripheral sensitization through inflammatory mediators

and chemotherapeutic agent

Microfluidic chambers also allow to set up models of localized treatment, therefore two
models of peripheral sensitization were optimized and assayed through calcium imaging. To
evaluate how the inflammatory mediators released in the periphery terminals affect the
soma, at DIV 5, the nerve endings were treated with inflammatory soup or their vehicle
(dH20) for 24h. At DIV 6 or DIV 8 calcium activity in the soma was recorded in response to
stimuli (100 nM capsaicin, 100 uM menthol, 100 uM AITC or 40 mM KCI) applied to the
soma (Figure 44). Due to the high variability in the datasets, a tendency to sensitization was
visible but no statistically significant differences were detected. At DIV 8, the percentage of
responses to capsaicin, menthol, AITC and KCI seemed to return to basal level (treated DIV
6 vs. treated DIV 8 p=0.0286), or even to lower percentages than control cells at DIV 6. After
the treatment (DIV 6) the size of the responses to capsaicin and AITC increased (p=0.0026
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capsaicin, p=0.0214 AITC). Interestingly, KCI response size in control cells at DIV 8 had a
smaller response size compared to control at DIV 6 (p<0.0001), maybe due to cells aging in

vitro and consequent loss of excitability.
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Figure 44 Effect of inflammatory soup on mDRGs cultured in microfluidic chambers A.
Scheme of culture and treatment along the days in vitro B. Representative traces of responses
to capsaicin, menthol, AITC or axonal KCI of control cells at DIV 6 (blue) or treated cells at
DIV 6 (orange) C. Representative traces of responses to capsaicin, menthol, AITC or axonal
KCI of control cells at DIV 8 (green) or treated cells at DIV 8 (purple) D. Quantification of
the percentage of response to capsaicin, menthol, AITC or axonal KCI normalized to KCI.
Axons were treated with bradykinin 1 pM, PGE-2 10 puM, histamine 10 pM, serotonin 10 pM
and ATP 15 uM or their vehicles at DIV 5 and recorded at DIV 6 or DIV8. Data are represented
as bars, mean £ SEM. Statistical analysis two-tailed Mann-Whitney U. E. Quantification of the
size of the response normalized to KCI. Data are represented as a scatter dot plot, mean + SEM,
every dot represents a cell. Statistical analysis two-tailed Mann-Whitney U. N=6 animals, 3
males and 3 females; n>3 coverslips per animal; total number of neurons=3018
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Figure 45 Effect of paclitaxel 1luM on mDRGs cultured in microfluidic chambers A.
Scheme of culture and treatment along the days in vitro B. Pictures of axonal compartments of
DRGs neurons treated with DMSO 0.04% or with paclitaxel 1 uM. Scale bar= 100 um. C.
Representative traces of responses to capsaicin, menthol, AITC or axonal KCI of control (blue)
or treated cells (red) at DIV 8 D. Representative traces of responses to capsaicin, menthol,
AITC or axonal KCI of control (light green) or treated cells (pink) at DIV 10 E. Quantification
of the percentage of response to capsaicin, menthol, AITC or axonal KCI normalized to KCI.
Data are represented as bars, mean + SEM. F. Quantification of the size of the response
normalized to KCI. Data are represented as a scatter dot plot, mean £ SEM, every dot represents
a cell. Statistical analysis two-tailed Mann-Whitney U. N=5 animals, 3 males and 2 females;
n>2 coverslips per animal; total number of neurons=1638.

Moreover, a second peripheral sensitization model was set up using microfluidic chambers. A
common chronic pain condition is chemotherapy-induced peripheral neuropathy (CIPN) and
previous studies in our lab showed that paclitaxel altered the expression and gating of TRPV1
and TRPM8 implying their contribution to cold hypersensitivity in CIPN [95]. To investigate
the impact of paclitaxel (Ptx) on the peripheral endings, at DIV 6 we treated axons with 1 uM
PTX or its vehicle (DMSO 0.04%) for 24h, at DIV 7 the treatment was removed and assays
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were performed at DIV 8. Calcium influx in response to stimuli was recorded at DIV 8 and
DIV 10 by applying 100 nM capsaicin, 100 uM menthol, 100 uM AITC or 40 mM KCI to the
axonal compartment (

Figure 45). There were no differences in the percentage of response between control and
treated cells at DIV 8 or DIV 10. However, a significant increase in the size of the response
to capsaicin (p=0.0009) was detected and, interestingly, an increase in the percentage of
the response to AITC was seen in treated cells at DIV 10 compared to control cells at DIV
10 (p=0.004).

In addition to calcium imaging conducted on rodent DRG neurons, we extended our
investigations to cultured TG neurons within microfluidic chambers. Furthermore, DRGs
cultured in MFC was coupled with differential soma and neurite analysis through RT-gPCR.
Further enhancing our study, we integrated MEA technology with the compartmentalized
culture of DRGs, facilitating the distinct assessment of electrophysiological features in nerve
endings and soma. However, the low density of electrodes in conventional MEA chips led
to low rate of detected responses. Our comprehensive efforts are summarized in a recently
published article [83].

As a means to obtain expertise in neuronal compartmentalized cultures, rodent DRGs
were cultured in microfluidic chambers. This facilitated the exposure of neurites to
various factors, including co-culture with other cell types and sensitizing agents like
inflammatory mediators or chemotherapeutic compounds.

In light of our findings on direct conversion of human fibroblasts into sensory neurons,
the microfluidic chambers DRG culture holds promise for applying
compartmentalized cultures to human induced sensory neurons.

87




88



89

DISCUSSION



90



4.DISCUSSION

Somatosensory neurons are the first cells to detect innocuous and noxious stimuli, acting
as the gateway to all the sensations perceived by our body. In vitro studies of somatosensory
neurons are typically conducted through the analysis of dissected rodent DRGs or TGs.
These models have enabled the discovery of numerous molecular and functional
mechanisms in sensory transduction, including those related to ion channels; modulation by
inflammatory mediators, chemotherapy compounds, hormones and neuropeptides; RNA
and protein expression; drug development and even the classification of different sensory
fibres [10][96][95][97]. However, the differences between human and rodent sensory
neurons, which contributes the a high failure rate in clinical trials, made evident the need for
human sensory neuron models which may improve translational research and the

development of personalized pain treatments.

4.1. Transcription factors induction

LTVs are fundamental tools in the context of fibroblasts-to-neurons conversion due to their
ability to efficiently integrate genetic material into the host cell's genome and mediate long-
term gene expression. These features position LTVs as valuable instruments for
manipulating gene expression across diverse cell types. [91]. In fibroblasts-to-neurons
conversion, LTVs can be engineered to express key transcription factors involved in
neuronal development and cell differentiation. These transcription factors can directly
convert fibroblasts into neurons, bypassing the need for intermediate pluripotent states and
reducing the risk of tumorigenesis associated with other reprogramming methods.

In this work, LTVs optimization with GFP or TetOGFP was crucial to ensure high levels of
transgene expression in the target cells. LTVs were initially produced with the calcium
phosphate or lipofectamine method, the latter resulting in highly efficient transfection and
stronger expression of the transgene in the target cells. Subsequently, LTVs were produced
through PEI transfection, which is cheaper than the lipofectamine method and produces high
titer LTVs. The efficiency of transgene expression of PEI-produced LTVs was not assessed

through GFP expression, as it was done in prior transfection approaches. However, the
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successful expression of red fluorescent protein (RFP) within the target cells attested to the

functional efficacy of these LTVs.

The most used LTVs employed in this work encoded Brn3a and Ngn1l, pivotal transcription
factors in sensory neuron development, and were inducible by doxycycline [14][62]. Tet-On
system needed co-infection with three LTVs within the same cell and led to cellular toxicity
due to high MOIs and the presence of doxycycline in the medium. To surmount these
limitations, a constitutive BN1 all-in-one vector was designed, co-expressing Brn3a, Ngnl,
and RFP in one vector, without the reliance on doxycycline induction. Employing this LTV
resulted in heightened cell viability, albeit quantification was not conducted. A visual
comparison between the conversion protocol using doxycycline-inducible vectors and the
all-in-one LTVs was the sole measure. Moreover, the inclusion of RFP as part of the
expressed genes in this LTV offered a rapid means of confirming gene expression within
the target cells.

Throughout this work, different types of fibroblasts and small molecules were employed,
while transgene expression of Brn3a and Ngnl was always present in the different
conversion protocols, due to their pivotal role in sensory neurons’ development. These
transgenes were successfully used in 2015 by Blanchard, Eade and collaborators to directly
convert mouse embryonic or human adult fibroblasts to sensory neurons [66] and have been
considered as pivotal specification transgenes for the sensory neurons subtype since then
[98]. Interestingly, the same year Wainger and collaborators published that, out of 12
transcription factors expressed in human adult fibroblasts, removing Brn3a decreased Trpvl
expression. The same authors identified Ascll, Mytll and KIf7 as pivotal transcription factors
in the Trpvl lineage [65]. Ascll, together with Ngn1, is the most common transcription factor
used in fibroblasts to neurons conversion protocols [99]. One of its many functions, together
with Myt1l, is to inhibit the Notch/Delta pathway, which is the same role as the small molecule
DAPT [60], that in this work was fundamental to increase the efficiency of sensory neurons
conversion protocols. Furthermore, out of the many conversion protocols presented in this
work, Ascll was intentionally induced through LTVs in the Drouin-Ouellet and Lau [68]
protocol and all its modifications presented in this work, including protocol 2.3 which proved
to be the more effective protocol in inducing sensory neurons from human adult dermal

fibroblasts. Lastly, KIf7 is a pivotal transcription factor in sensory neuron development, which
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works in concert with Brn3a in maintaining TrkA expression in the embryonic stage [100].
Out of the three pivotal TFs identified by Wainger and collaborators, KIf7 was not induced in
this work neither through LTVs nor small molecules. However, the molecular role of many
small molecules is not known, therefore it may be interesting to analyse the transcriptomic
changes of fibroblasts during the conversion protocol. Interestingly, more dropout
experiments conducted by Wainger and collaborators, showed that Brn2 exclusion also
increased the number of Trpvl positive neurons. Brn2 is expressed in the 3410 LTV, used
in the Drouin-Ouellet protocol. Investigating different transcription factors and their role in
the conversion protocols presented in this work could be of interest in future experiments.

While certain researchers achieved fibroblast-to-neuron conversion solely through small
molecules, yielding simpler, more cost-effective, and flexible protocols, the outcomes often
comprised a heterogeneous mixture of neuron subtypes or even unknown phenotypes. In
contrast, exogenous transcription factor expression via LTVs played an important role in
specifying distinct neuronal subtypes [91]. Additionally, LTVs can serve as a means for
introducing precise genetic modifications or mutations into the genomes of reprogrammed
neurons, facilitating controlled and reproducible exploration of disease mechanisms and
potential therapeutic strategies which could be interesting in further applications [92][93][94].

4.2. Calcium imaging as main characterizing technique

In this work, many conversion protocols were performed to convert fibroblasts from different
tissues and donors into sensory neurons. Fibroblasts have consistently been chosen as the
starting cell type for these protocols due to their accessibility, ease of culture, lack of
intermediate cell states, faster conversion times, and reduced risk of tumorigenesis
compared to iPSc. Additionally, it has been demonstrated that directly converted cells
maintain donors’ epigenetic marks, aging, and mosaicism [98][99], allowing for personalized
medicine studies and the production of mixed populations of neurons. Throughout this work,
different types of fibroblasts and small molecules were applied, with the goal of developing

a robust and efficient protocol of conversion from fibroblasts to sensory neurons.

Calcium imaging was chosen as the primary method for characterizing converted sensory

neurons due to its high sensitivity compared to high throughput assays, as well as its ability
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to image multiple cells simultaneously allowing the evaluation of functional properties. Table
3 provides a summary of calcium imaging results obtained from all the conversion protocols
performed, as a means to easily compare the different conversion protocols. Moreover,
since TRP channels are calcium-permeable ion channels and markers for different sensory
neuron populations [10], [15], calcium imaging assays were centred on measuring TRP
channels responses to agonists as well as cell responses to KCl, as a depolarizing stimulus.
As a drawback to this technique, calcium imaging alone does not provide information about
the electrophysiological properties of the cells under study. Therefore, it is necessary to
further functionally characterize the converted cells using electrophysiological techniques

such as patch clamp or MEA.

Performing conversion protocols involving LTVs and small molecules is highly demanding
both in terms of time, money and effort. Therefore, not all the conversion protocols were
thoroughly characterized with many techniques. In every conversion protocol, calcium
imaging was used as a screening technigue to decide if further analysis, both molecular and
functional, was appropriate. We believe this method allowed us to discard those protocols
which were not developing functional putative sensory neurons. However, this method also
has drawbacks, such as (1) the lack of deep molecular characterization of the converted
cells, leading to a lesser knowledge of the output caused by the changes applied to every
protocol; and (2) the difficulty in comparing different conversion protocols, other than with

calcium imaging results.
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Table 3 Summary of direct conversion protocols and calcium imaging results as percentage of
response to KCI, KCI and capsaicin, KCI and menthol or KCIl and AITC.

Mean percentage of response

Human fibroblasts

o Protocol | KCl+ | KCl+caps + | KCl+ ment+ | KCl+AITC +
origin (gender)
(female) 2 8.5 34.9 84.0 100
Blanchard,
0.5 0 0 0
Eade et al.
Neonatal dermal
(male) cAMP 0.7 2.3 4.5 0.4
DAPT 3.3 2.5 16.5 22
Blanchard,
1.3 0 0 0
Eade et al
Adult dermal
DAPT 25 1.3 1 5
(female)
Cycle
15 12.5 12.5 13.2
Arrest
2.3 5.3;
Adult dermal 2.6; 20 5;12.3 20.3; 14.3
(day27) 33
skin biopsy
23 38 24.3; 10.4 0;7.9 6.6, 3.4
(female; male) (day50) 58 -9, LU. 1 -0, 3.
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4.3. Direct conversion of foetal lung fibroblasts to sensory

neurons

The foetal lung fibroblasts used in this work were an immortalized cell line (IMR90) and
therefore did not behave as primary fibroblasts in terms of maximum number of passages,
required medium, and morphology. Nevertheless, they proved to be a feasible model for
induced sensory neurons as both protocol 1 and 2 provided a high percentage of putative
neurons (KCl responsive cells) that responded to capsaicin, menthol, or AITC. It is
interesting to note that even after undergoing the conversion protocol, the percentage of
cells responding to AITC remained as high as in non-converted cells. This might suggest
that TRPAL, which is highly expressed in human foetal fibroblasts, may not be
downregulated during the conversion process, indicating that the resulting cells may not be
fully converted to sensory neurons. Interestingly, some cells responded to all three TRPs
agonists. Co-response to menthol and AITC could be explained by menthol activating
TRPAL [101]. The co-response to capsaicin and menthol is more surprising; however, some
authors found TRPM8 and TRPV1 mRNA co-expressed in the same neuronal population
[102] and functional studies hypothesised that TRPV1 and TRPM8 may be co-expressed in
trigeminal ganglia or oocytes [103][104]. Nevertheless, to our knowledge, a population of
sensory neurons which expresses TRPV1, TRPM8 and TRPA1l was not described in
humans nor in any other species, therefore IMR90 derived iSNs would not fully recapitulate

human sensory neurons.

Regarding morphological analysis, protocol 2 more closely resembled sensory neurons
phenotype, while protocol 1 presented an elongated morphology. However, as protocol 2
resulted in a high mortality rate, it may not be suitable for the development of in vitro chronic
models. Nevertheless, due to the high quantity of IMR90 available, this conversion protocol
could be used in high throughput screening for testing compounds active on TRPs channels
in a cellular context that is closer to sensory neurons, compared to a stable cell line
expressing an exogenous ion channel. In the future, modifications to protocol 2 may be
implemented to reduce cell mortality and prolong the conversion protocol using the BN1 all-
in-one lentiviral vector instead of using doxycycline-inducible LTVs expressing Brn3A and

Ngn1l separately. The use of BN1 LTV would increase the transduction efficiency and reduce
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toxicity, probably leading to higher maturation of iSNs. Further future experiments may focus
on measuring CGRP secretion through ELISA and may investigate the molecular aspects
of cell cycle block in protocol 2. While the cell cycle was actively blocked in protocol 1 and
not in protocol 2, statistically significant blockage of the cell cycle was still observed in
protocol 2, suggesting that the conversion protocol 2 itself induced cell cycle blockage.

