.o O @FOV REACT U

Minitors dtl Dncomnsct
INNOVAZIONE
Fondo Sociale Europeo il Hiocrrn ; AU rin

UNIVERSITA DEGLI STUDI DELL'AQUILA
DIPARTIMENTO DI MEDICINA CLINICA, SANITA PUBBLICA, SCIENZE DELLA
VITA E DELL’AMBIENTE

Dottorato di Ricerca in Dottorato di Ricerca in Medicina Clinica e Sanita Pubblica
Curriculum Medicina interna, scienze cardiovascolari ¢ dei sistemi

XXXVII ciclo

Titolo della tesi
Evaluation of signaling pathways induced by complement system in the

establishment of neuropathic pain: effects of C5aR1 and C5aR2 antagonists

SSD BIO/06

Dottorando

Francesco D’Egidio

Coordinatore del corso Tutor

Prof. Claudio Ferri Prof.ssa Annamaria Cimini

a.a. 2023/2024



L@ 5 2N gl ) 2 1
Lo ADSEIACE. ..ttt 1
CHAPTERIIL....cuiiiiiiiiiiiiiiiiiiiiiiiiieiiiiiiatietiettiattesecnetsssssescnsenssssnscnsans 2
R o 11 U 2
2.2, CITCUILS Of PaAIN. ..\ttt e e e e e e e et e e e e aaeenas 3
2.2.1. Peripheral transmission of pain signals..................cooiiiiiiiiiiii i, 4
2.2.2. Ascending pathway for pain transduction.................cooeeiiiiiiiiinniin 7
2.2.3. Pain perception and modulation inthe brain.............................o 9
2.3. Molecular regulation of pain perception............ooeeviiiiiieiieiiiieiieeieeennennn 11
2.3.1. GeNE MULALIONS. . ...ttt ettt ettt et et ettt 12
2.3.2. Epigenetic modification............coouiiuiiiiiiiiiii i 14
00 T80 T 151V 17
P T T\ 1T (0] o] ] - H P 19
2.4. Pathways involved in pain modulation.................oooiiiiiiiiiiii i 21
2.5, Categories OF PAIM. . ...ttt ettt ettt et et e 25
@15 2 g B 1 2 1 N 26
3.1 Neuropathic Pain: definition and epidemiology............c..coooviiiiiiiiiiiiininn.. 26
3.2 ClNICal PeISPECIIVE. ... ettt ittt 27
3.3 Pathophysiology of neuropathic pain...............cooooiiiiiiiiiiiiiiiiees 28
3.3.1. Peripheral neuropathic pain..............cooiiiiiiiii i, 29
3.3.2. Central neuropathiC pain............coevuiiiiiiiiiii e, 30
3.4 Overview on peripheral neuropathies...............coooiiiiiiiiiiii e, 31
CHAPTER IV . iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiietitttietietiecsctssscnscnssssmeecncns 32
AT CIP N .t 32
4.2 Molecular mechanisms underlying the establishment of CIPN........................ 33
4.2.1 Disruption of the neuronal cytoskeleton....................cooooiiiiiiinn.n. 33

i



4.2.2  Mitochondrial impairment.............ooiuiiiiiiiiiiiiii e 34

4.2.3 Hyperexcitability in DRG NEUIONS. ........ccoiviiuiiiiiiiiiiiiiiiiiieaeenanns 35
4.2.4 Central events of CIPN. ... ..o oo, 37
4.2.5 Influence of gut microbiota in CIPN..............coooiiiiiiiiiiii e 38
4.2.6  Neuroinflammation............coevuiitiitiii e 39
4.2.7 Inflammasome. ......c.oouiinitit i, 40

4.3 The role of the complement system in CIPN establishment and maintenance: a brief

OVBIVIEW . . ettt ettt et et e et e et et e e et e e e et e e e e et et et e, 42
CHAPTER V..ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitiiitietitttistissecnttatsssssnssasssnss 45
5.1 Therapeutic strategies for pain management. ..............ooeveiuiieiininiineeennen.. 45
5.2 C5aR INNIDILOTS. ...ttt 46
5.3 DIUG TOPUIPOSIIIZ. vttt et ettt et et e e e et e e e et e et e e e e aeae e e eaneeenaeenes 48
CHAPTER V. .ouiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiiitiatiettcnteatsssscncsassssamsssnsen 49
0.3 AN .ttt 49
CHAPTER VIL....cciiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiiniiatiesttatseseesncsassseassssssases 50
7.1 Materials and Methods: in silico and in Vitro..................ccoceiiiiiiiiiiininnann... 50

7.1.1 Bioinformatic analysiS.........cc.eviriiiiiiitii i 50

7.1.2  Functional @SSaY........couiiuiiniintiititae e 50

7.1.3  SPR DINAING @SSAY ... .uuieiiititie et 51

T 14 Cell CUltUIES. .o e 52

7.1.5  Drug treatments. . ... .ottt 53

7.1.6  Western blotting. ........c.ooiriiiiii e 53

7.1.7 Quantitativereal-time PCR............. ... 54

7.1.8 Electrophysiological recording..............ccoviiiiiiiiiiiiiiiiiiiieennn, 54

7.1.9  Proteome profiler assay.........ovuieiiiiiiiiii i e 55
7.2 Materials and Methods: i VIVO...........cooiiiiii e 56

ii



T2 1 ANIMAIS. e 56

7.2.2 Drugtreatments. ... ...ooueeintiitii e 57
7.2.3 Induction of peripheral neuropathy by paclitaxel................................ 57
7.2.4 Mechanical allodynia...............coooiiiiiiii i 57
7.2.5 Coldallodynia........couvuiiiiiii e, 58
7.2.6 Real-time PCR analysis on paws and spinal cord............................... 58
7.2.7 Assessment of vascular leakage...............ooiiiiiiiii i 58
7.2.8  Plasma eXtravasation. . ........o.eouueuientat e 59
R 2 B N AN 1 59
7.3 Data ANalySiS. .. . utiet ettt et 59
(@15 2N . N 01 2 VA 1 60
Bl RESUILS. . 60
8.2 Screening of the identified receptors and prediction of C5aR 1-paclitaxel binding...60
8.3 In vitro studies confirmed paclitaxel-C5aR1 binding...................oooin 63
8.4 C5aR1 is a key mediator of paclitaxel-induced CIPN in vitro.......................... 65
8.5 C5aR1 is a key mediator of paclitaxel-induced CIPN in vivo.......................... 72

8.6 C5aR1 inhibition counteracts paclitaxel- or C5a-induced anaphylactoid cytokine
1elease 1N MACTOPNAZES. ...\t utt ettt ettt e e e e eee e ns 75