As for protocol 2 alone, TRPV1, TRPM8 and TRPAL1 in converted cells seemed to be slightly
sensitized after exposure to inflammatory mediators, however statistical significance was
not present between control and treated cells. The sensitization tendency is in line with TRPs
sensitization induced by inflammatory mediators and neurotrophic factors in rodents DRGs
[22][105]. Probably, the inflammatory mediators composition or time of application has to be
optimized yet, but this type of experiments may open new possibilities for using this system
in inflammatory pain research and compounds screening in a model resembling human
sensory neurons. Furthermore, protocol 2 converted cells displayed electrical activity as
measured in MEA CMOS experiments, however it was impossible to perform patch clamp
due to cell membrane damage. As measured by MTT assay on adult dermal fibroblasts,
polybrene does not display cytotoxicity. However, MTT assay only assesses cell metabolic
activity. Considering cell membrane health of protocol 2 converted cells, further assessment
should be done in the effect of polybrene on cell membrane state. In conclusion, the overall
cell health in both protocol 1 and protocol 2 may be improved by slight modifications such
as using all-in-one LTVs, avoid using doxycycline and polybrene, and perform half media
changes.

4.4. Direct conversion of dermal neonatal fibroblasts to

sensory neurons

The results obtained from IMR90 conversion pave the way for the development of a high
throughput method to obtain an in vitro model of human sensory neurons. However, IMR90
are immortalized cells obtained from foetal lungs, therefore they are not easily obtainable
from patients or healthy volunteers. For this reason, further conversion protocols were
performed in dermal fibroblasts. Since young fibroblasts display higher conversion efficiency
than adult ones [68], the first conversion protocol on dermal fibroblasts was performed with
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cells from neonatal donors. In our hands, the Blanchard and Eade protocol [66] did not show
KCl responses in converted cells. The reason for this contrast to published data may reside
in differences in the starting cells, since Blanchard and Eade 2012 presented limited data
on human dermal fibroblasts, while mainly focusing on mouse embryonic fibroblasts. In an
attempt to develop an efficient protocol, we modified the protocol published by Ladewig and
collaborators [77], which directly converts adult dermal fibroblasts to neurons. Such
modification comprised the addition of the small molecule DAPT, which inhibits the
Notch/Delta pathway. DAPT proved to be a crucial addition, as the percentage of KCI
responses increased almost five times compared to the cAMP protocol. Interestingly,
Notch/Delta inhibition may also be obtained by the induction of Ascll and Mytl1, which are
often induced in conversion protocols. In future experiments it could be interesting to
investigate the effect of DAPT and Notch/Delta inhibition, to further increase our
understanding of small molecules in conversion protocol which is sometimes limited.
Similarly, to what was observed in foetal lung fibroblasts converted cells, there were small
populations of KCI responsive cells which responded to both capsaicin and menthol and
both capsaicin and AITC. According to Usoskin et al. [10] TRPV1 and TRPAL are co-
expressed in two subpopulations of non peptidergic, unmyelinated sensory neurons, in
rodents. In addition, we also observed that 1,4% of cells responded to both menthol and
AITC, which were also described in rat primary afferent neurons, however in lower
percentage [102]. Furthermore, a small population responded to all three TRPs agonists
which, to our knowledge, was never described before, therefore this feature may not

recapitulate human sensory neurons phenotype.

4.5. Direct conversion of human dermal adult fibroblasts to

sensory neurons

Previous studies showed that adult dermal fibroblasts conversion has lower efficiencies than
fibroblasts from younger donors [68]. Nevertheless, since the main objective of this work is
to develop a human sensory neurons model which could apply to a variety of fibroblasts
from different tissues and donors, we wanted the model to work in fibroblasts extracted from
donors of all ages. Therefore, dermal biopsies were extracted from healthy donors and a

protocol to extract fibroblasts from human donors was optimized.
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Blanchard and Eade protocol in our hands was not successful, while DAPT protocol
presented slightly higher percentages of response however the efficiency was not
satisfactory to have a robust and reproducible model of human sensory neurons.
Furthermore, both protocols induced high cells mortality having a low number of converted
cells at the end point and making the maturation of converting cells not possible. In an
attempt to increase conversion efficiency, DAPT protocol was modified blocking the cell
cycle in G1, which induces cells to exit the cell cycle to the GO phase [88], which in previous
studies increased conversion from human fibroblasts to dopaminergic neurons [106].
Contrary to our expectations, the cell cycle block protocol demonstrated lower efficiency
than DAPT protocol. In conclusion, in our hands adult fibroblasts conversion protocols result
in lower efficiency than young fibroblasts, confirming results published from other authors
[68] [107].

To optimize a reproducible and efficient conversion protocol in adult dermal fibroblasts from
skin biopsies, human dermal fibroblasts extracted from dermal biopsies were subjected to
various modifications of the cell cycle arrest protocol or Drouin-Ouellet and Lau protocol. As
previously published, Drouin-Ouellet and Lau protocol efficiently converted adult dermal
fibroblasts to cells with neuronal morphology and positive to Tau. Modifications applied to
specify these cells to sensory neurons, involved the combination of LTVs 3410 and BN1.
These LTVs combined induced expression of Ascll, Brn2, REST shRNA, Brn3a and Ngnl
in transduced cells. Ascll and Brn2 are among the most commonly used TF in fibroblasts-
to-neurons conversion. Their selection is based on their pivotal roles in neural development
and their effectiveness in promoting the conversion [98], [99]. However, as demonstrated by
Drouin-Ouellet and Lau, these TFs alone may not be sufficient for efficiently converting adult
dermal fibroblasts into neurons. REST inhibition through shRNA has been shown to be
essential, which was a finding also confirmed by Church and colleagues, who induced REST
inhibition through the induction of miRNA 9/9* and miRNA 124 [89]. Adding BN1 LTV to
Drouin-Ouellet and Lau protocol increased the percentage of both neurons and sensory
neurons. The fact that adding Ngn1 induction increased not only sensory neurons but also
Tau+ cells is in line with results from other authors, reviewed by Traxler and colleagues [98].
However, inducing BN1 expression without 3410 did not generate neurons or sensory
neurons, demonstrating that Ascll, Brn2, and REST inhibition are pivotal for adult dermal

fibroblasts conversion into neurons. A further modification to the original Drouin-Ouellet and
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Lau protocol was the addition of NGF and DAPT to conversion media. Nerve growth factor
is a widely used neurotrophic factor in rodents DRGs culture, allowing their survival and
maturation after dissection. It has been also widely used in fibroblasts to sensory neurons
conversion protocols because of its pivotal role in sensory neurons fate specification during
the embryonic development and maturation [1]. DAPT is also widely used in sensory
neurons generation from iPSCs [60] and in our experience it increased conversion efficiency
in neonatal and adult dermal fibroblasts. As expected, the addition of NGF and DAPT to the
early neuronal media increased the percentage of sensory neurons in comparison to a
conversion protocol where these molecules where not present. Interestingly, the inclusion
of NGF and DAPT led to an increase in the percentage of sensory neurons, but it resulted
in a decrease in the percentage of overall neurons. It was not explored whether this was
due to a higher mortality rate or perhaps a competitive mechanism that prevented a high
proportion of both neurons and sensory neurons simultaneously. Nevertheless, despite the
reduction in the percentage of neurons, protocol 2.3 was selected as the preferred choice

because of its sensory neurons yield.

The outcomes of protocol 2.3 offer valuable insights into the potential and complexities of
this method. Notably, the results obtained from calcium imaging assays and the molecular
characterization, both at mMRNA and protein level, exhibited considerable variability among
donors and between endpoints. These variations strongly suggest the presence of donor-
specific factors and maturation-related dynamics influencing the functional properties of the
induced sensory neurons. To gain a deeper and more comprehensive understanding of the
maturation processes of converted cells, further assays are needed involving fibroblasts
from a diverse pool of donors, comprising various ages and genders. Transcriptomic and
proteomic analyses will be instrumental in uncovering donor-specific factors contributing to

the induction of neuronal cells.

These findings contribute to our understanding of the potential and challenges associated
with the conversion of fibroblasts into sensory neurons, opening avenues for future research

in the field of sensory neuron biology and disease modelling.
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4.6. Mouse DRGs culture in microfluidic chambers

Microfluidic chambers were used in this work to provide a tool to compartmentalize rodent
DRGs soma and neurites. Once the model of compartmentalized culture was optimized, our
findings substantiated that compartmentalized sensory neurons in microfluidic chambers are
suitable models to investigate the interaction of the sensory endings with dermal cells, as
well as to study the mechanisms involved in their peripheral sensitization either by pro-

inflammatory or neuropathic drugs.

Compartmentalized culture presents numerous advantages, such as being able to expose
axons to a different fluid and cellular environment than cell bodies, which is useful for studies
of trophic and pharmacological regulation. Specifically, in the case of nociceptors, it is of
vital importance to separate the soma from the nerve endings because of their peculiar
anatomy in-vivo. Whereas only the peripheral terminal of the nociceptor will respond to
environmental stimuli, both the peripheral and central terminals can be targeted by
endogenous molecules. MFCs present a multitude of applications that have the potential to
yield novel insights into neuronal physiology and pathology. These applications encompass
diverse areas, including the subcellular localization of molecules, vesicle trafficking, in situ
translation, and the localization of transduction proteins. Furthermore, MFCs offer the
opportunity to investigate interactions between neurons and other cell types, enabling co-
culturing nerve endings with fibroblasts, keratinocytes, endothelial cells, glial cells, and
more. This approach facilitates a more comprehensive exploration of sensory transduction,
signal conduction and integration, neuropeptide secretion, as well as mechanisms
underlying neuronal sensitization and chronic conditions. Intriguingly, MFC design holds the
potential to replicate the in vivo spatial arrangement of cells, for example the addition of
microchannels with controlled and constant fluidic conditions could potentially mimic aspects
of the blood or lymphatic vascular systems. The capability to design and construct
customized MFCs confers a remarkable degree of flexibility, enabling the pursuit of diverse

research objectives.

While the compartmentalized culture of DRGs and TG presents numerous advantages,
certain uncertainties remain. As an example, it is unclear whether the neurites under

investigation are of peripheral, central, or combined origin. The dissection process of
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Sensory neurons removes existing neurites, which subsequently regrow over the course of
days in culture. As a consequence, it is plausible that the neurites present in the culture
might regrow as naive neurites. To address this, future investigations may use a MFC with
three distinct compartments. Such a design could facilitate the optimization of protocols
tailored to attract peripheral and central axons separately. This approach may shed light on
the specific properties and behaviours of these neurite populations, enhancing our

understanding of peripheral neurons.

These models hold great promise for the future of sensory neurons and pain investigation
and open to the possibility of culturing induced sensory neurons derived from human cells.
In fact, culturing rodent sensory neurons in MFC presents challenges in standardization due
to limited cell numbers and a reliance on user experience. Furthermore, using iSNs would
reduce the use of animals and limit problems of unreliability and low translatability of animal
experimentation. Culturing iSNs in microfluidic chambers would increase the representativity

of this model, increasing its similarity to the in-vivo morphology of human sensory neurons.
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5.CONCLUSIONS

5.1. Transdifferentiation or direct conversion

In the context of fibroblasts direct conversion, constitutive all-in-one LTVs are
preferable compared to doxycycline-dependent systems, because they present
higher transgene expression, require lower MOIs and seem to induce lower cell
mortality.

. The conversion of fibroblasts to putative sensory neurons can be achieved through a
variety of methods, each with their own advantages and limitations. Each model is
adequate for the study of certain aspects of sensory neurons.

. Direct conversion of lung foetal fibroblasts into putative sensory neurons is feasible
both with protocol 1 and 2. Protocol 2 seems to have higher conversion efficiency
than protocol 1 however it induced high cytotoxicity.

In our hands, Blanchard, Eade and collaborators conversion protocol did not induce
sensory neurons from neonatal or adult human dermal fibroblasts.

. The addition of DAPT to conversion media improved cells morphology and it
increased the performance of converted cells as measured by calcium imaging, in
neonatal and adult human dermal fibroblasts.

. Cell cycle block through small molecules and/or serum withdrawal does not seem to
increase the conversion efficiency both in human lung foetal fibroblasts and in human
dermal adult fibroblasts.

. Drouin-Ouellet, Lau and collaborators conversion protocol successfully induced
neurons and sensory neurons from human adult dermal fibroblasts. In adult dermal
fibroblasts, Ascll and Brn2 induction, and REST inhibition, combined with defined
conversion media, are crucial for conversion of fibroblasts to neurons. Inducing Brn3a
and Ngnl expression, and adding NGF and DAPT, increases the amount of putative
sensory neurons generated. Brn3a and Ngn1l induction alone does not generate Tau
positive cells.

. Converted adult dermal fibroblasts displayed functionality typical of sensory neurons

up to 50 days in vitro.
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. Conversion efficiency is highly dependent on fibroblasts type, tissue of origin, donor’s

age, fibroblasts and reagents batch etc.

5.2.  Microfluidic chambers

. Microfluidic chambers are feasible tools to perform compartmentalized culture of
rodent DRGs.

. Calcium imaging can be performed stimulating neurites and recording activity in the
cell soma.

. Neurites can be co-cultured with human keratinocytes, with slight modifications to the
culture media. In this system, neurites are in physical contact with keratinocytes.

. Microfluidic chambers allow to expose neurites to inflammatory mediators or
chemotherapeutic agents. These substances sensitize neurites to different extent

and the sensitization can be observed in the soma.
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6.CONCLUSIONES

6.1. Transdiferenciacion o conversion directa

En el contexto de la conversion directa de fibroblastos, los LTV de expression
constitutiva son de preferir a los sistemas dependientes de doxiciclina, porque
presentan expresion del transgén mayor, necesitan MOIs menores y parecen inducir
menos mortalidad celular.

La conversion de fibroblastos a neuronas sensoriales putativas puede ser obtenida
a través de varios métodos, cada uno con sus ventajas y limitaciones. Cada modelo
podra considerarse para estudiar ciertos aspectos de las neuronas sensoriales u
otros.

La conversion directa de fibroblastos pulmonares fetales en neuronas sensoriales
putativas es posible tanto con el protocolo 1 como con el 2. El protocolo 2 parece
tener una mayor eficiencia de conversion que el protocolo 1, sin embargo, indujo una
alta citotoxicidad.

En nuestras manos, el protocolo de conversion de Blanchard, Eade y colaboradores
no indujo neuronas sensoriales a partir de fibroblastos dérmicos humanos
neonatales o adultos.

La adicién de DAPT al medio de conversion mejoro la morfologia celular y aumento
el rendimiento de las células convertidas, medido mediante imagenes de calcio, en
fibroblastos dérmicos humanos neonatales y adultos.

El bloqueo del ciclo celular a través de moléculas pequefias y/o la retirada de suero
no parece aumentar la eficiencia de conversién tanto en fibroblastos pulmonares
fetales humanos como en fibroblastos dérmicos adultos humanos.

El protocolo de conversion de Drouin-Ouellet, Lau y colaboradores indujo con éxito
neuronas y neuronas sensoriales a partir de fibroblastos dérmicos humanos adultos.
En los fibroblastos dérmicos adultos, la induccion de Ascll y Brn2, y la inhibicién de
REST, combinadas con un medio de conversion, son cruciales para la conversion de
fibroblastos a neuronas. La induccion de la expresion de Brn3a y Ngnl, y la adicion
de NGF y DAPT, aumentan la cantidad de neuronas sensoriales putativas
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generadas. La induccion de Brn3a y Ngnl por si sola no genera células positivas
para Tau.

Los fibroblastos dérmicos adultos convertidos mostraron funcionalidad tipica de
neuronas sensoriales hasta 50 dias in vitro.

La eficiencia de conversion depende en gran medida del tipo de fibroblastos, el tejido

de origen, la edad del donante, los lotes de fibroblastos y reactivos, etc.

6.2. Camaras microfluidicas

Las camaras microfluidicas son buenas herramientas para realizar cultivos
compartimentados de ganglios de raiz dorsal de roedores.

La imagen de calcio se puede realizar estimulando neuritas y registrando la actividad
en el soma celular.

Las neuritas se pueden co-cultivar con queratinocitos humanos, con ligeras
modificaciones en el medio de cultivo. En este sistema, las neuritas estan en
contacto fisico con los queratinocitos.

Las camaras microfluidicas permiten exponer las neuritas a mediadores
inflamatorios 0 agentes quimioterapéuticos. Estas sustancias sensibilizan las

neuritas en diferentes grados y la sensibilizaciéon se puede observar en el soma.
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/.MATERIALS AND METHODS

7.1. Plasmids

Transfer plasmids for TetO Ngnl (Addgene #62222) and TetO Brn3a (Addgene #62221)
were deposited by the Kristin Baldwin laboratory [66] on the Addgene repository. As shown
in Figure 46, transfer plasmids present a region between the LTRs, which will integrate in

the host genome and will be transcribed in response to doxycycline.

The TetO promoter needs a transactivator (rtTA) to induce the doxycycline-dependent
transcription of the genes of interest. The plasmid was deposited by Ron Weiss laboratory
(plv_hEF1_rtTA Addgene #61472) [108].

Packaging and envelope plasmids are detailed below:

- pCMV delta R.2 (Addgene #12263): packaging plasmid carrying the genes GAG,
POL, TAT and REV; this plasmid was a gift from Didier Trono laboratory;

-  pCMV-VSV-G (Addgene #8454): envelope plasmid, is an empty backbone that, used
in combination with the packaging plasmid, allows to produce LTVs. Deposited by
Bob Weinberg laboratory [109].

In addition, pLenti CMV GFP Hygro (Addgene # 17446) [111] and FUW TetO eGFP
(Addgene # 84041) [112] were used to optimize the transfection in HEK293 LTV and the
infection in human fibroblasts. These plasmids are lentiviral transfer plasmid that expresses
eGFP in mammalian cells under the control of a constitutive promoter or a doxycycline

inducible promoter.
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Figure 46 TetOBrn3a plasmid structure. TetONgnl and TetONgn2 share the same structure
and sequence, save the gene of interest sequence.

For the production of LTVs 3410 and BN1, 3" generation packaging system was used, using

the following plasmids:

- BNL1 transfer plasmid which encodes for Brn3a, Ngnl and RFP, all separated by a
2A self-cleaving peptides, which induce ribosomal skipping. The genes of interest are
under the control of the constitutive promoter EF1a.This plasmid was self-designed
and cloned by Vector Builder.

- 3410 transfer plasmid which encodes for Ascll, Brn2 and two different shRNA for
REST [68].

- 3043 (pMD2G): VSV-G encoding envelope plasmid.
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- 3044 (pMDLg_pRRE): GAG, POL and RRE encoding packaging plasmid.
- 3045 (pRSV_REV): REV packaging plasmid. These plasmids were a gift from

Karolina Pircs’ laboratory.

Upon arrival, transformed bacterial strain were grown in LB Agar medium supplemented
with ampicillin 100 ug/mL at 37°C for 24h. On the following day, one bacterial colony was
chosen and grown in LB medium supplemented with ampicillin at 37°C shaking overnight.
After 16-24h, the DNA was extracted using E.Z.N.A. Plasmid Midi Kit (Omega Bio-Tek).

Plasmids were stored at -20°C for up to 6 months.

7.2.  Lentiviral vectors production

HEK 293LTV cell line was used to produce all lentiviral vectors however different
transfection protocols were performed. For the production of GFP LTV, TetO GFP LTV, TetO
Brn3a LTV, TetO Ngnl LTV and rtTA LTV, 1x10° cells were seeded in a 100 mm diameter
petri dish and transfected when cells reached 70% confluence and were spread evenly onto
the plate. Transfection was performed using the calcium phosphate [113][114] or

lipofectamine method.

For calcium phosphate method, 16 ug of lentiviral transfer vector DNA were combined with
16 ug of dR8.2 packaging and 4 ug of VSV-G envelope plasmid DNA. The precipitate was
formed by adding 86 yL 2.5M CacClz (Sigma) reaching a final volume of 700 yL with DEPC-
H20 (Ambion), afterwards 700 yL of 2X HBS (HEPES 50 mM, Na2HPOa4- 2H20 1,5 mM,
NaCl 280 mM, KCI 10 mM, Sucrose 12 mM, pH=7.2) (Sigma) was added to the DNA mix
dropwise while vortexing. The solution was then vortexed and incubated at room
temperature (RT) for 30 min and then added to the cells, that were incubated at 37°C 5%

CO2z overnight.

For lipofectamine transfection, 37,5 uL of Lipofectamine 3000 (Invitrogen) was added to 500
uL of DMEM GlutaMAX (Gibco) and 1% Penicillin/ Streptomycin (Gibco). In another
eppendorf, 500 pL of medium was mixed with plasmid DNA (7 pg of lentiviral transfer vector
DNA, 5,5 pg of dR8.2 packaging and 2,5 ug of VSV-G envelope) and 30 uL of P3000. DNA
solution was added to lipofectamine solution and incubated for 15 minutes at RT.
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Afterwards, the transfection mix was added dropwise to the cells and incubated at 37°C 5%

CO2z overnight.

After the transfection, viruses were collected at 24, 48 and 72 hours. The medium containing
the viruses was then filtered with a 0,45 pm filter to eliminate cell debris and stored at -80°C
or immediately concentrated. The concentration was performed by ultracentrifugation at
38000 RPM (Beckman 45Ti rotor) at 4 °C for 2h, using a sucrose cushion (Sucrose 20%,
NaCl 100mM, HEPES 20 mM, EDTA 1mM) (Sigma) to purify the viruses from cell medium
and cell debris. The pellets were then resuspended in D-PBS (Sigma) and working aliquots
were stored at -80°C up until one year [115][87].

On the other hand, 3410 and BN1 LTV were produced using PEI transfection method. HEK
293 LTV were seeded in T175 flasks and transfected with 21 pg of transfer plasmid, 5.5 ug
of 3043 envelope plasmid, 7.5 pg of 3044 packaging plasmid and 3.9 ug of 3045 packaging
plasmid. LTVs were collected 45h after the transfection, concentrated through
ultracentrifugation at 35000 RPM (Beckman 45Ti rotor) at 4 °C for 1.5h. The pellets were

resuspended and stored as described previously.

7.3. Lentiviral vectors titration

HEK 293 LTV were infected with serial dilutions of lentiviral vectors 1:1000, 1:10.000 and
1:100.000. Four days after infection, cells were collected and genomic DNA was extracted
using Nucleo Spin Tissue Genomic DNA (Machery Nagel) to perform quantitative PCR
targeting the viral gene WPRE. TagMan probe and primers sequences are described in
Table 4.

Table 4 WPRE TagMan probe and primers.

Probe Forward primer Reverse Primer

FAM-TGCTGACGCAACCCCCACTGGT-TAMRA CCGTTGTCAGGCAACGTG | AGCTGACAGGTGGTGGCAAT

gPCR was performed as in Kutner et al [87] with some variations. TagMan RNaseP control

reagent (Applied Biosystems) was used to target RNaseP as endogenous gene. TagMan
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gPCR was performed using QuantStudio 3 thermocycler (Applied Biosystems), with the
following protocol: 50°C for 2 min, 95°C for 10 min, 95°C for 15s, 60 °C for 1min for 35
cycles. Standard curves for WPRE and RNaseP were prepared, using plasmid and human
genomic DNA respectively, to calculate the viral and genomic copies present in the samples.
Viral vector copy numbers in HEK 293 LTV were normalized to human RNaseP gene copies
and presented as proviral copies per genome equivalent. Integration units per mL (1U/ml)

were calculated according to the following formula:

IU/mL = (Cx N xD x 1,000)/V

Equation 1 titration qPCR analysis equation: C is proviral copies per genome, N is the number
of cells at time of transduction, D is the dilution of vector preparation, V is the volume of
diluted vector added in each well for transduction [115].

7.4. Cell culture

HEK 293LTV (Cell Biolabs Inc.) is specifically designed to produce high lentiviral titers
throughout a transfection [116]. Cells were cultured in DMEM GlutaMAX high glucose + 1%
Penicillin/Streptomycin + 10% FBS + 0,1 mM MEM NEAA (Gibco) and passaged with 0,05%
Trypsin — EDTA 1X (Gibco) when 80 % confluent. For one-week maintenance, 70 pL of an

80% T25 flask were seeded onto a new T25.

Foetal lung fibroblasts from female donor (IMR90) were cultured in MEM (ATCC) + 10%
FBS + 1%P/S (Gibco) and passaged with 0,05% Trypsin — EDTA 1X (Gibco) when 80 %
confluency was reached.

Human dermal fibroblasts form neonatal donors (HDFn) (Gibco) are human dermal
fibroblasts isolated from neonatal foreskin. The cells were cultured in Medium 106 + LSGS
supplement + 1% Penicillin/Streptomycin (Gibco) and passaged, when 70% confluence was
reached, with 0,025% Trypsin — EDTA 1X, neutralized with Trypsin Neutralizer Solution

(Gibco). For one-week maintenance, 62.500 cells were seeded in a T25 flask [117].

Human dermal fibroblasts form adult donors (HDFa) (Gibco) culture and passaging were
performed as for HDFn. For one-week maintenance, 125.000 cells were seeded in a T25
flask [118]. The cells purchased and used in this work where obtained from a 22 years old
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female donors. The cell growth rate of primary fibroblasts changed due to cell passage and
treatment. Furthermore, the older the donor, the sooner cells seemed to reach senescence
and stop their growth at much younger passages (i.e., passage 5 for HDFa and passage 8
for HDFn).

HaCaT were maintained in Dulbecco’s modified Eagle’s medium (DMEM) GlutaMAX (Gibco)
with 10% foetal bovine serum (Gibco), 1% penicillin/streptomycin (10000 U/mL, Gibco) and
1% L-glutamine (200mM, Gibco) at 37°C with 5% CO.. Cells were serially passaged at 70-

90% confluence.

All cells were regularly tested for mycoplasma.

7.5.  Extraction of fibroblasts from skin biopsies

Adult human dermal fibroblasts (AF) were extracted from 3mm skin punch biopsies from
adult donors and cultured in DMEM GlutaMAX + 1% Penicillin/Streptomycin (Gibco) + 10%
FBS (Gibco). Briefly, epidermis was cut and separated, dermis was then cut in 12 pieces
and put in gelatine-coated 6 well plate. After 3-4 days, fibroblasts started to migrate and
replicate (Figure 47). Once confluent, the cells were trypsinized with 0,05% Trypsin — EDTA
(Gibco) and passaged in T175 flasks. When 80 % confluency was reached cells were

passaged or frozen. Cells were regularly tested for mycoplasma.

A.

Figure 47 Fibroblasts extraction from a skin punch biopsy. A. Skin punch biopsy seen
through a stereoscopic microscope. Epidermis and dermis are visible. B. Biopsy pieces in a
6well plate C. Fibroblasts emerging from a skin biopsy.
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7.6.  Fibroblasts infection

For conversion protocols, IMR90 were seeded at 15.000 cells/ cm?, HDFn were seeded at
12.500 cells/cm?, while human dermal fibroblasts from adult donors (HDFa and AF) were
seeded at 25.000 cells/ cm?. 24h post seeding, IMR90 were infected with lentiviral vectors
Brn3a (MOI 20), Ngnl (MOI 20) and rtTA (MOI 40), HDFn or HDFa were infected with
lentiviral vectors Brn3a (MOI 10), Ngn1 (MOI 10) and rtTA (MOI 20) while AF were infected
with 3410 (MOI 10) and BN1 (MOI 10). MOI (Multiplicity of infection) is the quantity of
lentiviral vector per cell. Depending on the LTV titer and the MOI established, the volume of

LTV to be added is calculated using the equation below:

cells
(—Well) x MOI

uL virus/well = TUJL

Equation 2 The volume of virus to be added per well was calculated by multiplying the number
of cells seeded per well for the MOI desired. This value is then divided by the lentiviral particle
titre expressed in transfection unit per mL (TU/mL).

Lentiviral vectors were added to the cells in basal media with or without polybrene
(Hexadimethrine bromide, Sigma) 8 pg/mL and were incubated with the cells for 16-72 hours
depending on the conversion protocol in a humidified incubator at 37°C and 5% CO..

Polybrene was not used in AF infection.

7.7. MTT test

HDFa were seeded in 96 wells plate at 25.000 cells/ cm?. 24h afterwards, cells were treated
with polybrene 8 pg/mL or 4 ug/mL for 6h, 24h and 48h. Negative control cells were treated
with 10% DMSO for 24h. Three wells per condition were left without cells, to have a blank
control. After the treatment, diphenyltetrazolium bromide (MTT) (Sigma) was added to the
cells to reach a final concentration of 0,25 mg/mL. Cells were incubated 2.5 h at 37°C and
5% CO:2 and then treated with 100% DMSO for 10 minutes. The plate was analysed with
POLARstar (Omega) Plate Reader at 570 nm and data were then normalized to untreated

cells.
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7.8.  Foetal lung fibroblasts (IMR90) conversion protocols

IMR90 were seeded onto glass coverslips or plastic multiwell plates treated with poly-I-lysine
(Sigma) 8.3 pg/mL and laminin (Cultrex) 20 pg/mL. The conversion protocol 1 was modified
from Li et al. [90], adding PD0325901 and substituting Purmorphamine and TGFB3, that are
used to obtain dopaminergic neurons, with DAPT y SU5402, to generate sensory neurons
(Figure 48). PD0325901 is a selective, blocks cell cycle in G1 due to its effect on MEK/ERK,
increasing the number of cells that enter GO [119][88]. Cells were infected withLTVs Brn3a
and Ngn1 MOI 20 and rtTA MOI 40.

Day-3 -2 -1 0 6 10

16h
Seed cells Infect ——
Brn3A

Doxycyxline 1 pg/mL

Ngnl
IMR90 i
. reTA pmenv/ | Induction Induction
medium F12 medium 1 medium 2

DMEM/F12 DMEM/F12
B27 2X 827 2X
1% P/S 1% P/S

0,5 uM dorsomorphina 1 uM PD 0325901

2,5 UM SB431542
1 uM PD 0325901
3 uM CHIR99021
10 uM Y27632
0,5 mM dcAMP
20 ng/mI NGF

20 ng/mL BDNF

10 uM Y27632
0,5 MM dcAMP
20 ng/ml NGF
20 ng/mL BDNF
20 ng/m| GDNF
20 ng/mINT3
5 uM DAPT

20 ng/ml GDNF
20 ng/mINT3
5 uM DAPT

10 uM SU5402

Figure 48 Experimental design of the conversion protocol 1, modified from Li et al.

24h after the infection, lentiviral vectors were withdrawn and the cells were incubated for
24h at 37°C with DMEM/F12 media without serum, to block the cell cycle. The following day,
cells were treated with induction medium prepared as follows: DMEM/F12, B27 1X, N2 1X,
NEAA 1X, P/S 1 % (all from Gibco), LDN193189 0,5 uM (Stemgent), SB431542 2,5 uM
(Sigma), PD0325901 1 puM (Sigma), CHIR99021 3 pM (Tocris), Y27632 10 uyM (Sigma),
dcAMP 0,5 mM (Sigma), NGF 20 ng/ml (Peprotech), GDNF 20 ng/ml (Peprotech), BDNF 20
ng/ml (Peprotech), NT3 20 ng/ml (Peprotech), Doxycycline 1 ug/ml (Sigma), DAPT 5 uM
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(Tocris) and SU5402 10 uM (Sigma). At day 6, media composition was changed withdrawing
LDN193189, SB431542, CHIR99021, Doxycycline and SU5402. Control cells were
recorded in calcium imaging 3 days after seeding and were cultured with basal maintenance

medium. The medium was changed every 2 days.

Conversion protocol 2 was modified from Qin et al [91] (Figure 49), modifications with respect to the
published article were applied to enrich the neuronal population in sensory neurons. As a difference
to protocol 1, in protocol 2 the cell cycle was not actively blocked with serum withdrawal or with PD
0325901. Furthermore, different small molecules are used such as bFGF (Gibco), Forskolin (Sigma),
SHH (PeproTech) and Valproic acid (Sigma). Doxycycline was left in culture for 7 days and media

was changed every other day.

16h
Seedcells Infect ——
Brn3A

Ngnl
rtTA
o] Neural
i medium 1 medium
TR W W E W R I |
DMEM/F12 DMEM/F12
B27 2X B27 2X
GlutaMAX 1X GlutaMAX 1X
N2 1X N2 0,5X
1% P/S 1% P/S
20 ng/mL bFGF 20 ng/mL bFGF
100ng/mL Noggin 200 uM L-ascorbic acid
100 ng/mLSHH 100 ng/mL SHH
5uMY27632 5 uM Forskolina
5 uM DAPT 3 uM CHIR99021
0,5 uM LDN-193189 20 ng/ml NGF
5 uM Forskolina 20 ng/mL BDNF
3 uM CHIR99021 20 ng/ml GDNF
2,5 uM SB431542 20 ng/mlINT3

0,1 mM Valproic Acid

Figure 49 Experimental design of the conversion protocol 2, modified from Qin et al.
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7.9. Human dermal fibroblasts from neonatal donors

conversion protocols

HDFn (Gibco) were seeded onto glass coverslips or plastic multiwell plates treated with poly-
I-lysine (Sigma) 8.3 pg/mL and laminin (Cultrex) 20 pg/mL. Blanchard and Eade conversion
protocol was applied to HDFn (Figure 50) by infecting them LTVs Brn3a, Ngnl (MOI 10)
and rtTA (MOI 20) and then treating them with a simple induction medium with N2
supplement (comprised of progesterone, insulin, transferrin, putrescine and sodium
selenite) (Gibco), FGF (Gibco) and neurotrophic factors (PeproTech).