8.7 C5aR1 inhibition prevents paclitaxel-induced anaphylactoid reactions in vivo...... 77

CHAPTER IX i itttttttttieteeeeeeeeeeeesscsssssssssssssssssssssssssssssssssssssssssssssssssssns 79
2 B D TS RS o) s D 79
CHAPTER Xouutttiiiiiiiiiteieeessssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnnne 82
10.1 CONCIUSIONS. .« e v ettt et e e e e e e e, 82
CHAPTER Xl oottttttiieeeeneeeeeeeeeeeeeeseesssscssssssssssssssssssssssssssssssssssssssssssses 83
11.1 Bibliography.......cooiiiii 83

iii



CHAPTER1
1.1 Abstract

Peripheral neuropathy and hypersensitivity reactions (HSRs), frequently associated with
chemotherapy, represent common and debilitating adverse effects linked to the use of
paclitaxel as an antineoplastic agent. Evidence indicates that paclitaxel binds to and
activates complement component 5a receptors 1 and 2 (C5aR1, C5aR2), a mechanism
identified as pivotal in the onset of paclitaxel-induced neuropathy and anaphylaxis. Prior
research connecting interleukin-8 (IL-8) to paclitaxel-driven neurotoxicity prompted an
investigation into the proteins responsible for IL-8 induction. Molecular docking
simulations conducted via the Exscalate platform demonstrated a high binding affinity
between paclitaxel and C5aR1 and 2. In vitro studies confirmed that the interaction
between paclitaxel and C5aR1 is specific and competitive, leading, in particular for
C5aR1, to the activation of intracellular NFkB/P38 signaling and c-Fos pathways. In
neuronal F11 cells and rat dorsal root ganglia, C5aR1 blockade reduced
neuropathological changes caused by paclitaxel. Similarly, in mice treated with
paclitaxel, either genetic deletion of C5aR1 or its pharmacological inhibition
significantly ameliorated symptoms of chemotherapy-induced peripheral neuropathy
(CIPN), including cold and mechanical allodynia, and minimized chronic pathological
alterations in the paw. Furthermore, inhibition of C5aR1 suppressed anaphylactic
cytokine release triggered by paclitaxel in macrophages during in vitro experiments and
reduced the incidence of HSRs in mouse models. These findings collectively identify
C5aR1 as a key mediator in the pathogenesis of paclitaxel-induced CIPN and HSRs and

highlight its potential as a therapeutic target for mitigating these severe adverse effects.



CHAPTER 11
2.1 Pain

Defined as uncomfortable sensory event, pain is considered a defense mechanism which
take place as acute pain after a noxious stimulus, secondary insults, homeostasis
impairment, and infections [1]. Such subjective experience is the most ancient common
human event often associated with potential or real injury, with different elements, such
as nociception and cognition, but also social and emotional components collaborating to
define it [2,3]. On the other hand, inherited genetic alterations can be responsible for
insensitivity, making affected subjects unable to avoid damage and thereby feeling pain
[4]. While acute pain cause distress for a defined window of time and insensitivity limit
pain feeling, many patients experience pain constantly in time. Indeed, chronic pain is
intrinsically tormenting. It is the first reason that brings people receive medical attention
and represents a global-scale economic burden [5,6]. From an epidemiological point of
view, chronic pain shows a prevalence comprised between 10% and 40% with a really
low recovery rate of around 5% [7,8]. Even though pain feeling can be deleterious,
especially prolonged over time, it is important for monitoring the clinical profile of a
patient. In fact, pain is relevant for linking a primary condition to its secondary outcomes,
as pain represent the nexus among social, biological, and psychological elements on
which a good diagnosis can be based. However, due to the complexity of such dynamic
and troublesome mechanisms patients experience low quality of prognosis and even
disability [1]. Moreover, the subjective nature of pain causes different levels sensorial
stimulation due to different tolerance among people, underscoring the complex
processing which take place in the brain and the involvement of more than biology alone.
Indeed, pain can be the source of anxiety, depression, insomnia, and social and
psychiatric issues leading to deterioration of the clinical condition of patients [9,10]. The
impact of pain over time on affected people can be so great to induce drug abuse and
raise the number of suicide [11]. Similarly, patients which undergo cancer treatment
often encounter pain as a side effect. Such pain is often impactful, weakening the patients
and hindering their survival [12]. Thus, pain relief is an indispensable index for clinical
treatment. Even though their effects are limited in time, analgesic drugs represent the
base for acute and chronic pain management. However, their wrong usage is a concern
worldwide. For instance, evidence of increased analgesic addiction and dependence have

been found, causing international concern [13,14].



To date, researchers across the world have garnered information via preclinical and
clinical studies dissecting many of the mechanisms involved in pain manifestation,
paving the way for the development of new therapeutic strategies. In the following

chapters pain pathological characteristics and typologies will be discussed.

2.2 Circuits of pain

As previously described, pain shows a complex nature which reflects a more complex
interplay of physiological processes which occurs between central and peripheral
nervous systems (CNS; PNS). Many actors are involved in such interplay like molecules,
cells, and other structures that collaborate to perform all the tasks necessary to produce
and modulate a pain signal. Starting from the peripheral event, the following paragraphs
will describe how pain establishes after a pain-inducing event, the ascending

transmission, and how the brain senses and modulate it (Figure 1).
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Figure 1: Overview on the basic circuit on pain signals [15].



2.2.1 Peripheral transmission of pain signals

Once a painful event take place, the change in the activity of specific receptors leads to
activation of action potential of peripheral nociceptors. Such nociceptors are peripheral
pain transducers considered as the initiators of pain sensation and can be classified into
the following types according to the nature of the noxious stimulus: mechanical-
sensitive, thermo-sensitive, and injury signal-sensitive. In particular, nociceptors are
undifferentiated nerve endings located in internal organs as well as muscles, periosteum,
mucosa, blood vessels, tendons, and skin. Their soma is located in the trigeminal
ganglion and the dorsal root ganglion (DRG). Furthermore, nociceptors show different
ion channels on their peripheral end, by which they can sense external stimuli thereby
producing membrane excitability. Interestingly, nociceptors are characterized by high
thresholds of pain sensation, making it possible for people to perceive tactile stimulation
with no pain. Once electric signals are produced by these channels, a chain of events take
place. In fact, ion channels across membranes can modulate ion currents, ending in the
forced activation of other neighboring ion channels sensitive to changes of voltage. Such
channels can be divided into ligand-gated (LG) and voltage-gated (VG) ion channels,
depending on the reason behind their activation. The latter type represents a category of
transmembrane proteins essential in the electrical activity of these cells. They are
characterized by a membrane potential-dependent conformation and are essential in the

serial generation of action potentials from the accumulated receptor potential.

Many VG types exists. For example, VG calcium channels (VGCCs) are transmembrane
protein present in all those cells with electrical activity. Many factors can modulate
VGCCs’ activity such as micro RNAs (miRNAs), neuromedin B, and adiponectin [16—
18]. Their structure is composed of a1, 1-4, a201-4, and y1-8 subunits which can change
for each VGCC type. In particular, the third subunit plays a relevant role in each VGCC
type by strengthening the electrical activity in terms of peak potentials and
activation/inactivation rates of the channels. An example of this effect can be found in
the establishment of a noxious stimulus which cause increased expression of a2 in PNS
and CNS. The raising levels of a2 are responsible for enhanced pain sensing [19,20].
Similarly, other players of the pain sensation belong to the family of VG sodium channels
(VGSCs): from Navl.l to Navl.9 (SCNIA through SCN5A4, then SCNSA through
SCN114), these are the nine members of the family. Interestingly, these channels shows

a different temporal and spatial distribution, also differing in their biological activity
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[21,22]. After cell depolarization, a conformational change for VGSCs cause their
opening. Open VGSCs permit sodium exchange in a gradient-dependent matter between
extracellular environment and intracellular environment. In particular, sodium influx
toward cells is the starting point of spikes formation and pain sensing at the nerve
terminals [23]. VGSCs such as Navl.l, Navl.6, and Navl.8 are involved in pain
modulation [22,24,25]. However, researchers highlighted the relevance of Navl.7 in
various pain disorders. Indeed, conditions such as small-fiber neuropathy, paroxysmal
extreme pain disorder, and erythromelalgia are characterized by mutations in SCN9A,
which encodes for Nav1.7 whose strategic inhibition can effectively reduce pain and
increase opioids production [26,27]. Nonetheless, Nav1.7’s role in pain modulation can
vary in each condition: for example, while Navl.7 is relevant for neuropathic pain
establishment, it is less involved in oxaliplatin-induced pain and bone cancer pain [28].
If VGCCs and VGSCs are responsible for raising neuronal excitation, on the other hand
VG potassium channels (VGPCs) are involved in its attenuation by inducing
hyperpolarization of membranes via potassium efflux from neurons counteracting the
ion inward conductance. VGPCs represent the most abundant group of VGs with around
40 related genes and 12 families of hetero- or homo-tetrameric channels. In particular,
some subunits (Kv1-Kv4, Kv7, and Kv10-Kv12) are able to form pore structures while
other members (Kv5, Kv6, Kv8, and Kv9) can form conductive channels once associated
with the pore-forming members. The generation of quaternary structures leads to a great
functional diversity, which is increased once other structures are taken into account:
splice variants, auxiliary 3 subunits, and post-translational modifications (PTMs) [29].
Once a noxious stimulus takes place, VGPCs can be downregulated and even inhibited,

causing spontaneous firing in nociceptors [30,31].

Regarding the LG ion channels, the transient receptor potential (TRP) channels are the
most relevant in this category. TRP channels are widely distributed in CNS and PNS,
where they react to chemical and physical stimuli by playing as sensors for itch and pain.
Their involvement in pain modulation has been documented for a few of the 28 TRP
channels. Indeed, evidence for the modulation of TPV1, TRPV2, TRPV3, TRPV4,
TRPA1, and TRPMS during pain sensation have been found [32]. In particular, TRPV1
and TRPA1 are activated during pain sensation and through them many compounds are
able to directly induce pain, suggesting their therapeutic value as key player in pain
sensation [33-35]. Oter LG ion channels are the N-methyl-D-aspartate receptors

(NMDARs), a family of ionotropic glutamate receptors involved in the excitatory
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neurotransmission that are sensitive to mechanical stimulation. NMDARs are
characterized by quaternary associations of subunits such as GluN1, GluN2A-D, and
GIuN3A-B. Each subunit comprise different membrane domains (M1-M4), a large
extracellular N-terminal domain composed of a portion of the ligand-binding domain
(LBD) and the amino-terminal domain, an intracellular C-terminal domain, and a loop
between M3 and M4 placed extracellularly which allocate the second portion of the LBD
[36]. Thus, NMDARSs are composed of different combinations of GluN subunits, which
define their functional characteristics. NMDARs are pivotal in the induction of an
electrical signal. They can tonically activate primary afferent neurons by interacting with
VGCCs subunit 02d. Moreover, NMDARs ca be activated neuronal depolarization [37].
Their relevance in pain establishment and maintenance has been described. Indeed, both
presynaptic and postsynaptic NMDARs can modulate synaptic plasticity and excitatory
synaptic transmission, facilitating hyperalgesia [38,39]. Also, NMDARs are activated by
neuropathic pain under continuous endogenous glutamate stimulation, in a vicious cycle

which cause and exacerbates chronic pain [40,41].

Nociceptors display a plethora of different channels, different from the ones described
so far, which are involved in the conversion of the noxious stimulus into the electrical
signal. Among them, it is possible to find bradykinin and nicotinic acetylcholine
receptors, Piezo 1/2, calcium-permeable purinergic receptor (P2X) channels, and acid-
sensing ion channels (ASICs) [42]. Particularly, the latter are part of the epithelial sodium
channel/degenerin family which play a role in hyperalgesia modulation by sensing pH
alterations in the extracellular domain during inflammatory events related to cancer or
ischemia [43]. Regarding P2X, they are hyperactive receptors for pain sensitization
involved in sensing extracellular ATP level variations [44]. Interestingly, P2X3 receptor
is suppressed by ASIC3 by forming a complex thanks to cellular co-localization and
similarity in molecular structures, suggesting how specific molecular processes work
together to regulate or balance pain perception in the body [45]. Other receptors involved
in the transduction of the electric signals are the tropomyosin receptor kinases, which
interact with neurotrophic factors such as brain-derived neurotrophic factor (BDNF) and
nerve growth factor (NGF) to modulate neuronal survival and growth, and G protein-
coupled receptors (GPCRs) [46]. Regarding GPCRs, as the largest group of
transmembrane proteins they are widely distributed in neurons but also glial and immune
cells. GPCRs are involved in the physiological modulation of nociceptive transmission

directly regulating ion channels and activating pain-related pathways when activated by
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pain-related ligands: for instance, glutamate, cannabinoids, opioids, y-aminobutyric acid
(GABA), histamine, bradykinin, 5-hydroxytryptamine (5-HT) [47,48]. After the ligand-
receptor interaction, a conformation change of GPCR’s o subunit determines its
activation causing modulation of the production of secondary messengers with different
effects on pain manifestations, involving intercellular communication, neuronal

excitability, neurotransmitter release, and inflammation [49].