Day -3 -2 -1 2 8 10 14
l J Doxycyxline 1 pg/mL
Seed Infect 16h
cells Brn3a HDFn medium N3 medium + d
Ngn1l medium + dox Neural medium
rtTA [
DMEM/F12

DMEM/F12 — Neurobasal 1:1
2X B27

NGF 10 ng/mL

BDNF 10 ng/mL

GDNF 10 ng/mL

1% P/S

1X N2
10 ng/ml FGF2
1% P/S

Figure 50 Experimental design of the Blanchard, Eade et al. conversion protocol.

Afterwards, the cCAMP conversion protocol, that was modified from Ladewig and colleagues
[77], was performed (Figure 51). In this protocol, induction medium containing small
molecules was added to the cells. At day 14 of conversion, doxycycline and small molecules
where withdrawn and neural medium with dcAMP and neurotrophic factors was added. Cells

were maintained with neural medium for 7 days [66].
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Day-3 -2 -1 0 14 21

Seed cells Infect Doxycyxline 1 pg/mL
Brn3A
HDFn o
di " oA Induction Neura!
S medium !
I — medlum
. . I

DE/F12:Neurobasal 1:1 DMEM/F12:Neurobasal 1:1

B27 2X
B27 2X

N2 1X
N2 1X

1% P/S 19 P/

10 uM SB431542 o

100 ng/mL noggin 10 ng/ml NGF
10 ng/mL BDNF

0,5 puM LDN-193189
10 ng/ml| GDNF

2 uM CHIR99021

100 ng/mL cAMP 10 ng/mlI NT3
100 ng/mL cAMP
0,5 mM dcAMP

Figure 51 Experimental design of the cAMP conversion protocol, modified from Ladewig et
al [77].

The conversion protocol detailed previously was modified adding the small molecule DAPT
5 UM (Tocris) (Figure 52), which inhibits the y-secretase in the Notch-Delta pathway. In both
cAMP and DAPT conversion protocol, media were changed every other day.

Day-3 -2 -1 0 14 21
Seed cells Infect Doxycyxline 1 ug/mL
Brn3A
HDFn o
- N Induction Neural
medium medium .
ey L —————————————— T 1]
. . ———
DMEM/F12:Neurobasal 1:1 DMEM/F12:Neurobasal 1:1
B27 2X
B27 2X
N2 1X
N2 1X
1% P/S 1% P/S
10 uM SB431542 .

10 ng/ml NGF
10 ng/mL BDNF
10 ng/ml| GDNF

100 ng/mL noggin
0,5 uM LDN-193189
2 uM CHIRS9021

100 ng/mL cAMP 10 ng/mlI NT3
5 uM DAPT 100 ng/mL cAMP
. 0,5 mM dcAMP

Figure 52 Experimental design of the DAPT conversion protocol.
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7.10. Human dermal fibroblasts from adult donors conversion

protocols

HDFa (Gibco) were seeded onto glass coverslips or plastic multiwell plates treated with poly-
I-lysine (Sigma) 8.3 pg/mL and laminin (Cultrex) 20 pg/mL. HDFa were treated with
Blanchard, Eade and collaborators conversion protocol (Figure 50) and DAPT protocol
(Figure 52), as described for HDFn. DAPT conversion protocol was further modified to block
cell cycle (Figure 53). The cell cycle arrest was achieved by withdrawing the serum from
cell culture through a 24 h incubation with DMEM/F12. Furthermore, the small molecule
PD0325901 (Tocris) 1 uM was added to the induction medium.

Seed cells Infect
Dox

DMEM/
i F12

Induction medium ' Neural medium
|

e Sy
DMEM/F12:Neurobasal 1:1

B27 2X DMEM/F12:Neurobasal 1:1
N2 1X B27 2X

1% P/S N2 1X

10 uM SB431542 1% P/S

100 ng/mL noggin 10 ng/m| NGF

0,5 uM LDN-193189 10 ng/mL BDNF

2 uM CHIR99021 10 ng/ml GDNF

5 uM DAPT 10 ng/mI NT3

1 uM PD 0325901 100 ng/mL cAMP

100 ng/mL cAMP 0,5 mM dcAMP

Figure 53 Experimental design of the cycle arrest conversion protocol.

For Drouin-Ouellet and Lau protocol and its modifications (Table 2) nunc 24 wells plate or
6 well plate with Thermanox plastic coverslips (ThermoFisher) were treated with poly-
ornithine 15 pyg/mL (Sigma) overnight at 37°C, laminin 111 (BioLamina) 5 pg/mL 3 hours at
37°C and fibronectin (ThermoFisher) 5 pg/mL overnight at 37°C. Adult fibroblasts extracted
from skin biopsies (AF) were seeded and 24h after seeding the cells were infected with LTVs
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Ngnl, Brn3a, rtTA, BN1 and/or 3410. MOls are detailed in Table 2. For protocol 2.3, which
was the most successful in generating putative sensory neurons (Figure 54), early and late
conversion media described by Drouin-Ouellet et al. were modified with the addition of NGF

(PeproTech) and DAPT (Sigma). Media were changed every other day. Cells were

maintained in culture up to day 50 of conversion.

Day-1 O 3 17 26
Seed cells Infect
3410 + BN1
MOI 10+10
Basal

Early conversion medium (ECM)

Neural differentiation medium
1% P/S

Late neuronal (LNM)

Neural differentiation medium

2 uM CHIR99021 1% P/s

10 pM SB431542 2 uM LM-22A4
500 ng/mL noggin 2 ng/ml GDNF
0,5 uM LDN-193189 10 ng/ml NT3
1 mM VPA 10 ng/ml NGF
U AOAP Y 0,5 mM dcAMP
2 uM LM-22A4

2 ng/ml GDNF

10 ng/mINT3

10 ng/ml NGF

0,5 mM dcAMP

Figure 54 Experimental design of the AF conversion protocol.

7.11. RT-qPCR

At the end point of the conversion protocol, cells were collected with 0,025% Trypsin — EDTA
1X and centrifuged at 13.000 RPM for 5 minutes at 4°C. Supernatant was discarded and
the cell pellet was stored at -80°C or RNA was immediately extracted with RNeasy Mini Kit
(Qiagen). mRNA was then retrotranscribed with First strand cDNA Synthesis Kit
(ThermoFisher) to cDNA. Quantitative PCR was performed using PowerUp SYBR Green
Master Mix (Applied Biosystems) and primers for neuronal markers, sensory neuron

markers or TRP channels (Table 5).
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Table 5 Primers used for RT-gPCR, gene function and sequence.

Gene Marker Primer forward Primer reverse

Map?2 mature sensory neuron GGGCCTTTTCTTTGAAATCTAGTTT = CAAATGTGGCTCTCTGAAGAACA

Brn3a neural progenitor CGTACCACACGATGAACAGC CGTACCACACGATGAACAGC

Cgrp peptidergic sensory neurons AGACATCCAGCAAGCAACA CCAGCCAAGAAAATAATAC

Isl1 neural progenitor TGGACATTACTCCCTCTTACAG CCCGTACAACCTGATATAATCTC

Fspl fibroblasts GTGTCCACCTTCCACAAAT ACTTCATTGTCCTCGTTGCT

Runxl @ C-non peptidergic sensory CACGCACGAATTTTCAG GTGGTCCTATTTAAGCCAGC
neurons

TrkA C-peptidergic sensory CAGGACTTCCAGCGTGAGG GCAGCTTGGCATCAGGTC
neurons

B Actin = endogenous control CTGGAACGGTGAAGGTGACA AAGGGACTTCCTGTAACAATGCA

AACt SYBR Green PCR was performed using QuantStudio 3 thermocycler (Applied
Biosystems), with the following protocol: 50°C 2’, 95°C 2’, 95°C 15s, 60°C 1’ for 40 cycles.
Data were normalized to B-Actin and represented as relative expression 229 using the following

equation:

2(— mean Ct factin - mean Ct gene of interest)

Equation 3 RT-gPCR analysis equation

As a positive control, human brain tissue was utilized due to the suboptimal quality of
preliminary experiments conducted using commercial human DRGs. While it is
acknowledged that human brain tissue may not serve as the ideal reference tissue for the
specific conversion protocols employed in this study, it nevertheless provides insights into

the expression patterns characteristic of neuronal tissue.
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7.12. Immunocytochemistry

At the endpoint of conversion protocols, cells were washed with D-PBS (Sigma) and fixed
with PFA (Sigma) 4% for 20 minutes at RT. Cells were then permeabilized with Triton 100-
X (Sigma) 0,1% v/v for 5 minutes at RT while shaking. Blocking with normal goat serum
(NGS) (Sigma) 5% in D-PBS was performed incubating the cells 1h at RT shaking. Finally,
the primary antibody was added at the appropriate concentration (Table 6) and incubated

overnight at 4°C shaking.

Table 6 Primary antibodies used in this work with details about company, reference and
concentration.

Antibody Supplier Reference Concentration
Ms Brn3a Millipore MAB1585 1:200
Rb Ngnl Abcam 66498 1:500
Rb 3 Tubulin (TUJ1) Covance MMS-435P 1:1000
Rb TRPA1 Alomone ACC-037 1:200
Rb TRPM8 Alomone ACC-049 1:200
Rb TRPV1 Alomone ACC-030 1:200
Rb MAP2 Proteintech 17480-1-AP 1:250
Ms CGRP Abcam AB81887 1:250
Ms Tau ThermoFisher MNZ1000 1:500
Rb Nav 1.8 Alomone ASC-016 1:500

The following day, the primary antibody was washed with D-PBS and the secondary
antibody was added for 1 hour at RT while shaking, protected from light. Afterwards DAPI
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(Sigma) 1,5:10000 was added and incubated 5 minutes at RT while shaking, protected from
light. If cells were seeded onto coverslips, 4 uL Mowiol (Calbiochem) were added onto a
glass slide and the coverslips were mounted on it to fix the fluorescence. The coverslips
were then sealed with varnish and stored at 4°C. Fluorescence images were taken with
confocal microscope LSM900 with Airyscan 2 (Zeiss) or with IN Cell Analyzer 6000 (GE

Healthcare). Quantification was performed by Fiji ImageJ.

7.13. Cell proliferation assay

Click-iIT Edu Cell Proliferation Kit for Imaging (Invitrogen, C10337) was performed. In this
assay the modified thymidine analogue Edu (5-ethynyl-2'-deoxyuridine) is incorporated into
DNA during active DNA synthesis and fluorescently labelled with Alexa Fluor 488. Edu 10
MM was incubated for 16h, afterwards the cells were fixed with 4% PFA for 20 minutes at
RT and then permeabilized with 0,5% Triton X-100 for 20 minutes. The reaction cocktail was
then added to the cells (Click-iT reaction buffer, CuSO4, Alexa Fluor azide and Reaction
buffer additive) and left incubating for 30 minutes at RT protected by the light. Last, nuclei
were stained with Hoechst 33342 (1:2000) for 30 minutes and cells were then imaged using
INCell Analyzer 6000 cell imaging system (GE Healthcare, Little Chalfont, UK). The number
of nuclei and the number of cells positive to Edu were then quantified with ImageJ.

7.14. Calcium imaging

On the day of the experiments, cells were loaded with Fluo-4 AM 5uM (Molecular Probes,
Invitrogen) and pluronic acid 0.02% p/v (Molecular Probes, Invitrogen) in 1 mL of Hank’s
Balanced Salt Solution (HBSS), consisting of NaCl 140 mM, HEPES 10 mM, KCI 4 mM,
CaClz 1.8 mM, MgCl2 1 mM (Sigma), D-glucose 5 mM (VWR|BDH Prolabo Chemicals), pH
7,4. After 1-hour incubation at 37°C and 20 minutes wash with HBSS, coverslips were
mounted onto a RC-25 chamber (Harvard Apparatus) and were continuously perfused with
HBSS at RT. Regions of interest (ROIs) of individual cells were drawn and used to monitor
the fluorescence variation through a 10x air objective (Axiovert 200 inverted microscope,
Carl Zeiss) with an ORCA Flash LT camera (Hamamatsu Photonics). Images were
processed with HC Image package software (Hamamatsu Photonics). Fluo-4-AM was
excited at 500 nm with an exposure time of 300 ms and emitted fluorescence was filtered at
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535 nm (Lambda-10-2-filter wheel, Sutter Instruments). Data were acquired each 3 seconds.
HBSS and stimuli were applied by a perfusion system; the stimuli used were capsaicin 1
MM, menthol 100 uM, AITC 100 uM, KCI 40 mM and lonomycin 10 uM. Analysis was
performed on Excel to quantify the percentage of responses normalized to lonomycin or
KCI, the size of the responses normalized to lonomycin and the area of cells. The
percentage of responses was quantified by applying Equation 4 and Equation 5, if the
value obtained was bigger than 0, it indicated that a response to stimulus had occurred. The
number of responses was then normalized to lonomycin or KCI responses, to obtain the

percentage of response.

AF = [MAX(AF stimulus application + 90 s) — MEAN (AF before stimulus application)

Equation 4 The variation of fluorescence (AF) between the highest fluorescence intensity
(MAX) and the fluorescence intensity variation of the baseline (MEAN).

AF — noise = AF — [DESVEST (AF before stimulus application) x 10]

Equation 5 Ten times the standard deviation (DESVEST) of the basal line was subtracted to
AF to validate the response.

The size of the responses was quantified applying Equation 6, where the response of the

stimulus was normalized to the size of lonomycin response.

AF stimulus

Stimulus response size = -
p AF Ionomycin

Equation 6 AF of each stimulus was divided by AF of lonomycin to calculate the response size
relative to the biggest calcium increase in the same cell.

7.15. CMOS Microelectrode Array (MEA) measurements

IMR90 were seeded onto poly-d-lysine 100 pg/mL (Sigma) and laminin 20 pg/mL (Cultrex)
treated MEA CMOS 16/32 chips (Multichannel Systems GmbH). Extracellular recordings on
converted IMR90 were performed using CMOS MEA 5000 and CMOS MEA Control
Software (Multichannel Systems GmbH). Stimuli were applied with a perfusion system (2
mL/min); the stimuli used were capsaicin 1 uM, menthol 100 uM, AITC 100 uM and KCI 40
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mM. Between each stimulus cells were washed with HBSS for 4.5 minutes. Data were
filtered through a 200 Hz highpass butterworth filter. Spike explorer settings were set on
absolute, to detect both positive and negative extracellular voltage variations. Data from
active sensors were obtained and the frequency was calculated dividing the number of

events by the seconds of recording.

7.16. Chronic DRGs culture in microfluidic chambers

DRGs were extracted from adult mice with 15-20 week-of age (strain: CD57BL/6J). Animals
were group housed in a 12-12 light-dark cycle, where the lights were turned on at 8 hours
and turned off at 20 hours. Food and water were available ad libitum. Experimental
procedures were performed on male and female mice. All procedures were approved by the
Institutional Animal and Ethical Committee of the Miguel Hernandez University of Elche,
following the guidelines of the Economic European Community, the National Institutes of
Health, and the Committee for Research and Ethical Issues of the International Association
for the Study of Pain. DRGs cells were seeded in microfluidic chambers using Millipore
devices AXIS™ Axon Investigation System — Tissue Culture Ready in the design AX150, a
PDMS device with 4 microwells of 8 mm diameter each, 2 microchannels of 1,5 mm length
that are interconnected by approximately 120 microgrooves each 150 um long [120]. Clean
and sterile microfluidic devices were mounted onto clean and sterile 24x60 mm coverslips
treated with poly-L-lysine (0,5 mg/mL, Sigma). Microfluidic devices were filled with laminin
(20 pg/ml, Sigma) until the seeding of DRGs cells, when 5pL of cell suspension ~4 x106
cells/mL were loaded into the somal compartment. 30-45 minutes after seeding, complete
medium containing murine NGF (mMNGF 25s 100 ng/mL, Promega) and human GDNF
(hGDNF 100ng/mL, PeproTech) was added to the four wells (Table 7). 200uL of medium
were added to each well of the somal compartment and 100pL to each well of the axonal
compartment, to facilitate axonal growth. Medium was changed at day 1, 3 and 5,
decreasing MNGF and hGDNF concentration in the somal compartment (Table 7) and
adding the anti-mitotics uridine and 5-fluoro-2’-deoxyuridine (Sigma) to prevent glial

proliferation.
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Table 7 Medium composition during the days in vitro (DIV). NGF and GDNF concentration in
somal compartment decrease from 100ng/mL at DIV 1 to 25 ng/mL at DIV 3 to establish a
neurotrophic gradient to help axonal growth.