After the noxious stimuli, nociceptors produce electrical signals that are directly sent,
via nerve afferent fibers, to the spinal cord. Nerve afferent fibers are basically axons of
sensory neurons and can be divided, depending on functional and anatomical properties,
into different categories: Aa, AP, Ad and C fibers. Regarding A fibers, they are
characterized by myelin sheaths to perform a faster transmission of action potentials. In
particular, Schwann cells produce myelin sheaths of different diameters (thick, medium,
and thin for Ao, AP, Ad fibers respectively) which differently affect the signal speed
across the axons [50]. Moreover, Schwann cells are sensitive to noxious stimuli and by
exploiting intracellular oxidative stress they can release reactive oxygen species (ROS)
to influence the pain events stimulating, for instance, TRPA1 [51,52]. Concerning C
fibers, the involvement of Nav1.7 as prerequisite for action potential initiation has been
described, highlighting once more the relevance of these channels in pain sensation [27].
Nociceptors belong to Ad and C fibers. Their stimulation can bring to piercing, fast pain
for A fibers whereas the stimulation of C fibers causes burning and poorly-localized pain
[53,54]. Overall, each fiber type can be subjected to injury and even inflammatory events
with fiber sensitization, ending in decreased pain thresholds and persistent pain

manifestation [53].

2.2.2 Ascending pathway for pain transduction

Once a noxious stimulus take place in the periphery, the signals reach and activate
multiple neurons in the DRG, the first-order neuron. The bodies of the first-order
neurons, within the DRGs, project their axons to the posterior gray horn of the spinal
cord where they synapse with second-order neurons that ascend along the spinal cord
and project toward third-order neurons found in the subcortical structures of the brain,
such as the thalamus. Thus, the signals are received by spinal projection neurons, as

second-order neurons, which further process and send them into ascending pathways,
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ultimately ending the passage from PNS to CNS [55]. For instance, the
trigeminothalamic tract and the spinothalamic tract are pivotal in pain transduction. To
transport the pain sensation from face and head, the trigeminothalamic tract exploit
pontine trigeminal nuclei and fibers derived from the spinal trigeminal nucleus, both of
which are its constituents. On the other hand, the spinothalamic tract, which is
responsible for pain transduction from limbs and torso, is diverted in anterior and lateral
tracts at the level of the anterior white commissure. In particular, while the anterior
spinothalamic tract transports sensory information such as crude touch or pressure to the
ventral posterolateral nucleus of the thalamus, the later spinothalamic tract is a bundle of
afferent nerve fibers which carries information related to pain and temperature up to the
thalamus [56]. Running parallel to the spinothalamic tract, the spinoreticular tract is
composed of ascending fibers placed in the anterolateral part of the spinal cord that reach
the brainstem reticular formation conveying information the control of descending
modulation, motivational-affective aspects of pain, as well as motor and neurovegetative
responses to pain [57]. Regarding the spinohypothalamic tract, it projects from the spinal
cord directly to the hypothalamus, where, by synapsing with the hypothalamic neurons,
the fibers mediate the response of the autonomic nervous system to pain [58]. Other
ascending pathways relevant in pain transduction are the spinomesencephalic tract and
postsynaptic dorsal column fiber bundles. The former is part of the spinal cord’s
anterolateral system and comprises a number of ascending tracts in the spinal cord,
including the spinotectal tract, projecting to different areas of the midbrain in order to
process visceral sensations and pain [59]. Regarding the latter, postsynaptic dorsal
column cells are second-order sensory neuronsin the spinal cord which receive
cutaneous mechanical and/or noxious visceral information from the periphery by
primary afferents. Postsynaptic dorsal column fiber bundles transfer the information
ascending through the dorsal column to innervate the dorsal column nuclei in the dorsal
midline of the caudal medulla. Here, cells located in laminae III and IV primarily
propagate information about innocuous cutaneous mechanical stimuli while those
located in lamina X transmit information about noxious stimuli received from afferent
fibers innervating inflamed visceral organs [60]. Visceral pain pathways of transduction
show different characteristics compared to classical circuits. Indeed, these pathways are
decentralized, with axons of visceral sensory neurons spreading throughout internal
organs and their blood vessels. In particular, the cell bodies of afferent visceral sensory

neurons through parasympathetic nerves are located in the sensory ganglia of the
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glossopharyngeal nerve and vagus, as well as in the S2-4 spinal ganglion. Those via

sympathetic nerves can be found at the T1-L3 spinal ganglion [61].

2.2.3 Pain perception and modulation in the brain

All the elements that actively collaborate to modulate pain signals are coordinated by the
CNS, including, interneurons, afferent fibers, and projection neurons, shaping a sort of
matrix which is at the base of pain modulation. Such pain matrix comprise CNS’
subcortical and cortical regions like hypothalamus, thalamus, periaqueductal gray,
parabrachial nuclei, amygdala, nucleus tractus solitarius, somatosensory cortex,
prefrontal cortex, insular cortex, and anterior cingulate cortex [62]. At the center of this
matrix, the primary somatosensory cortex (S1) receives and organizes noxious stimuli.
In particular, S1 receives information from the ventral posterolateral thalamus and
transmits the processed information to different subcortical regions [63]. Once a pain
stimulus is sent up to the CNS from the periphery, a dramatic increase in S1 activity can
be observed, supported by blockage of innate antinociceptive processes and
enhancement of thalamocortical signaling by layer 6 neurons [64]. Moreover, the
thalamus and the lateral parabrachial nuclei are pivotal in the integration and modulation
of nociceptive stimuli transmitted across the spinal cord. Similarly, the central amygdala
play an important role in modulating the pathological effects and the behavioral
outcomes of noxious stimuli interacting with hypothalamus and brainstem [65]. It is
important to state that chronic pain is responsible for central sensitization by altering the
metabolic patterns in the involved brain regions and supporting alterations in the sensory
circuitry [66,67]. Moreover, given the subjectivity of pain perception many factors can
be considered as modifiers of the tuning of this pain matrix: damage degree and other
factors such as social, emotional, and environmental elements concur in shaping pain
perception. Indeed, cognitive evaluation of threats, degree of focus on pain, the
individual character, eventual depressive states, all of them can influence the intensity of
pain or even starting its manifestation. Furthermore, pain memory can induce
hyperalgesia starting from past painful experiences. Behind these manifestations, pain
stimuli received by afferent signals are finely processed by many CNS regions such as
S1 but also prefrontal cortex, anterior cingulate cortex, and insular cortex, to give rise to
pain perception and affection [15,68]. Among the cited regions, group of neurons in the
dorsomedial prefrontal cortex are involved in the regulation of pain chronicity [69]. Their