Day SOMAL COMPARTMENT AXONAL COMPARTMENT
0 Neurobasal A (Gibco) Neurobasal A (Gibco)
GlutaMAX (Gibco) 1% GlutaMAX (Gibco) 1%
B27 Supplement (Gibco) 2% B27 Supplement (Gibco) 2%
Penicillin-Streptomycin 1% Penicillin-Streptomycin 1%
(20000 U/mL, Gibco) (20000 U/mL, Gibco)
mMNGF 25 s (Promega) 100 ng/mL mNGF 25 s (Promega) 100 ng/mL
hGDNF (PeproTech) 100 ng/mL hGDNF (PeproTech) 100 ng/mL
1 Neurobasal A (Gibco) Neurobasal A (Gibco)
GlutaMAX (Gibco) 1% GlutaMAX (Gibco) 1%
B27 Supplement (Gibco) 2% B27 Supplement (Gibco) 2%
Penicillin-Streptomycin 1% Penicillin-Streptomycin 1%
(20000 U/mL, Gibco) (20000 U/mL, Gibco)
MNGF 25 s (Promega) 50 ng/mL MNGF 25 s (Promega) 100 ng/mL
hGDNF (PeproTech) 50 ng/mL hGDNF (PeproTech) 100 ng/mL
Uridine (Sigma) 17,5 ug/mL  Uridine (Sigma) 17,5 pg/mL
5-fluoro-2’-deoxyuridine (Sigma) 7,5 pg/mL 5-fluoro-2’-deoxyuridine (Sigma) 7,5 pg/mL
3,5 Neurobasal A (Gibco) Neurobasal A (Gibco)
GlutaMAX (Gibco) 1% GlutaMAX (Gibco) 1%
B27 Supplement (Gibco) 2% B27 Supplement (Gibco) 2%
Penicillin-Streptomycin 1% Penicillin-Streptomycin 1%
(20000 U/mL, Gibco) (20000 U/mL, Gibco)
MNGF 25 s (Promega) 25 ng/mL mMNGF 25 s (Promega) 100 ng/mL
hGDNF (PeproTech) 25 ng/mL hGDNF (PeproTech) 100 ng/mL
Uridine (Sigma) 17,5 ug/mL  Uridine (Sigma) 17,5 pg/mL
5-fluoro-2’-deoxyuridine (Sigma) 7,5 pg/mL 5-fluoro-2’-deoxyuridine (Sigma) 7,5 pg/mL

7.17. Calcium imaging in microfluidic chambers

Calcium imaging in microfluidic chambers was performed as described in paragraph 7.14.
The perfusion system velocity was changed to have much slower influx (0.2-0.4 mL/min)
and waste in order to limit shear forces. In order to identify the cells whose axons crossed
to the axonal compartment, at day 5 the axonal compartment was loaded with the
fluorescent tracer 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine (DiD’ 1:200,
Invitrogen) and incubated overnight. At day 6, the somal compartment was loaded with Fluo-
4. Regions of interest were drawn onto the DiD’ picture and Fluo-4 fluorescence values
where then measured over time. Stimuli (capsaicin 100 nM, menthol 100 pM, AITC 100 pM,
KCl 40 mM) were added to the axonal compartment and calcium concentration was

measured in the soma. Data were analysed as described in the paragraph 7.14.
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7.18. Mouse DRGs and keratinocytes co-culture

To co-culture HaCaT with DRGs, at DIV1 of DRGs culture, the keratinocytes were
trypsinized and counted with a Neubauer chamber. After drying up the lower microchannel
with a vacuum pump, HaCaT were seeded at 40.000 cell/mL to obtain a 90-100%
confluence at DIV 6, when calcium imaging assays were performed. 30 minutes after
seeding, medium was added to the axonal wells. The medium for keratinocytes-axons co-
culture was HaCaT maintaining medium supplemented with mNGF 25s (100ng/mL,
Promega) and hGDNF (100 ng/mL, PeproTech), to create a neurotrophic gradient between

compartments to allow axonal outgrowth. The medium was changed every two days.

7.19. FESEM in microfluidic chambers

At DIV 6 of co-culture of mMDRGs and keratinocytes, the cells were fixed with 2.5%
glutaraldehyde (EMS) for 45 minutes maintaining fluidic isolation between soma and
keratinocytes. Afterwards, cells were washed with dH20 and dehydrated with serial washes
of ethanol [121]. Liquid was removed, microfluidic chambers were carefully detached and
dried at RT for at least 24h. The slides were coated with a chromium layer under vacuum
and the cells were analysed by the SIGMA 300 VP (Zeiss) field emission scanning electron
microscope (FESEM).

7.20. Statistical Analyses

Statistical analyses were carried out with GraphPad Prism v 8.0.1. Normal distribution was
tested with Shapiro-Wilk or D'Agostino & Pearson omnibus normality tests. Afterwards,
when data presented a normal distribution, parametric t-test was performed for one-to-one
comparison or one-way or two-way ANOVA with Tukey’s post-hoc test was applied for
multiple comparison. In case datasets did not present normal distribution, Mann Whitney U
or Kruskal Wallis with Dunn’s post-hoc test was applied for one-to-one comparison or
multiple comparison respectively. Figures present asterisks: p > 0.05 is represented as *; P
< 0.05 is represented as **; P <0.01 is represented as ***; P < 0.001 is represented as ****.

Exact P-values are presented in figures’ legends.
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Abstract: Over the last decades, a great array of molecular mediators have been identified as potential
targets for the treatment of chronic pain. Among these mediators, transient receptor potential
(TRP) channel superfamily members have been thoroughly studied. Namely, the nonselective
cationic channel, transient receptor potential ankyrin subtype 1 (TRPA1), has been described
as a chemical nocisensor involved in noxious cold and mechanical sensation and as rivalling
TRPV1, which traditionally has been considered as the most important TRP channel involved in
nociceptive transduction. However, few TRPAl-related drugs have succeeded in clinical trials.
In the present review, we attempt to discuss the latest data on the topic and future directions for
pharmacological intervention.

Keywords: TRPA1; pain; inflammation; neuropathy; molecular modulation

1. Introduction

The International Association for the Study of Pain (IASP) defines pain as “an unpleasant sensory
and emotional experience associated with actual or potential tissue damage, or described in terms
of such damage”. This sensory response is necessary for survival since it warns us about potential
injuries; however, what are the consequences if this response fails or becomes chronic? Sometimes the
pathways that should be only activated in presence of harmful stimuli lose their physiological function
and lead to the development of chronic painful pathologies. This kind of disorders have an important
societal impact in health and in economic terms, affecting 740 million people in Europe where ~20%
of the population suffers from chronic pain [1]. As a consequence, this prevalence results in a large
number of medical consultations, becoming an important economic investment [2]. In addition, these
pathologies cause absenteeism from work, being responsible for 500 million sick days in Europe and
costing €240 billion per year [1]. Chronic pain is the main reason why people leave their employments
prematurely [3]. Furthermore, the long-term consumption of current available treatments such as
NSAIDs (non-steroidal anti-inflammatory drugs) or opioids induces detrimental side effects limiting
their use. Accordingly, understanding how pain pathways work is still an overriding goal in order to
discover new molecular targets as well as to improve already available pharmacological treatments.

Somatosensations such as touch, proprioception, nociception, or thermosensation are detected
by the somatosensory system where primary sensory neurons are responsible for receiving the
aforementioned stimuli. In terms of pain, sensory neurons can be divided into two main types:
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nociceptive and non-nociceptive. The latter detects stimuli in a continuous range of intensity, while the
nociceptive sensory neurons show a higher activation threshold being able to detect potentially harmful
stimuli. The process by which primary sensory neurons detect and transmit nociceptive information is
denominated nociception and the neurons responsible for this action are nociceptors [4,5].

Nociceptors soma is located either in trigeminal (TG) or dorsal root ganglia (DRG); nerve fibres
depart from these ganglia that connect to somatic, visceral, and trigeminal regions as well as to the
spinal cord and brain transmitting the nociceptive signals between peripheral (PNS) and central (CNS)
nervous system [5]. The most widely used classification of nociceptors is based on the axon type
displayed: (i) AP fibres that, with high conduction, detect innocuous stimuli; (i) Ao fibres that, with
lower conduction velocities, detect mechanical and thermal stimuli and are responsible for acute pain
sensation; and (iii) C fibres that are activated by chemical, mechanical, and thermal stimuli [4,6].

Pain propagation is usually described in four phases: transduction, transmission, modulation,
and perception. Briefly, peripheral nerve fibres, which innervate skin, muscles, and viscera detect and
translate stimuli into action potentials that travel along the axon, which penetrates into the dorsal horn
of the spinal cord. This nociceptive information eventually reaches supra-spinal areas in the brain
where is integrated [7].

In pathological conditions, these pathways might be altered and nociceptors undergo a sensitisation
process. In such case, their activation threshold decreases, leading to an increase in sensitivity and
excitability of the nerve fibres. During healthy conditions, when the stimulus ceases, the nociceptive
system reaches again its basal state, recovering its activation threshold, which takes no place in
pathological conditions. This process can occur both peripherally and centrally [8,9].

Nociceptors express a broad range of ion channels and/or receptors that have to be considered in
order to understand the molecular pathways they take part in. Among these mediators, TRP channels
are one of the most prominent family studied in the field of pain [10], and since TRPA1 seems to play a
key role in nociception, it will be discussed in the present review.

2. TRP Channels Family

The TRP channels superfamily was initially described by the discovery of the Drosophila—TRP
channels in genetically altered photoreceptors. This mutation showed transient voltage responses to
the light stimuli; thus, it was denominated transient receptor potential [11,12]. These ion channels
form a family of evolutionarily conserved ligand-gated ion channels that act as sensors of physical and
chemical stimuli. Unlike other channels, this family possesses a wide range of activators (chemical
compounds, temperature, mechanical stimuli, osmolarity, lipids, light, oxidative species, and pH), and
their regulation (transcription, alternative splicing, glycosylation, and phosphorylation) is linked to an
extensive tissue distribution and thus to different biological roles [13]. They are nonselective cationic
channels that permeate mainly calcium but also potassium and sodium. The influx of calcium to the
cell triggers several actions such as cellular proliferation, cell death, gene transcription, and the release
of neurotransmitters.

To date, there have been several TRP channels described that are present in mammals as six families:
TRPC, TRPM, TRPV, TRPA, TRPP, and TRPML based on amino acid homologies IUPHAR), being
TRPV1-4, TRPA1, and TRPMS the most prominent expressed in nociceptors and the most extensively
studied [13]. Additionally, TRPV1, TRPA1, and TRPM3 conform an important thermoregulatory
system in sensory neurons [14].

2.1. TRPV1 Channel

In the description of the nociceptive transmission, TRPV1 was the first TRP cloned channel in
1997 and it is a cationic channel that displays high calcium permeability [15]. TRPV1 is found in both
peripheral and central terminals of nociceptors in the DRG, TG, nodose ganglion (NG), geniculate
ganglion (GG), and jugular ganglion [16-19]. TRPV1 also modulates pain transmission at the first
sensory synapse [19,20]. This channel acts as a polymodal sensor since it can be activated by noxious
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heat (>43 °C), low pH (<6.5), and some other exogenous or endogenous compounds (camphor, allicin,
toxins, anandamide) besides the well-known agonist, capsaicin.

It is estimated that approximately 35-50% of all DRG or TG neurons are TRPV1 positive [21],
being a large population of unmyelinated C-fibres and a small population of thinly myelinated A
fibres. TRPV1 expression is usually accompanied by the expression of some other pain mediators such
as Substance P (SP) or Calcitonin Gene-Related Peptide (CGRP).

Regarding pain involvement, it has been described that the administration of some of the
aforementioned chemicals evokes pain-related behaviours, and they are mediated by TRPV1 as
TRPV1-deficient mice showed. These animals displayed a full loss of behavioural responses to
capsaicin and reduction in heat responses. Intriguingly, some studies also showed that TRPV1 null
mice display normal sensitivity to acute noxious heat [22,23]. However, normal responses to mechanical
stimuli were observed. In vitro data revealed that calcium influx or electrophysiological responses to
capsaicin are abolished in these animals that might suggest that other mediators could participate in
the sensation of noxious heat when TRPV1 is not expressed [24,25].

2.2. TRPA1 Channel

Originally denominated ANKTM1 (ankyrin-like with transmembrane domains protein 1) but
currently called transient receptor potential ankyrin 1 (TRPA1), this receptor has been conserved
in different species during evolution. It was initially identified in human foetal lung fibroblasts
as a transformation-associated gene product [26]. It is a non-selective cationic channel and it is
expressed in the PNS and CNS. TRPA1 is clearly linked to pain due to its expression in nociceptive
structures [7,10,27-29]. It is generally co-expressed with TRPV1 in nociceptors and also acts as a
polymodal sensor as it might be activated by several chemical, thermal (<18 °C), mechanical, and
osmotic stimuli [30].

Since different stimuli can activate TRPA1, each mode of activation indicates a different role
for this channel in a different pain pathway. Thus, in chemosensation, TRPA1 can be activated by a
plethora of molecules which are able to evoke a stinging sensation [31,32]. An important group of
TRPAT1 activators are reactive oxygen species (ROS) that together with ultraviolet light can stimulate
TRPA1 [33,34]. Indeed, higher levels of ROS are usually found during inflammation [35]. Likewise,
TRPAL1 is a thermosensor as it has been shown that cold can elicit TRPA1 currents in in-vitro systems [36].
However, this stimulation is minimal compared to chemical agonist-induced currents, which means
that cooling enhances TRPA1 currents in presence of TRPA1 agonists [37]. Furthermore, cold induces
the release of ROS or calcium, which in turn activates the TRPA1 channel [35]. Finally, TRPA1 also
participates in mechanosensation but it is not intrinsically mechanosensitive as shown in null mice
after high pressure stimuli application [38].

From a structural point of view, understanding TRPA1 function and regulation is tightly linked to
unveiling the structural mechanisms responsible for them. Recently, the three-dimensional atomic
structure of the full-length human TRPA1 channel has been determined with ~4 A resolution [39] (PDB
Code: 3J9P). As the rest of the TRP superfamily [40], TRPA1 forms a homotetramer. Each monomer
has an intracellular N-terminal ankyrin repeats domain and a C-terminal coiled-coil domain.
The N-terminus is followed by a linker domain and a Pre-S1 helix. Four transmembrane helixes
come after (S1-54), a S4-S5 linker, S5, and S6. Between these last, the pore helix 1 and 2 are found.
Finally, the TRP-like domain connects with a (3-sheet that ends into the C-terminus. The oligomer
structure reveals channel organisation, pore architecture, and key regulatory interactions and establishes
a base for structure-based design of analgesic, anti-inflammatory, and anaesthetic agents (Figure 1,
Table 1).
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Figure 1. Main TRPA1 chemical modulators binding sites. General view of human transient receptor
potential ankyrin subtype 1 (TRPA1) structure is shown in the inset. Detailed view of one subunit
(white) is shown on the right. Main chemical modulators’ binding sites are highlighted on the structure.
Labels tag key residues for each site, give an example of, and/or classify each substance.

Many irritant chemicals are potent electrophiles that activate the channel through covalent
modification of cysteine (C621, C641, C665) or lysine (K710) residues on its N-terminus [41,42],
specifically the Pre-S1 region. These agonists include mustard oil, tetrahydrocannabinol, allicin,
acrolein, formaldehyde, N-methylmaleimide [43-45], cinnamaldehyde [46], eugenol, gingerol, and
thymol [47]. TRPAL is also activated by Ca?* ions [48,49] binding to residues C414 and C421 in
the ankyrin-repeat domain [50]. Nonetheless, recently it has been suggested that Ca?* could also
bind to negatively charged amino acids in the S1-52 linker [51], a region that is also involved in a
tarantula toxin binding [52], but also to residues in the S4 segment [53]. Menthol is an exception
given that it activates the channel by binding to residues from the S5-56 transmembrane domain
especially to V875 [54] like other non-electrophilic agonists such as eudesmol (5873) [55] and protons [56].
6-Methyl-5-(2-(trifluoromethyl)phenyl)-1H-indazole has been identified as an inhibitor that acts directly
on the predicted menthol binding-site located on the outer-side of the pore domain binding to residues
T874, V876, F877, and M956 [57]. Several studies point out the pore domain as a druggable binding
site of TRPA1. Some antagonists such as CMP1 [58], AZ868 [59], and HC-030031 [60] bind to residues
M911 and M912 from the inner mouth of the selectivity filter and/or a group of residues in S6 from
1940 to 1950 [61]. It has been determined that the antagonist A-967079 [62] binds to a discrete site
different from the one of HC-030031 formed by residues S873, T874, and F909 [39]. The inhibitory
effects of monoterpens also require S873, T874 [63]. Some general anaesthetics like propofol and
isofluorane share this binding pocket but they also interact with M912 and M953 required for their
agonistic effects [64]. It is also suggested that the region of the selectivity filter (D915) along with the
residue E920 located on the outer mouth of the pore which attracts cations to the pore could conform
a binding site for TRPA1 selective antagonists in terms of highly charged molecules [65]. Another
notable structural regulatory region is the one beneath the lower segment of the S1-54 sensor domain
capable of binding to phosphoinositides and regulating channel gating. It has been determined that
the negatively charged inositol triphosphate head group of PIP; contacts residues H719, N722, K787,
K796, R852, and K989 [66].
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Table 1. Summary of action sites of the different TRPA1 modulators.
Effect Region Residues Example Substances References
Mustard oil, tetrahydrocannabinol,
Electrophilic . C621, C641, C655, allicin, acrolein, formaldehyde,
agonists Pre-S1 region K710 N-methylmaleimide, cinnamaldehyde, [41-471
eugenol, gingerol, thymol
Ankyrm—%repeat Cal4
domain [48-51,53]
Modulators S4 CaZ* ions
Negatively .
S1-54 charged residues Tarantula toxin [52]
Modulator V875 Menthol [54]
Nonelectrophilic 35-S6 S873 Eudesmol [55]
agonists Protons [56]
S5-56 1874, V876, 6-Methyl-5-(2-(trifluoromethyl)phenyl)- (57]
F877, M956 1H-indazole
Selﬁ“‘”ty M911, M912
Antagonists 1lter CMP1, AZ868, HC-030031 [58-61]
S6 1940-1950
Fo09 A-967079 [39,62]
S5 S873, Monoterpens [63]
. T874 M912 .
Anaesthetics MO953 Propofol, isofluorane [64]
H719, N722, K787, i,
Modulator S1-54 K796, R852, K989 Phosphoinositides [66]

The pore phenomenon where TRPA1 [67,68], like other TRPs, is found on its dilated state is of
great interest because it could stand for a novel way for delivering hydrophilic or low-permeability
compounds, lower drug doses required for therapeutic effect, thus decreasing the risks of side effects [69]
like in the case of capsaicin-gabapentin application on TRPV1 [70]. Moreover, during the dilation
process, new potentially therapeutic binding sites could be revealed [71].

As pain signalling relies on sensitization of nociception-related TRPs, another noteworthy strategy
to control pain relies on the inhibition of only sensitized TRP channels [72]. Between all factors involved
in sensitization, the development of agents that specifically inhibit post-translational changes such
as phosphorylation or glycosylation or blocking the translocation process of the channel from the
cytoplasm to the cell membrane [73-75] appear as a more realistic intervention and reduce possible
undesirable side effects. However, the exact molecular basis for this process for TRPA1, in which PKA
and PLC seem to be involved [37,76], is still unclear.

3. TRPA1 in Inflammatory Pain

3.1. The Double Face of TRPA1 in Gastrointestinal Pain Models

TRPAI1 channel has a pivotal role in mechanosensation and nociception within the viscera [77]. It is
highly expressed in human and rat enterochromaffin cells which store serotonin and can be stimulated
by TRPA1 agonists [78,79]. Interestingly, serotonin participated in the pathogenesis of post-infectious
irritable bowel syndrome and modulated visceral nociception, being the levels of serotonin in patients
higher than in healthy controls [80], suggesting that TRPA1 is an interesting target in the treatment of
this syndrome.

TRPA1 has also been investigated in inflamed colon models, where nerve growth factor (NGF)
and glial derived neurotrophic factor (GDNF) are increased potentiating expression and functionality
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of TRPA1 and TRPV1 in skin, muscle, and colon [81]. TRPV1 and TRPA1 concert has been further
investigated in acute colitis and visceral hypersensitivity model, where the blockade of both channels
reduced visceromotor responses when compared to a single channel inhibition. Consistently, colitis
symptoms might be alleviated by intrathecal administration of TRPA1 antisense oligodeoxynucleotide
or by pharmacological inhibition of TRPA1 [82-84]. Similarly, colitis in mice was attenuated by
capsazepine due to a desensitisation of TRPA1 [85] or to the reduction of neuropeptides release such as
SP and CGRP [86].

On the contrary, selective TRPA1 agonists relieved colitis and abdominal pain in murine
models [87,88]. This effect is still unclear, however, the inhibition of TRPA1 did not improve in
a different model of colitis in mice [89], highlighting the importance of the experimental model when
studying the TRPA1 channel role in irritable bowel syndrome. Additionally, a protective role for TRPA1
has been postulated in intestinal mucositis and in fibrotic inflammatory disorders such as Chron’s
disease [90,91].

3.2. TRPA1 Is Involved in Joint and Muscle Pain

In human chondrocytes, TRPA1 is functionally expressed during osteoarthritis (OA) and it
participated in mechanical hypersensitivity and inflammation in OA animals, and its expression was
increased after treatment with inflammatory factors [92,93]. Complete Freund’s adjuvant (CFA) or
monosodium iodoacetate (MIA) models showed that the blockage of TRPA1 relieved some of the
painful symptoms [94-96].

TRPs are also involved and upregulated in rheumatoid arthritis (RA) [97] where the preincubation
of synovial fibroblasts with TNF upregulated and sensitized TRPA1, reducing cell viability by
inducing necrosis [98]. In human and murine synovial fibroblasts, the activation of TRPV1 and
TRPA1 by endocannabinoids downregulated proinflammatory cytokines, and the treatment with
endocannabinoids alleviated collagen-induced arthritis in mice [99].

Gout is another joint disease in which monosodium urate (MSU) crystals deposit intra-articularly
and cause painful arthritis [100]. In mice, painful symptoms of intra-articularly injected MSU crystals
might be relieved when TRPAL1 is inhibited by antagonists or genetically ablated [101]. The joint could
also be affected by yeast Candida osteomyelitis that induces pain and bone destruction, in which TRPV1
and TRPA1 deficiency caused osteoinflammation and diminished CGRP production [102].

Intramuscular injections of TRPA1 agonists aroused nocifensive responses and mechanical
hyperalgesia in muscle afferents [103], and in a model of masseter inflammation, TRPA1 mRNA
expression was found to be increased in the TG [104,105]. Inhibition of both TRPA1 and TRPV1 in
masseter muscle decreased spontaneous pain but did not alleviate bite-evoked pain [106]. Consistently,
in orofacial pain models, intramuscular injection of AP18, a selective TRPA1 antagonist, blocked
the progress of acute mechanical hypersensitivity and persistent muscle pain [103]. Additionally, in
a model of skin and deep tissue incision, TRPA1 pharmacological blockade reduced spontaneous
guarding pain behaviour. Interestingly, oxidative TRPA1 agonists (ROS and H,O,) were increased
in incised skin and muscle [107]. Finally, it has been more recently hypothesised that TRPA1 may be
beneficial in delaying the progression of Duchenne’s muscular dystrophy as tetrahydrocannabidivarin
showed improving myotube formation through the activation of TRPA1 [108].

3.3. TRPA1 and TRPV1 Cooperate in Skin Pathologies

In mouse models of pruritus and psoriasis, genetic ablation of TRPA1 abrogated scratching and
improved skin lesions, demonstrating that the channel controls itch transduction to the central nervous
system and pathophysiological alterations in the skin [109,110]. TRPV1 role in skin diseases has also
been investigated, showing that both channels are involved in IL-31 induced itch; indeed, TRPV1 or
TRPA1 pharmacological antagonism and ROS scavengers decreased itch in mice [111,112].

In allergic contact dermatitis (ACD) models, it is not clear yet whether TRPA1 and/or TRPV1 are
implicated in the pathophysiology. Genetic ablation or pharmacological blockage of TRPA1, but not
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TRPV1, decreased ACD typical symptoms and histamine independent scratching behaviour [113].
Notably, oxidative stress-induced itch is mediated by TRPA1 and is TRPV1-independent, while
chloroquine and BAMS-22 induced TRPA1l-dependent scratching behaviour that is histamine-
independent [114,115]. Interestingly, chloroquine activated the itch-related G-protein-coupled receptor
MrgprA3 to trigger histamine-independent itch, and TRPA1 has been found to signal downstream of
MrgprA3 [115]. Another hypothesis about the interaction between TRPA1 and TRPV1 in ACD has
been recently published demonstrating that both channels are required for the development of ACD
but only TRPV1 protected from skin inflammation [116].

Expression of TRPA1 in dermal sensory nerves during atopic dermatitis (AD) was markedly
elevated in injured skin biopsies from AD patients when compared to healthy controls. Thus,
TRPA1 is not only necessary as a sensor for pruritogens but is also essential in maintaining skin
inflammation [109,113,117].

3.4. TRPA1 Is a Sentinel for External Threats in the Airways and Urinary Tract

TRPA1 is expressed in the airways where it functions as a nocisensor for external threats [118].
Indeed, stimulation of C-fibres in the airways caused the release of inflammatory neuropeptides
(CGRP and SP) that induce neurogenic inflammation. Extended and prolonged inflammation can
lead to cough, asthma, and chronic obstructive pulmonary disease (COPD) and, interestingly, TRPA1
expression has been demonstrated in immune cells involved in the inflammatory response in asthma
and COPD [119,120]. Unfortunately, to date, TRPA1 role has not been investigated in experimental
models of COPD.

Several inflammatory compounds such as nitric oxide, protons, and ozone activated human
TRPA1 heterologously through an oxidative mechanism [121,122], highlighting the importance of
oxidative stress and TRPA1 in inflammatory conditions. Consistently, exposition to cigarette smoke
may increment extracellular ROS, which activate TRPA1 inducing an increase of intracellular ROS and
activation of pro-inflammatory signalling [123].

Another respiratory clinical condition is allergic rhinitis. In-vitro, periodic applications of
antihistamine azelastine hydrochloride and/or corticosteroid fluticasone propionate desensitized
sensory neurons expressing TRPA1 and TRPV1 [124]. The two channels have also shown a synergistic
effect in rat vagal pulmonary sensory neurons and in the apnoeic response to application of AITC or
capsaicin [125,126]. Moreover, TRPV1, TRPA1, and TRPMS agonists produced nasal pain and smart
in healthy volunteers and capsaicin and mustard oil also caused rhinorrhea [127]. TRPA1 is also
expressed in deep airways, specifically in the epithelium facing the bronchial lumina of cystic fibrosis
patients where inhibition of the channel led to a decrease of various proinflammatory cytokines [128].

TRPA1-expressing C-fibres comprise 50% of all bladder-innervating sensory neurons and mostly
express CGRP, SP, and TRPV1 [129]. The expression of TRPA1 mRNA and protein in both mucosa
and DRGs is increased in cyclophosphamide-induced cystitis and can be decreased by treatment
with TRPA1 antagonists [130-132]. Similarly, spinal cord injury also affected the bladder and the
urinary system upregulating TRPA1 protein and mRNA in the periphery but not in the central nervous
system [133]. In addition, it has been shown that after intravesical lipopolysaccharide-administration,
TRPA1 is implicated in bladder mechanosensory and nociceptive hypersensitivity that also present
inflammation, while it was not involved in physiological bladder function [134], suggesting that the
channel plays a role in detecting urinary pathogens. Moreover, it has been demonstrated that ROS are
involved in urinary bladder disorders, and in a H,O,-induced cystitis model, TRPA1 contributed to
acute bladder hyperactivity but did not seem to play a pivotal role in the pathological development
of chronic cystitis [135]. Another frequently used bladder hypersensitivity model that consists on
formalin injection increases TRPA1 expression in the bladder mucosa together with NGF and P> X,
receptors [136]. Formalin is, indeed, a standard substance that causes pain and its effects seem to be
usually mediated by TRPA1 [137,138]
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3.5. TRPA1 Senses Oxidation in the Cardiovascular System

TRP channels are widely expressed in the cardiovascular system with TRPA1 expressed in smooth
muscle and endothelial cells of different species [139], making this channel important in the regulation
of vascular tone and in the development of atherosclerotic disease accompanied of angina and leg
pain [117]. In atherosclerosis, TRPA1 may be an important regulator because of its activation by
oxidized low-density lipoproteins, confirming the channel as a sensor of oxidative stress [140,141].
The blockage of the receptor could counteract inflammatory pain in cardiovascular system [142].
Furthermore, TRPA1 is increased in heart after doxorubicin treatment and in human and mouse
hypertrophic hearts, where blocking the channel improved these pathological conditions [143,144].

3.6. TRPA1 Role in Eye Diseases

TRP channels are found in the eye being TRPV1 the most characterised TRP in this organ because
of its role in maintaining homeostasis [145]. TRPV1, TRPA1, and TRPMS8 channels appeared to be
important in UV corneal sensitisation [146] while TRPV1 and TRPA1 inhibition after alkali burn
decreased corneal fibrosis inflammation and opacification [147,148]. TRPA1 was also important for
the sensitisation of ocular-responsive trigeminal brainstem neurons in a model for tear-deficient
dry eye [149], but further studies are necessary to assess the role of this channel in different eye
pathological conditions.

4. TRPA1 in Neuropathic Pain

4.1. TRPA1 Is Essential for Nerve Injury and Chemotherapy-Induced Neuropathic Pain

Many neuropathic pain models induced by nerve injury are characterised by mechanical and
cold hypersensitivity [150,151], suggesting a relevant role for TRPA1 [92,152] as it is a key transducing
channel in mechanical/cold-sensing nociceptors [38,153]. Indeed, TRPA1 blockers or genetic ablation
decreased nociceptive changes observed in animal models of neuropathic pain [60,154-156]. Another
standard model of neuropathic pain is the one induced by the administration of chemotherapy
drugs that may produce, as side effects, intense cold and mechanical hyperalgesia and/or allodynia,
limiting administration to patients [157,158]. Similar to nerve injury models, the blockage of TRPA1
counteracted pain in several models of chemotherapy-induced neuropathic pain [159,160]. Oxaliplatin
is often used to establish experimental neuropathic pain, through TRPA1 [161,162] but not TRPV1
sensitisation [163]. It has been shown that aluminium accumulates in DRGs of patients treated with
oxaliplatin, increasing cold but not heat hypersensitivity, suggesting not TRPV1 but TRPA1 activation
instead [164,165].