9



activity is crucial in the development of pain chronicity and their projections reach
amygdala, nucleus accumbens, hypothalamus, and other limbic structures building the
connection between chronic pain and emotions [69,70]. Nonetheless, many other circuits
been found to contribute directly or indirectly to pain establishment and maintenance,
few examples of which are: entorhinal cortex, dopaminergic projections from ventral
tegmental area and substantia nigra pars compacta to the nucleus accumbens, and the
septo-hippocampal circuit [71-74]. As per the areas described before which are involved
in ascending pathways, many areas involved in descending pathways can be found as
well, including locus coeruleus, nucleus raphes magnus, periaqueductal gray, rostral
ventromedial medulla, lateral reticular nucleus, and nucleus paragigantocellularis.
Acting as facilitatory and inhibitory systems, these pathways are balanced in physiology.
However, pain establishment creates unbalanced activity in favor of the facilitatory
systems which react to the noxious stimuli by lowering the pain threshold [75]. It is
important to state that this effect is related to hypersensitivity events and not to standard
pain perception [76,77]. The major brain components of the facilitatory system are the
rostral ventromedial medulla, the periaqueductal gray, and the anterior cingulate cortex,
which are characterized by defined regulatory activities, even though a functional
overlap can be observed among them [78]. In particular, these components are modulated
by the limbic system, which is in part responsible for the regulation of normal behavior,
underscoring once again the relevant role of experience and emotions in pain sensation
[79]. Nonetheless, the rostral ventromedial medulla and the periaqueductal gray, as well
as part of the pontine dorsolateral reticular formation, are also involved in inhibitory
systems regulating the pain sensation through the descending spinal dorsolateral tract.
Indeed, different neuron subpopulation can shape the multimodal activities of these
nuclei [80,81]. An example of this can be found in the rostral ventral medulla in which
coexisting ON- and OFF-cells have been found performing inhibitory and facilitatory
descending pathways [82]. Other brain regions involved in pain modulation are, for
instance, collected in the Default Mode Network (DMN), an ensemble of functional
brain areas active when an individual is at rest which comprises angular gyrus, posterior
cingulate cortex, medial temporal lobe, precuneus, and medial prefrontal cortex. DMN
supports internally focused cognition with mind-wandering, episodic memory retrieval,
and self-reflection. Pain establishment requires cognitive resources causing it to compete
with attention-demanding stimuli. Such events are related to DMN dysfunction:

impaired connectivity between DMN areas and its enhancement are closely associated
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with pain severity [83]. For example, the medial prefrontal cortex shows impaired
connectivity with the posterior elements of DMN when there is an increment of high
frequency oscillations [84]. Interestingly, evidence of the involvement of DMN in
mechanisms related to emotional changes and pain sensation have been found [85].
Indeed, while mind-wandering helps in redirecting the spontaneous attention away from
pain by restoring the connectivity between the periaqueductal gray and the DNM, the
decoupling between DMN and thalamus is an important process of min mindfulness
meditation-induced pain relief [86]. Conversely, negative emotions enhance pain
hypersensitivity via DMN modulation during chronic pain [87]. Similarly, acute pain can
alter the functional connectivity and oscillatory activity of DMN, suggesting the deep
involvement of DNM during pain [88].

2.3 Molecular regulation of pain perception

The molecular regulation of pain perception is a finely modulated interplay of molecular
actors (Figure 2). Among all, genetic mutations and epigenetic alterations, as well as
PTMs, and microbiota operate under precise and dynamic regulation ensuring that the
sensation of pain is modulated appropriately in response to various stimuli and
conditions and maintaining a balance between protective responses and pathological

states [15].
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Figure 2: Schematic representation of the major molecular mechanisms involved in

pain perception [15]. While most of them will be dissected in the following sections,

neuroinflammation and inflammasome roles will be discussed in the context of CIPN.

2.3.1 Gene mutations

In pain context, various conditions are defined by identified gene mutations including

congenital insensitivity, erythromelalgia, anhidrosis, familial episodic pain syndrome,

and Fabry disease. Thus, different mutations can bring totally different clinical outcomes,

spanning from pain insensitivity to extreme pain perception, with differences between

individuals and mutation patterns [89]. VG ion channels are major actors in this play as

well as the most investigated. For instance, missense mutation (L263V) in Navl.1 gene

promote the 5-HT3- and P2X3-dependent spike activity, supporting migraine pain via
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enhanced excitability of peripheral trigeminal neurons [90]. Mutations in Nav1l.7 gene
can lead to function loss or truncation, ending up to congenital pain insensitivity [91].
Interestingly, genetic insights on Navl.7 demonstrated its involvement in olfaction
modulation other than pain, as individuals with mutations in its gene also show anosmia
[92,93]. Intronic mutations in SCN94, like the homozygous substitution in intron 3, have
been found modulating pain sensitivity by Nav1.7 inactivation due to impaired mRNA
splicing [94]. As per SCN94, SCN11A4 can display genetic alterations. Indeed, two
missense mutations (c.673 C>T and ¢.2423 C> Q) able to enhance Nav1.9 excitability
in DRG sensory neurons have been found related to familial episodic pain syndrome
[95]. Again, SCN11A4 shows a mutation at R222S site in patients with cold-sensitive
mechanical hyperalgesia [96]. On the other hand, Nav1.9 gene can be subjected in exon
15 to a gain-of-function mutation which brings to loss of pain perception in patients with
congenital pain insensitivity due to hyperactivation at resting potential and sustained
depolarization of nociceptors [97]. Regarding VGCCs, Cav3.1 can show a missense
mutation in position 706 (R706Q) of the CACNAIG gene involved in the production of
the a1 subunit of the channel, causing increased neuron excitability in the trigeminal
neuralgia [98]. Interestingly, a single mutation in a2d1 is responsible for halting the
analgesic action of pregabalin without affecting pain perception, suggesting the role of
this subunit in the pregabalin mechanism of action [99]. Similarly, VGPCs can undergo
genetic mutations affecting pain perception. For instance, the rare allele SNP
rs140124801 in the KCNG4 gene is responsible for pain attenuation during childbirth
due to enhanced potassium outflux and neuron hyperpolarization in uterus [100]. Again,
loss of function for the two-pore VGPCs TRESK caused by a frameshift mutation in the
gene KCNKS is responsible for stressed overall hypersensitivity, especially the thermal
and mechanical ones, with enhanced neuronal excitability [101]. Lastly, TRP channels
have been found to be mutated too. Indeed, TRPV1 can display loss of function when
the mutation N331K is present whereas it display a gain of function with G564S variant
[102,103]. Moreover, TRPV1 can be alkylated to chemically induce loss of function
[104]. Regarding TRPA1, familial episodic pain syndrome is deeply related to the N855S
mutation in TRPAI gene which cause in activated nociceptors a strong increment in
inward current [105,106]. Interestingly, in the TRPA1 gene a non-sense mutation can
cause truncation of the TRPV1 channel, conferring hyperactivity when co-expressed

with wild-type TRPA1. Indeed, the mutant co-assembles with wild-type TRPA1 subunits
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into heteromeric channels in cells that are functional at the plasma membrane reducing

the energetic barriers and causing neuronal hyperactivation [107].

Many other genes are targeted by mutations influencing neuronal development and axon
growth, and are associated with pain, lastly regulating pain perception with hypo- or

hypersensitivity [108—111].

2.3.2 Epigenetic modification

Epigenetics refers to modifications in gene expression which are not embedded in the
DNA sequence. Age, environment, and behavior deeply influence via epigenetics the
human beings. Epigenetic modification include DNA methylation, histone acetylation
and methylation, and non-coding RNAs (Figure 3), and are all involved in pain
regulation [112]. Regarding DNA methylation, enzymes called DNA methyltransferases
(DNMTs) chemically modify the DNA by catalyzing the transfer of a methyl group from
S-adenosylmethionine to specific bases in the sequence. DNA methylation mostly occur
in distinct sites called CpG islands which are aggregated distributions of bases. Once the
methyl groups are transferred, changes in DNA stability and conformation as well as in
protein interaction and chromatin structure can be observed. In the pain context, DNA
methylation changes in promoter regions have been observed in patients with chronic
pain by analyzing global methylation data on immunomodulation, GPCRs signaling, and
neurodevelopment [113—115]. During pain, DNA methylation is altered and such
alterations can be found early in neuropathic pain but can persist over time [116].
Moreover, differences in DNA methylation can be observed regionally depending on the
type of pain, including nerve injury, diabetes neuropathy, and chemotherapy-induced
peripheral neuropathy (CIPN). Thus, all these type of neuropathic pain display similar
characteristics but differ in epigenetics [117]. In patients with pain disorders, different
levels of methylated DNA negatively modulate expression of gene relevant to nociplastic
and neuropathic pain perception, among which the calcitonin gene-related peptide,
BDNF, and TRPA1 [118-120]. DNMT1, DNMT3A, and DNMT?3B are the three DNMTs
involved in both CNS and PNS in DNA methylation and neuropathic pain modulation
[121]. In particular, methylation of 5’-untranslated region and promoter of KCNA2A
gene via DNMT1 and DNMT3A can cause poor abundance of VGPCs and decreased
current, with central sensitization and neuropathic pain [121,122]. Moreover, the exert

regulatory activity by methylating genes related to non-coding RNAs, with detrimental
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effects over pain modulation [123,124]. DNMTs involvement in pain perception is deep.
Interestingly, their systemic inhibition can ameliorate pain, suggesting hypersensitivity
as their overall effect [114]. Nonetheless, DNA methylation can be counteracted by ten-
eleven-translocation proteins (TETs), which mediate demethylation of DNA instead.
Main members of the TET family are TET1, TET2, and TET3: they are responsible for
keeping DNA methylation stable to finely tune the epigenome [125]. In particular, TET1
modulates both positively and negatively pain. Indeed, TET1 is able to exert analgesic
activity by promoting VGPCs functioning by changing methylation levels over the
promoter of KCNA2 and K2P1.1, as described in models of neuropathic pain [126,127].
Conversely, TET1 can promote by demethylation the expression of gene related to
neuropathic pain and nociception progression [128—130]. Regarding histone acetylation,
it mainly occurs in H3 and H4, lysine sites, via histone acetyltransferases (HATs) and it
is pivotal for regulating histone activity. Histones comprise five families, including H1
and HS5 as linker histones, and H2A, H2B, H3, and H4 as core histones. In particular,
acetylation of H3 and H4 are dysregulated in CNS and PNS [131,132]. Their acetylation
state is upregulated during neuropathic and nociceptive pain establishment in DRG and
spinal dorsal horn [133]. Neuroinflammation appeared to be involved in acetylation
upregulation as inflammatory mediators such as interleukin (IL) 6 (IL-6), IL-8, and
tumor necrosis factor a (TNF-a) enhance the process and promote neuron excitability in
neuropathic pain models [134,135]. To counterbalance the effects of histone acetylation
the dynamic activity of histone deacetylases (HDACsS) is essential. HDACs are divided
into four groups and evidence for the association of HDAC1 and HDAC2 with pain
sensation have been found. Indeed, downregulated expression of these HDACs is
responsible for abnormal synaptic transmission, with visceral and somatic
hypersensitivity [19,136,137]. However, the cellular location of such epigenetic
modulators is a relevant aspect during pain. For instance, HDAC2 can move to the
nucleus under the regulation of the transcription factor Spl exasperating microglia-
dependent inflammation and neuronal dysregulation [138]. Regarding HDAC3 and
HDACA4, while the former is poorly related with pain regulation the latter can exert
analgesic activities when its cytoplasmic translocation is inhibited, ending in epigenetic
downregulation of the HMGBI gene involved in neuropathic pain [137,139]. On the
other hand, HDACS5 can accumulate in the nucleus blocking H3 acetylation of two
promoters, Gadl and Gad2, causing aberrant astrogliosis directly via signal transducer

and activator of transcription 3 (STAT3) pathway and impaired activity of GABAergic
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neurons [140,141]. Other HDACs involved in pain perception are sirtuins 1 and 3 (SIRT1
and SIRT3) which display analgesic effects when downregulated in nervous lesions by
alleviating emotional vulnerability of neuropathic pain via reduction of ectopic discharge
of sensory neurons [142—144]. Histones can be also affected by methylation. For
instance, the methyltransferase EZH2 exploit the site K27 to add a methyl group on H3
[145]. EZH2 is involved in neuropathic pain and cancer pain, as described in rodent
models [146,147]. While its upregulation can cause microgliosis, inflammation, and
establishment of thermal and mechanical hyperalgesia, its downregulation has been
found to ameliorate the pain condition in both neuropathic and cancer pain [146—148].
Even though it is not fully clear how EZH2 is regulated, researchers described the
involvement of mammalian target of rapamycin (mTOR) pathway and autophagy as
eventual target of EZH2 modulation [149]. Its involvement in pain regulation is so deep
that EZH2 has been accounted as biomarker in the evaluation of analgesic strategies for
neuropathic pain [150]. What happens to be clear is that EZH?2 is rigorously regulated in
both in expression and activity by non-coding RNAs such as miR-124-3p, Incencl, and
miR-378 [151-153]. Non-coding RNAs such as miRNAs, circular RNAs (circRNAs),
and long non-coding RNAs (IncRNAs), are key regulators of many molecular
mechanisms, also in pain context [154]. Regarding miRNAs, their profiles are altered in
people experiencing pain showing impaired regulation of their downstream targets [155].
Physiologically, miRNAs are able to block mRNA translation by binding to 3’
untranslated regions thereby promoting mRNA degradation [154]. The multiplicity of
their targets reflects the complexity of the underlying molecular mechanisms: pain-
related genes of signaling molecules, ion channels, transcription factors, and
inflammatory mediators are under miRNAs regulations [156—158]. Starting from the
regulatory activity of one miRNA, several downstream mRNAs can be modulated. An
example of this can be miR-183 which regulates the expression of more than 80% of
pain-related genes among which TRPV1 [159]. Nonetheless, miRNAs are under the
regulation of other non-coding RNAs such as circRNAs and IncRNAs via
complementary base pairing. Evidence of their involvement in the regulation of pain-

related genes such as KCNNI, VEGFB, and G94 have been found [160-162].