4.2. TRPA1 Is Upregulated in Neuropathic Pain

Nerve lesion and chemotherapy models of neuropathic pain showed that TRPA1 mRNA and
protein are upregulated in peripheral and central terminals of nociceptors and in central sensory
pathways [154,166-168]. Importantly, TRPA1 upregulation can be accompanied by an increased
expression of TRPV1, x-CGRP, SP and pro-inflammatory cytokines release in dorsal root and trigeminal
ganglia, cervical spinal cord, and medulla in mice [154,166]. The importance of TRPA1 upregulation
has been assessed by studies which showed that blocking TRPA1 upregulation ameliorated pain,
for example, microRNA 449a improved neuropathic painful symptoms by decreasing TRPA1 expression
in mice [169]. Notably, it has been reported that some models of neuropathic pain undergo upregulation
of TRPA1 but not TRPV1. These last studies are characterized by an increase in mechanical and cold,
but not heat, sensitivity [164,170]. An important physiological role of TRPA1 is to promote x-CGRP
and SP exocytosis as elicitors of vasodilation and neuro-inflammation [171], as seen in a trigeminal
neuropathy in which blocking TRPA1 showed decreased levels of x-CGRP, SP, and even TRPV1 gene
expression [154].
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4.3. TRPA1 Modulation in Neuropathic Pain Shares Convergent Signalling Pathways in Different Models of
Neuropathic Pain

Recent studies have enlightened some of the mechanisms underlying TRPA1 gene regulation in
neuropathic pain. Acrolein is an endogenous aldehyde produced in some nerve lesion models [172,173].
It is known to produce TRPA1-dependent calcium currents in DRG cultures [156], and it upregulated
TRPA1 expression in central and peripheral endings of nociceptors [170]. Furthermore, exogenous
acrolein, as the one present in tobacco smoke, exacerbated pain in a mouse model of sciatic nerve
injury [174]. Oxidative stress produced by nerve lesion may increase acrolein production. Both oxidative
stress and acrolein upregulated TRPA1 and could be responsible for the post-traumatic hyperalgesia as
pain could be decreased by acrolein scavengers and TRPA1 blockers [172,175]. Regulatory mechanisms
of TRPA1 expression in nerve lesion models include p38 MAPK [165,176], ERK, and JNK signalling
pathways, [171,177] while PKA and Mass Related G-protein-coupled receptor D upregulate TRPA1
functionality and are essential to establish pain in chronic constriction injury models [178]. Accordingly,
in models of neuropathic pain generated by chemotherapeutic agents such as docetaxel, bortezomib,
and oxaliplatin, TRPA1 expression is also increased through MAPK signalling [160,179]. Furthermore,
TNF-«, released by mast cells, activates p38-MAPK and downstream JNK through TrkA, highlighting
the importance of immune system in TRPA1 sensitisation process [180]. In chemotherapy-induced
pain models, proteinase activated receptor 2 (PAR2) is another TRPA1 modulator as injection of
a PAR?2 blocker decreased protein expression of TRPA1 [181], SP, and «-CGRP release [182] and
attenuated PKCe and PKA [183]. Additionally, a functional coupling between PAR2 and TRPV1 seems
to exist [173]. Finally, in paclitaxel-induced neuropathic pain, TNF-« secreted by glial satellite cells
increased TRPA1 and TRPV4 in small size nociceptors [184]. All the mechanisms described above
increased TRPA1 expression and consequently a-CGRP and SP secretion, leading to a lower activation
threshold of the nociceptors and neurogenic inflammation [185].

4.4. Oxidative Stress Is a Major Integrator of TRPA1 Regulation in Neuropathic Pain

Oxidative (ROS) and nitrogen reactive species (RNS) are key factors in the development of
neuropathic pain [166,186]. Trevisan et al. described that pain symptoms in a mouse model of nerve
injury could be reverted by deleting TRPA1 or blocking TRPA1 receptor. Interestingly, the authors
could also reduce pain by injection of an antioxidant (alfa-lipoic acid) or apocynin (a NOX inhibitor),
demonstrating that oxidative stress plays a key role in neuropathic pain through TRPA1 action [186].
In accordance, in a saphenous nerve constriction model, TRPA1 and D-amino acid oxidase mRNA
were found to be increased in DRGs [166]. Oxidative stress is also necessary in chemotherapy-induced
neuropathic pain models. In fact, paclitaxel-induced pain could be abolished by knocking out or
blocking both TRPA1 and TRPV4 or by the application of the reducing agent glutathione [164], which
also decreased a-CGRP and SP secretion [187]. Furthermore, oxaliplatin-induced cold sensitivity is
produced by an increased responsiveness of TRPA1 to ROS. This mechanism is generated by prolyl
hydroxylases inhibition [188] whose action on TRPA1 prolynes decreased the channel sensitivity to
ROS [34]. Oxaliplatin also acts on cysteine oxidation, which regulated the channel opening confirming
that oxidative stress is a pivotal TRPA1 regulator [189]. In the same line, bortezomib-induced
neuropathy is characterized by cold, mechanical allodynia and hypersensitivity to a TRPA1 agonist;
this effect could be blocked by TRPA1 antagonist HC-03003 or the antioxidant a-lipoic acid [190].
Finally, a recent study found that microRNA 155 mediates TRPA1 upregulation produced by ROS in
an oxaliplatin-induced neuropathic pain model [191]. Activation of TRPA1 by oxidative stress has
also been seen in other cell types besides primary sensory neurons. In-vivo experiments showed that
injection of TRPA1 antagonists or antioxidants in the central nucleus of the amygdala blocked pain
produced in the spare nerve injury model in rats [192]. In this regard, TRPA1 expressed in Schwann cells
have been described to generate a gradient of oxidative stress, which maintains macrophage-nociceptor
communication in mechanical allodynia [193]. In fact, release of H,O, and other oxidative stress
by-products by macrophage and monocyte has been reported to activate TRPA1 in pain models [167].
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Previously mentioned evidence points to ROS-mediated activation of TRPA1 being a major trigger
in neuropathic pain; thus antioxidant molecules are being proposed as candidates to treat painful
symptoms in neuropathic pain [162,191], such as a blocker of semicarbazide-sensitive amine oxidase
(SSAO), TRPA1, and TRPV1 [194].

5. TRPA1 in Clinical Trials

To our knowledge, TRPA1 has been implicated in chronic cough [195] and a gain-of-function point
mutation has been linked to familial episodic pain syndrome [53]. To date, three TRPA1 antagonists
have reached clinical trials for the treatment of pain conditions: GRC1753 (Glenmark) for chronic
pain; CB-625 (Cubist Pharmaceuticals Inc.) for acute surgical pain [195,196]; and ODM-108, a highly
potent TRPA1 antagonist developed by Orion Pharma to treat neuropathic pain. This drug reached
phase 1, but the study failed due to complex pharmacodynamic properties [197]. Finally, acidosis
activated human TRPA1 in pathologies such as myocardial infarction or peripheral vascular occlusive
disease [198], but it still has to be proven that targeting TRPA1 could alleviate acidosis evoked-pain in
clinical trials [199].

6. Conclusions

In summary, although TRPV1 has always been the prime TRP channel targeted to develop new
drugs to treat pain, accumulating evidences now identify TRPA1 as a potential crucial player in
mediating and modulating pain conditions due to its expression in numerous tissues and its key
involvement in pivotal signalling pathways. TRPA1 has been demonstrated to cooperate with TRPV1
in the establishment and maintenance of pain and also to be important on its own as a nocisensor
of a plethora of molecules. Furthermore, sensitisation of TRPA1 by endogenous mediators and
metabolites of oxidative stress position this channel under the spotlight in the study of plenty of
diseases, not only in the field of pain. As a consequence, pharmacological inhibition of TRPA1 seems
to be an interesting strategy for treating some painful diseases. Further investigation is needed to
unveil all the pharmacological potential TRPA1 may have.
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Abstract

Neurosensory disorders such as pain and pruritus remain a major health problem greatly impacting the quality of life, and often
increasing the risk of mortality. Current pre-clinical models to investigate dysfunction of sensory neurons have shown a limited
clinical translation, in part, by failing to mimic the compartmentalized nociceptor anatomy that exhibits a central compartment
containing the soma and a peripheral one harboring the axon endings with distinct molecular and cellular environmental
composition. Thus, there is a need to validate compartmentalized preclinical neurosensory models for investigating the
pathophysiology of peripheral sensory disorders and to test drug candidates. Here, we have addressed this issue and developed
a microfluidic-based preclinical nociceptor model and validated it for investigating inflammatory and neuropathic peripheral
disorders. We show that this model reproduces the peripheral sensitization and resolution produced by an inflammatory soup
and by the chemotherapeutic drug paclitaxel. Furthermore, compartmentalized nociceptor primary cultures were amenable to
co-culture with keratinocytes in the axonal compartment. Interaction of axonal endings with keratinocytes modulated neuronal
responses, consistent with a crosstalk between both cell types. These findings pave the way towards translational pre-clinical
sensory models for skin pathophysiological research and drug development.
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target for painful, inflammatory and pruritogenic mediators.
In contrast, because the soma of the primary afferent neurons
are readily accessible to experimentation, virtually all in-vitro
sensory data have been derived from the cell bodies. These
studies assumed that exposure of cell bodies to pro-algesic

Introduction

Sensory neurons are pseudo-unipolar cells with their soma
located in the dorsal root (DRGs) or trigeminal ganglia (TG)
and the axon exhibiting a dual projection, one towards the
periphery to innervate the skin or viscera, and the other to the
spinal cord to interact with the brain ascending pathway.' n-

vivo, peripheral endings innervating the skin or viscera are the
prime targets of pro-algesic and pruritogenic agents and
noxious stimuli coming from the external environment, while
the soma and the central terminals are transducers of the
neuronal excitability to the brain.>™* Thus far, nociceptor
peripheral endings have been difficult to study due to their
small size and peculiar morphology, despite being the main
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and pruritogenic agents provide reliable and predictable
models of the peripheral endings pathophysiology,” al-
though we are learning that this experimental paradigm has
limitations because the main communication in-vivo is af-
ferent (i.e. peripheral-central) i.e. complemented with an
efferent function (i.e. axon-reflex vasodilatation). In addition,
these in-vitro models have limited the co-culture of sensory
neurons with skin cells due to incompatibility of growing
conditions.” Thus, it is of pivotal importance to correctly
study the neural parts in their appropriate environment, and
their interactions with and modulation by the innervated
peripheral tissue.

In the past 20 years, microfluidic-based compartmentalized
neuronal cultures that enable the separation and study the two
major parts of a neuron (i.e. soma and axons), have become an
emerging technology to investigate neural function and
plasticity.® The word “microfluidics” refers to devices pre-
senting a series of microchannels connecting two or more
chambers. Microchannels range from one to a few hundred
micrometers in size, through which microscopic volumes of
fluids can be processed and axons can grow.” Microfluidic
chambers (MFC) facilitate the study of interactions between
axonal endings and tissue cells such as keratinocytes and
immune cells, under physiological or pathological
conditions.'® ' They permit the investigation of neuronal
excitability, including action potential frequency and
velocities.'®!” Therefore, microfluidic-based, compartmen-
talized nociceptors primary cultures may provide a suitable
preclinical model for investigating the contribution of the
neurosensory system to skin pathophysiology and to validate
drug candidates that contribute to faster resolution of skin
disorders by modulating the neuronal input to the disease.

Here, we investigated whether microfluidic-based com-
partmentalized nociceptor cultures are suitable models for
investigating the pro-algesic and neuropathic sensitization and
resolution phases upon their exposure to pro-algesic com-
pounds. We also examined the suitability of MFCs to study the
interaction between axonal endings and keratinocytes in co-
culture. For this task, we exposed axonal ends to an inflam-
matory soup or to the chemotherapeutic drug paclitaxel, as
representative models of two peripheral disorders. Inflam-
matory mediators (IMs) have a broad effect on sensory neurons
excitability by decreasing the activation threshold of ion
channels involved in action potential generation and propa-
gation. Examples of IMs include extracellular protons, ara-
chidonic acid, serotonin, nerve growth factor (NGF),
prostaglandins (PG), bradykinin (BK), adenosine triphosphate
(ATP) and histamine, among others.'®!* Most IMs increased
the activity of Transient Receptor Potential (TRP channels), by
promoting their surface expression and/or facilitating their
gating.***' Inflammatory potentiation of thermoTRP channels
underlies the hypersensitivity of inflamed tissues.?*** Mech-
anistically, the role of thermoTRPs to inflammatory pain has
been performed using non-compartmentalized nociceptor
cultures where soma and axons have been exposed to IMs, as

opposed to the native conditions where only peripherally
expressed receptors are affected by pro-algesic compounds.
Similarly, chemotherapeutic drugs such as paclitaxel affect
peripheral ends provoking a very disturbing and disabling
sensory condition referred to as chemotherapy-induced pe-
ripheral neuropathy (CIPN), that may lead to dose reduction or
even cessation of treatment.”* > Rodent models have shown
that paclitaxel increases nociceptor excitability by a variety of
mechanisms, including increased neuronal electrogenicity,
axonal transport, and axonal degeneration.”**” We have re-
ported that paclitaxel directly affects nociceptor function by
altering the expression and function of Nav, Kv and ther-
moTRP channels.”® However, these studies have been per-
formed in non-compartmentalized chambers were soma and
endings were exposed to the drug, thus questioning whether
this model provide reliable translational information on the
peripheral mechanisms underlying paclitaxel neuropathy.
Hence, MFC compartmentalization provides a more transla-
tional strategy to investigate the pathophysiological sensiti-
zation of axonal terminals. We used this approach and report
that compartmentalized MFCs are a valuable tool to investigate
peripheral nociceptor sensitization along with the crosstalk
between peripheral ends and cutaneous cells.

Material and methods

Animals and ethical statement

All procedures were approved by the Institutional Animal and
Ethical Committee of the Miguel Hernandez University of
Elche, in accordance with the guidelines of the Economic
European Community, the National Institutes of Health, and
the Committee for Research and Ethical Issues of the In-
ternational Association for the Study of Pain.

Cell cultures

Primary cultures of DRG and TG sensory neurons were
carried out as previously described.”*?°*° Neurons were
seeded in the soma compartment of microfluidic chambers
(Millipore devices “AXIS™: Axon Investigation System”).
The procedure is detailed in supplementary methods.

Scanning electron microscope

At DIV (days in vitro) six of co-culture of DRGs and
keratinocytes, the cells were fixed with 2.5% glutaraldehyde
(EMS) for 45 min maintaining fluidic isolation between
soma and keratinocytes. Afterwards, cells were washed with
dH,O and dehydrated with serial washes of ethanol.’!
Liquid was removed, MFCs were carefully detached from
the slide and dried at room temperature for at least 24 h. The
slides were coated with chromium and analyzed by the
SIGMA 300 VP (Zeiss) field emission scanning electron
microscope.
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Figure |. Mouse DRGs cultured in microfluidic chambers (a) DRGs cultured in MFC at DIV 0 loaded with Fluo-4. Scale bar = 100 um. (b)
DRGs cultured in MFC at DIV six loaded with Did’. Scale bar= 100 pm. (c) MFC with 400 pL PBS in the upper compartment and 200 pL blue-

coloured PBS in the lower compartment, at time 0 h or 24 h at 37°C (d) Schematic upper view of MFC without cells or with cells and
developed axons. (e) Schematic side view of MFC with cells. (f) DRGs cultured in MFC at DIV 6. Merge image of transmitted light and Did’

staining (red). Scale bar = 100 pm.

Calcium imaging

Ca*' imaging was used to evaluate the functionality of the
sensory neurons and their modulation by the keratinocytes,
inflammatory soup and paclitaxel. For these measurements,
neuronal activators were added to the axonal chamber, and
Ca*" influx monitored in the soma compartment. Methodo-
logical details are described in supplementary methods.
Analysis of percentage of cells responding to each stimulus
was performed considering crossing neurons (Did” and KCI
positive) as the total number of cells. The soma KCl response
was considered as the maximal Ca”* signal and was used to
normalize the size of the responses. An increase in fluores-
cence was considered a response if it was higher than 10 times
the noise of the baseline before adding the stimuli to the
axonal compartment or 20 times before the addition of
40 mM KCI in the soma compartment.

Statistical analysis

All data were tested for normal distribution with D’ Agostino
& Pearson omnibus normality test. Data with normal dis-
tribution such as percentage of responses in DRGs or in
DRGs co-cultured with keratinocytes were analyzed by two-
way ANOVA, Sidak’s post-hoc test or with unpaired ¢
test (axonal length quantification). All the other data had
non-normal distribution and were analyzed by two-tailed
Mann-Whitney U or by Kruskal-Wallis test with Dunn’s
multiple comparisons test in the case of comparing more than
two groups at the same time. Statistical analysis was performed
using GraphPad Prism 9.4.1 (GraphPad Software Inc.).
Throughout the manuscript, data are represented as bars with

mean + SEM while percentage of co-response to two stimuli
are expressed as mean values in quantitative Venn diagrams.

Results

In-vitro compartmentalized axonal sensory endings
are functional

DRGs neurons were seeded in MFCs and a physical and a
chemical gradient was established between the compartments
to direct axonal growth through microchannels (Figures 1(a)—
(e), Table 1). After six DIV, 53 + 14% neurons (n= 482)
extended axons as revealed by Did’ labeling (Figure 1(f)),
and the axonal endings expressed mRNA of neuronal markers
(Figure S1). We observed that 50% of these neurons exhibited
Ca*" influx in the soma and triggered electrical activity upon
stimulation of axonal endings with 40 mM KCI (ax. KCI)
(Figures 2(a) and (b)). Exposure of axonal endings to ther-
moTRP agonists such as capsaicin, menthol or allyl iso-
thiocyanate (AITC) also evoked action potentials (Figure 3).
These chemicals are respectively agonists of the thermoTRP
channels TRPV1, TRPMS and TRPA1.*** Among the Did’
labelled neurons, 12.1% responded to 100 nM capsaicin,
9.8% to 100 uM menthol, 7.9% to 100 uM AITC
(Figure 2(b)), 1.4% were activated by capsaicin and menthol,
1.6% by capsaicin and AITC, and 3.7% by menthol and AITC
(Figure S2). The size of the Ca®" responses was similar for all
activating stimuli (Figure 2(c)). As expected, direct stimu-
lation of the neurons cultured on glass coverslips produced
higher percentage of response (Figures 2(d) and (e)) and 2-
fold larger Ca*" responses (Figure 2(f)). No functional dif-
ferences were observed between DRG sensory neurons from
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Table I. Media composition for DRGs microfluidic culture.