Overall, the epigenetic mechanisms involved in pain perception work together in a
complex crosstalk. Indeed, non-coding RNAs directly suppress the production of pivotal
enzymes while pain-related genes are under the regulation of DNA methylation and

histone modifications [163,164]. Nonetheless, DNA methylation and histone
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modifications can influence also the production of non-coding RNAs [158,165]. It will
be crucial in the future to dissect the intricate mechanisms underlying this crosstalk to

better understand the role of epigenetics in the pain context.
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Figure 3: Epigenetic mechanism in pain regulation [15]. 4) DNA methylation; B)
Non-coding RNA; C) Histone acetylation.

2.3.3 PTMs

PTMs comprise a plethora of chemical modifications which regulate cellular
localization, interactions, and activity of proteins. PTMs occur on specific groups in
amino acids via, among all, ubiquitination, methylation, acetylation, phosphorylation,
and glycosylation. In particular, around 600 PTMs have been identified so far, the most
common of which are the ones previously cited [166]. In the context of pain, the most
common PTM is undoubtedly phosphorylation. Indeed, the regulatory function of
kinases is crucial in pain perception as phosphorylation involves VG ion channels and
signaling pathways related to neuronal and non-neuronal functions and hyperalgesia.
Few examples of the kinases involvement in pain perception are TRPA1 phosphorylated
by cyclin-dependent kinases (CDKs), phosphorylation of Nav1.7 operated by protein
kinase C (PKC) and Fyn, and phosphorylation of TRPMS8 [167—-169]. For instance, after
nerve injury the establishment of inflammation can cause via BDNF as well as 1L-33

phosphorylation and activation of Fyn, a member of the Src family kinase, inhibiting via
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phosphorylation the NMDAR’s subunit GluN2B, with increased NMDAR’s membrane
density and NMDAR-dependent synaptic current [170,171]. On the other hand, during
acute and chronic pain decreased phosphorylation of TRPV1 can occur due to DRG-
dependent production of programmed cell death ligand 1 (PDL1) [172,173]. PDLI1 is
responsible for attenuating VGSCs and enhancing VGPCs by phosphorylation of Src
homology region 2 domain-containing phosphatase-1 (SHP-1) and finally TRPV1
thereby causing the blockage of sensory neuron excitability [172,174]. Ubiquitination is
a process of degradation of endogenous proteins performed by ubiquitin-activating
enzyme (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin-protein ligases (E3). It
plays a role in pain mechanisms too. Indeed, the E3 Cbl Proto-Oncogene B (Cbl-b) in
the spinal cord is responsible for processing the pain information and is
dephosphorylated after noxious stimuli, reducing ubiquitination of the GluN2B subunit
of NMDARSs and tropomyosin receptor kinase A (TrkA) and promoting inflammatory
pain [175,176]. Similarly, the E3 neural precursor cell expressed developmentally down-
regulated protein 4 (NEDD4) stimulate pain hypersensitivity by promoting the targeted
degradation of TRPA1, GIuN2D subunit of NMDARSs, and Nav1.7, among others [177—
179]. The establishment of pain is characterized by epigenetic downregulation of
NEDDA4, suggesting the potential of NEDD4 as therapeutic target [178]. Moreover, the
ubiquitin specific peptidase 5 (USP5), a deubiquitinating enzyme, can regulate
ubiquitination and modulate VGCCs activity [180]. For instance, USP5 can be
upregulated by IL-13 and TRPV1 causing and is able to directly interact with Cav3.2
enhancing cell ion currents and thereby stimulating neuropathic and inflammatory pain
establishment [181,182]. Close to ubiquitination, sumoylation is pain-related PTM
characterized by the covalent conjugation of small ubiquitin-related modifiers (SUMO)
with target proteins influencing their localization, interaction and stability [183].
Sumoylation regulates ion channels in many ways. An example is represented by the
sumoylation via SUMO-conjugating enzyme UBC9 of collapsin response mediator
protein 2 (CRMP2), causing both enhancing membrane density and currents of Nav1.7
[184,185]. Interestingly, modified-CRMP2 is considered as marker of chronic
neuropathic pain, rather than physiological pain, and it is under the regulation of other
PTMs with painful and analgesic effects [186]. For instance, CDKS5 can promote CRMP2
sumoylation via phosphorylation whereas Fyn-dependent phosphorylation
downregulates it [ 187]. Nonetheless, antagonist of CRMP2 and UBC9 caused pain relief

in trigeminal neuropathic pain [188]. Pain establishment is influenced by other PTMs as
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well. Modulation of pain perception has been found for carbonylation, nitrosylation,
succinylation, palmitoylation, and glycosylation [189—192]. The milder and reversible
effects exerted by PTMs on proteins are overall a fundamental network underlaying pain
establishment and modulation. Even though the current understanding about PTMs is
limited, they represent an instrument of clinical value in the context of pain both in pain

evaluation and treatment.

2.3.4 Microbiota

Microbiota is a symbiotic organism that comprise all the microbes which resides in the
gastrointestinal and respiratory tracts, skin, and reproductive system, and is able to
interact with the whole organism in which reside shaping both its physiology and
pathology [193]. The regulation of pain perception is strictly influenced by microbiota
via direct and indirect pathways (Figure 4). The direct pathways are a complex network
in which microbiota-produced compounds play a crucial role. For instance, levels of
histamine, which derives from decarboxylation of histidine, can cause abdominal pain
via histamine receptor H1 activation and excitation of TRPV1 signaling [194]. The gut
levels of histamine can raise due to the activity of gram-positive and gram-negative
bacteria which exploit two different histidine decarboxylase, pyruvoyl-dependent and
pyridoxal-dependent respectively [195]. In particular, the ectopic metabolism of
histamine performed by Klebsiella aerogenes is the principal reason for abdominal pain
during irritable bowel syndrome [196]. Regarding the indirect pathways, they involve
the pathogen-associated molecular patterns (PAMPs), structural components of the
microbiota such as lipopolysaccharide (LPS), flagellin, and teichoic acid, which are
identified by host cells, that are responsible once recognized for the immune cells’
activation and the release of chemokines and cytokines, but also neuropeptides,
promoting a pro-inflammatory environment [ 197]. Thus, the immune system can identify
microbiota dysbiosis via PAMPs resulting in inflammation and pain in a process mainly
exacerbated by TNF-a [198]. Similarly, 5-HT is a by-product of Streptococcus,
Corynebacterium, and Enterococcus that has been correlated with visceral
hypersensitivity [199,200]. Indeed, the establishment of cannabinoid signaling due to
time-dependent incremental interaction of 5-HT with receptors 5-HT3 and 5-HT4 cause
exacerbation of pain hypersensitivity, which can be relieved via gut homeostasis
modifiers to counter 5-HT levels [201,202]. Other metabolites involved in microbiota-