DIV Somal compartment 200 plL/well AXONAL compartment 100 pL/well

DIV 0 Neurobasal growth medium (Gibco) Neurobasal growth medium (Gibco)
GlutaMAX (gibco) 1% GlutaMAX (gibco) 1%
B27 supplement (gibco) 2% B27 supplement (gibco) 2%
Penicillin-streptomycin (gibco) 1% Penicillin-streptomycin (gibco) 1%
mNGF 25 s (promega) 100 ng/mL mNGF 25 s (promega) 100 ng/mL
hGDNF (PeproTech) 100 ng/mL hGDNF (PeproTech) 100 ng/mL

DIV I Neurobasal growth medium (Gibco) Neurobasal growth medium (Gibco)
GlutaMAX (gibco) 1% GlutaMAX (gibco) 1%
B27 supplement (gibco) 2% B27 supplement (gibco) 2%
Penicillin-streptomycin (gibco) 1% Penicillin-streptomycin (gibco) 1%
mNGF 25 s (promega) 50 ng/mL mNGF 25 s (promega) 100 ng/mL
hGDNF (PeproTech) 50 ng/mL hGDNF (PeproTech) 100 ng/mL
Uridine (sigma) 17.5 pg/mL Uridine (sigma) 17.5 ng/mL
5-Fluoro-2’-deoxyuridine (sigma) 7.5 ng/mL 5-Fluoro-2’-deoxyuridine (sigma) 7.5 pg/mL

DIV 3 Neurobasal growth medium (Gibco) Neurobasal growth medium (Gibco)

DIV 5 GlutaMAX (gibco) 1% GlutaMAX (gibco) 1%
B27 supplement (gibco) 2% B27 supplement (gibco) 2%
Penicillin-streptomycin (gibco) 1% Penicillin-streptomycin (gibco) 1%
mNGF 25 s (promega) 25 ng/mL mNGF 25 s (promega) 100 ng/mL
hGDNF (PeproTech) 25 ng/mL hGDNF (PeproTech) 100 ng/mL
Uridine (sigma) 17.5 pg/mL Uridine (sigma) 17.5 pg/mL
5-Fluoro-2’-deoxyuridine (sigma) 7.5 pg/mL 5-Fluoro-2’-deoxyuridine (sigma) 7.5 pg/mL

females and males (Figure S2, Tables S4 and S5). Trigeminal
sensory neurons were also amenable to culture in MFCs and
exhibited a similar functionality than their DRG counterparts
(Figure 4).

Keratinocytes interact with axonal sensory endings
and modulate their activity

Co-culturing axonal sensory endings with keratinocytes
(HaCaT cells), in the presence of 100 ng/mL nerve growth
factor (NGF) and 100 ng/mL glial derived neurotrophic factor
(GDNF) and the absence of 5-fluoro-2’-deoxyuridine to
maintain keratinocyte viability (Table S1, Figure S3), resulted
in a strong physical interaction between sensory endings and
keratinocytes as revealed by field emission scanning electron
microscopy (Figure 2(g)). Electron microscopy images show
that peripheral ends form synapse-like contacts with
HaCaT cells (Figure 2(h)) or by-pass a particular cell to
interact with another as it occurs in the epidermis
(Figure 2(i)). Under these conditions up to 70% of neurons
extended axons through the microchannels.

Stimulation of the axonal compartment with 40 mM KCI
resulted in Ca*" transients in the soma of 70.2% of neurons
(Figures 2(j) and (k)). Further analysis revealed that 27.4% of
Did’-labelled neurons responded to 100 nM capsaicin, 31.5%
to 100 pM menthol, 24.4% to 100 uM AITC (Figure 2(1)), 5%
to capsaicin and menthol, 6% to menthol and AITC and 4.4%
to capsaicin and AITC (Figure S3). Notably, a higher per-
centage of neurons responded to capsaicin, menthol and
AITC than in the absence of keratinocytes (Figure 2(b),

Figure S3, Table S6) and this effect were not due to the
medium change in the axonal compartment with respect to the
DRGs MFC culture (Table S7). MFC-based DRG cultures
and of neurons co-cultured with keratinocytes were exposed
to the same NGF and GDNF concentrations to have a
comparable neurotrophic effect (Table 1, Table S1). None-
theless, as human keratinocytes secrete NGF,*> we cannot
exclude that secreted NGF affects neuronal endings length,
excitability and thermoTRPs expression.*®*’” The magnitude
of the normalized responses was not significantly altered by
the presence of the HaCaT cells. These results indicate that
keratinocytes increased the number of peripheral ends ex-
pressing functional thermoTRPs as well as exhibiting K-
dependent excitability, suggesting a paracrine increase in
axonal growth through microchannels along with a modu-
lation of peripheral endings functionality.

Inflammatory sensitization and resolution of
peripheral terminals

Next, we set to validate the microfluidic nociceptor culture as
a model to study inflammatory sensitization. We exposed
axonal endings to an inflammatory soup or vehicle at DIV
five for 24 h (Table S2), and neuronal activity was recorded at
DIV six and DIV 8 (0 h and 48 h post insult) to investigate
inflammatory sensitization and its resolution. Note that in-
flammatory mediators reversibly reduced axonal density
(Figure S4). Functionally, axonal endings appear to be more
active after inflammatory sensitization (Figures. 5(a)—(C)), as
reflected by the 2-fold increment in the percentage of neurons
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Figure 2. Activity of mouse DRGs cultured in MFCs, non-compartmentalized and co-cultured with human keratinocytes. (a)(c) Calcium imaging recordings of
DRGs cultured in MFC. (a) Representative fluorescent signals recorded in the soma of Did" neurons stimulated in the axonal compartment. Y-axis represents
fluorescence normalized with respect to that evoked by KCl in the soma compartment (KC). (b) Percentage of response of Did" neurons normalized with respect
to the response evoked by KCI" in the soma. () Size of the response normalized with respect to the response evoked by KCI* in the soma. Data are as mean + SEM,
every dot is a cell. N = 4 animals, two males and two females; n > 2 coverslips per animal; total number of crossing neurons=747. (d)(f) Calcium imaging
measurements of non-compartmentalized DRGs. (d) Representative fluorescent signals of responsive neurons. Y-axis represents fluorescence normalized to that
evoked by KCl. () Percentage of responses. (f) Size of the response normalized to KCl. Data are mean + SEM. N = 4 mice, two males and two females. n > 2
coverslips per animal. Total number of neurons= 5498. (g)i) Scanning electron microscope pictures of the axonal compartment of co-cultured DRGs with
human keratinocytes. The dashed line indicates the end of the microchannels. The white square indicates high magnification views of the selected area. Scale bars:
100 pm (g), 10 pm and 500 nm (h), and 10 and 2 pm (i). ()I) Calcium imaging measurements of co-cultured DRGs with keratinocytes. (j) Representative
fluorescent signals of responsive neurons. (k) Percentage of response of Did" neurons normalized with respect to the response evoked by KCI* in the soma. Mean

+ SEM. () Size of the response normalized with respect to the response evoked by KCI* in the soma. Data are mean  SEM, every dot is a cell. DRGs-keratinocytes
co-culture: N = 4 animals, two males and two females; n = 2 coverslips per animal; total number of crossing neurons = 298.
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Figure 3. mDRGs cultured in microfluidic chambers coupled to a MEA chip. (a) Picture of cells at DIV 0 (b) Picture of cells at DIV 6 (c) Spikes
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Figure 4. Trigeminal culture in microfluidic chambers (a) TG cultured in microfluidic chambers at DIV six loaded with Fluo-4. Scale bar =
100 um. (b) Representative traces of neurons responding to capsaicin, menthol, AITC or axonal KCI. N = 4 mice, two males and two
females. n > 2 MFC per animal. Total number of crossing neurons= 740. (c) Quantification of the percentage of response to capsaicin,
menthol, AITC or axonal KCl normalized to KCl response. (d) Quantification of the size of the response normalized to KCl response. Data are
represented as scatter dot plot, mean * SEM. (e) Quantification of the percentage of response to capsaicin and menthol, menthol and AITC
or capsaicin and AITC normalized to KCI response. Data are represented as quantitative Venn Diagram.

responding to 100 nM capsaicin, 100 pM menthol, and
100 uM AITC (Figure 5(d)). This sensitization was revers-
ible, resolving 48 h post-inflammatory insult (DIV 8,
Figure 5(d)). Notice that the percentage of neurons exposed to
vehicle responding to capsaicin remained constant up to DIV
8, whereas a significant decrease was observed for the re-
sponses to menthol, AITC and KCl (Figure 5(d)). This re-
duction in responses may reflect the neural aging that
intriguingly affected less to TRPV1 sensory neurons. The
inflammatory soup increased the responses to capsaicin and
menthol from 1.8% to 9%, to capsaicin and AITC from 1.6%
to 8.7% and to menthol and AITC from 3.7% to 9.8% after
24 h exposure (Figures 5(e) and (f)). This increment in dual
responses resolved to basal level 48 h after inflammatory
exposure (DIV8) (Figures 5(g) and (h)).

The size of the capsaicin response was significantly
augmented by exposure to the inflammatory soup for 24 h,
resolving 48 h after removal of the soup (Figure 5(i)). A
similar increment was observed for AITC, but not for
menthol (Figure 5(i)). KCI responses did not show a sig-
nificant change after 24 h exposure to the inflammatory
soup, but we observed that at DIV eight sensory terminals
that were incubated with the inflammatory soup exhibited
higher KCI responses than those exposed to the vehicle
(Figure 5(i)). Akin to the number of neurons responding to
KClI at DIV 8 (Figure 5(d)), we also observed a significant
reduction in the magnitude of the KCl-evoked Ca”" tran-
sients incubated with vehicle (Figure 5(i)), most likely due
to a reduction of responding neurons due to aging of the
primary culture.
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Figure 5. Effect of inflammatory mediators (IM) on DRGs nerve endings. (a) Treatment and assays timeline. Axons were treated with
inflammatory mediators or vehicle at DIV five and recorded at DIV six or DIV8. (b)—(c) Representative traces of responsive neurons. Y axes
represents fluorescence normalized to somal KCI response. (d) Percentage of response normalized to Did+ and somal KClI responsive cells.
Mean + SEM. Statistical analysis two-tailed Mann-Whitney U. (e)—(h) Responses to capsaicin and menthol, menthol and AITC or capsaicin and
AITC normalized to KCI response in the soma. (i) Size of the response normalized to somal KCI response. Mean * SEM, every dot
represents a cell. Statistical analysis two-tailed Mann-Whitney U. N=6 animals, three males and three females; n > 3 coverslips per animal; total

number of crossing neurons=3018.

Neuropathic sensitization and resolution of
peripheral ends

Exposure of nociceptor primary cultures to paclitaxel for
24 h produced a significant increase in neuronal activity
that peaked 48 h after removal of the chemotherapeutic
drug and mitigated 96 h after exposure.”® Here, we
questioned if a similar sensitization-resolution occurs
when the drug is applied onto axonal endings. To inves-
tigate the impact of the drug on the peripheral ends, we

exposed them to 1 uM paclitaxel (PTX) or vehicle (DMSO
0.04%) for 24 h (DIV6, Table S3). PTX was removed, and
neuronal functionality was recorded 48 (DIVS8) and 96 h
(DIV10) after drug removal (Figure 6(a)). As exhibited in
Figure S8, paclitaxel reversibly reduced axonal density,
being the strongest effect just after treatment and fully
resolving 96 h post-treatment.

Functional analysis revealed that 40 mM KCl in the axonal
compartment evoked activity in 20% of neurons at DIV 8§ and
10. Paclitaxel did not significantly affect the percentage of
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Figure 6. Effect of paclitaxel | tM on mDRGs cultured in microfluidic chambers. (a) Treatment and assays timeline (b)—(c) Representative
traces of responsive neurons. Y axes represents fluorescence normalized to somal KCl response. (d) Percentage of response normalized to
Did+ and somal KCI+ responsive cells. Mean + SEM. (e)—(h) Responses to capsaicin and menthol, menthol and AITC or capsaicin and AITC
normalized to somal KCl response. (i) Size of the response normalized to KCI. Mean + SEM, every dot represents a cell. Statistical analysis two-
tailed Mann-Whitney U. N = 5 animals, three males and two females; n > 2 coverslips per animal; total number of crossing neurons = 1638.

functional neurons, activated by capsaicin, menthol, AITC and
KCl (Figures 6(b)~(d)). Similarly, terminals responding to two
agonists was mildly affected by the chemotherapeutic drug
(Figures 6(e)~(H)). In marked contrast, we observed a sig-
nificant increase in the size of capsaicin responses at DIV eight
that resolved at DIV 10 in agreement with previous results
(Figure 6(i)).*® Menthol responses show a tendency to increase
48 h after paclitaxel exposure but did not reach statistical
significance. Nonetheless, the cellular distribution suggests the
presence of two menthol sensitive subpopulations that

deserves further investigation. Higher responses for AITC
were observed 96 h (DIV 10) after paclitaxel incubation.
Overall, these results substantiate a peripheral action of pac-
litaxel sensitizing neural endings, consistent with the sensory
symptoms provoked by the chemotherapeutic drug.

Conclusions and perspectives

Our findings substantiate that compartmentalized sensory
neurons in microfluidic chambers are suitable models to
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investigate the interaction of the sensory endings with dermal
cells, as well as to study the mechanisms involved in their
peripheral sensitization either by pro-inflammatory and
neuropathic drugs. A salient contribution of our study is that
sensory neurons from DRGs and TGs can be successfully
cultured in MFCs for up to 10 DIV, allowing to investigate
nociceptor potentiation and its resolution. Furthermore, we
established that axonal endings in these cultures serve as
models for studying free nociceptive nerve endings and their
modulation by trophic and pro-algesic agents. Our findings
reinforce and build upon the existing body of knowledge
regarding the viability and functionality of sensory neurons in
MFCs, highlighting their relevance as a translational model
for investigating peripheral nociceptive mechanisms under-
lying sensitization and desensitization.'**°

Moreover, co-cultures of nerve endings and keratinocytes
represent a proof of concept for investigating the interaction
and cross-talk of axonal ends with peripheral cells and tissues.
We found that keratinocytes modulate axonal function, most
likely by releasing growth factors such as NGF that affect
axonal excitability.>> Thus, compartmentalized cultures
provide a strategy to investigate the contribution of noci-
ceptive endings in peripheral neuropathies that lead to cu-
taneous and visceral pain. In this regard, our inflammation
and neuropathic models demonstrate that the axonal com-
partment can be sensitized by manipulating the environ-
mental composition mimicking an inflammatory soup or the
presence of a chemotherapeutic drug. We found that both
conditions increase the activity of the peripheral ends by
enhancing the functionality of thermoTRP channels leading
to a higher excitability. Thus, the effect of IMs and che-
motherapeutic drugs on DRG function can be primarily as-
signed to a peripheral action. MFC-based cultures also permit
to investigate the effect of the milieu composition on the
integrity/size of the axonal endings, that is if compounds
produce axonal retraction. Not least, MCFs allow also to
evaluate axonal transport to and from the periphery,?’ and to
test the effect of peripherally acting drugs.*’

Compartmentalized culture methods present numerous
advantages, such as being able to expose axons to a different
fluid and cellular environment than cell bodies, which is
useful for studies of trophic, ionic, and pharmacological
regulation. Specifically, in the case of nociceptors, it is of vital
importance to separate the soma from the nerve endings
because of their peculiar anatomy in-vivo. In fact, whereas
only the peripheral terminal of the nociceptor will respond to
environmental stimuli, both the peripheral and central ter-
minals can be targeted by endogenous molecules.”® Fur-
thermore, distal axons can be removed performing an
axotomy, and subsequently regenerated, which permits many
useful approaches to the study of axon growth and regen-
eration after damage.®'*

These models hold great promise for the future of sensory
neurons and pain investigation and open to the possibility of
culturing induced sensory neurons (iSNs) derived from

human cells. Using iSNs could reduce the use of animals and
avoid problems of unreliability and low translationality of
animal experimentation.*’** Culturing these cells in micro-
fluidic chambers would increase the representativity of the
model making it more similar to the in-vivo morphology of
sensory neurons.
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