19



mediated shaping of pain perception are aspartate, glutamate, and GABA. For instance,
Bacilli in the gut are able to produce excitatory neurotransmitters such as aspartate and
glutamate, responsible for enhancing the sensory neurons excitability [203]. On the other
hand, different bacteria are able to produce the inhibitory neurotransmitter GABA, such
as Bacteroides, Bifidobacteria, and Lactobacilli, which can be modulated by
administration of gut probiotics to effectively ameliorate visceral pain [204].
Interestingly, microbiota can also directly interact with neurons to produce pain without
relying on the immune cells activation of released metabolites but exploiting toll-like
receptors to detect eventual microbiota invasion. By detecting microbes’ antigenicity,
TLRs identify PAMPs and start the immune response and the downstream signaling
pathways [205]. An example of this mechanism is the activation of TLR4, which is
deeply involved in chronic pain establishment consistent with its expression on DRG
and afferent fibers of the trigeminal nerves [206]. Under bacterial dysbiosis, TLR4 can
be activated by LPS causing increased firing rates of neurons expressing TRPV1, leading
to pain hypersensitivity [207]. Notably, these events can be observed both in CNS and
PNS. Indeed, TLR4 is upregulated in the hippocampus and the prefrontal cortex during
visceral pain, suggesting the relevant role of the gut-brain axis in pain perception [208].
Similarly, TLRS can interact with flagellated bacteria to promote chronic abdominal
pain, as observed in mice [209]. Conversely, analgesic effects via TLRS5 have been
observed too [210]. Flagellin combined with the membrane-impermeable lidocaine
derivative QX-314 caused a TLRS5-dependent inhibition of sodium currents,
predominantly in A-type fibers in mice. The interaction flagellin-TLRS responsible for
QX-314 entrance in neurons permitter the alleviation of mechanical allodynia induced
by nerve injury, chemotherapy, and diabetic neuropathy in mice [210]. Overall,
microbiota is crucial in influencing pain perception both centrally and peripherally.
Distinct microbial patterns linked to pain have been identified. The pathways mediating
the reciprocal communication between the microbiota and the nervous system are day-
by-day becoming clear, opening new avenues for clinical advancements in pain

management.
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Figure 4: Microbiota involvement in pain modulation [15].

2.4 Pathways involved in pain modulation

Signaling pathways are cascade of biochemical events within cells activated by distinct
stimuli. Physiological and pathological processes are shaped by these pathways,
influencing gene regulation and cellular functions. Emerging evidence has revealed
complex links between altered signaling networks and pain perception. Moreover,
preclinical and clinical studies highlighted the therapeutic potential of targeting disrupted
signaling pathways to mitigate pain. Among the most critical pathways involved in pain
perception there is the mitogen-activated protein kinase (MAPK) pathway. MAPK
signaling comprise several branches including p38, extracellular signal-regulated
kinases (ERKs), and C-Jun N-terminal kinase (JNK), all involved in the modulation of
proliferation, differentiation, but also inflammation [211]. During acute pain, MAPK
pathway is activated via TNF-a causing a p38-mediated hyperphosphorylation of the
serl10 of Navl.7, leading to increased membrane insertion of the channel [212]. Other

VGSCs are influenced by these events. For instance, Nav1.8 and Nav1.9 are upregulated
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under these conditions, supporting the formation of pain hypersensitivity [213].
Moreover, evidence of upregulation of Nav1.6 during CIPN via MAPK/ERK signaling
have been found as well [211]. MAPK signaling activation via p38 can occur under NGF
action with upregulation of acid-sensing ion channel 3 (ASIC3), a neuronal voltage-
insensitive sodium channels, in DRG and promotion of mechanical allodynia [214]. On
the other hand, inhibition of peripheral NGF derived from Schwann cell and
macrophages ameliorated neuropathic pain via inhibition of transforming growth factor-
B-activated kinase 1 (TAK1)-dependent MAPK signaling in DRG and sciatic nerve of
rats with chronic constriction injury-related pain [215]. MAPK signaling is an intricate
network of events in which different regulation of its branches bring to different
downstream effects. Indeed, even though MAPK signaling can promote pain
hypersensitivity, opposite effects have been described in which p38 upregulate the spinal
glial transporter of glutamate averting the long-lasting non-evoked resting pain, as
described in rats with surgical incision [216]. Overall, MAPK signaling is pivotal in pain
regulation and several strategies are under active research to interfere with its modulation
to shape a better condition in patients with pain [217-221]. However, other pathways are
involved. Among the most critical pathways the Wnt/p-catenin one is crucial for many
physiological processes, morphogenesis, and oncogenesis. Once Wnt is activated, the -
catenin destruction complex cannot form, and the complex is translocated to the nucleus
where it can regulate the gene expression [222]. Wnt involvement with pain regulation
has been observed, for example, in neuropathic pain in vivo models in which
upregulation of Wnt3a, Wnt5a, and Wntl0a can be found [223,224]. Wnt/b-catenin
signaling is relevant for intercellular communication during neuropathic pain. Moreover,
secretion of Wnt5 from A-type fibers in DRG can promote fast currents of nociceptive
neurons expressing TRPV1. GPCRs such as GPR177 can be responsible for Wnt
secretion [225]. Nonetheless, GPR177 is not the only regulator of this pathway:
lysophosphatidic acid receptor 3 (LPAR3), secreted frizzled-related protein 1 (SFRP1),
long non-coding RNA-CRNDE and miR-26a-5p have control over this pathway and
thereby on pain regulation [224,226-228]. Wnt/B-catenin signaling can promote
inflammatory pain by stimulating production and release of TNF-a., IL-18, and substance
P, but also potentiate neuropathic pain via upregulation of the vesicular glutamate
transporter 2 (VGLUT2), a critical component of glutamate transmitting system [229—
231]. Moreover, activation of this pathway in primary sensory neurons can lead a

calcium-dependent translocation to the membrane of P2X3 and GluN2B causing
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peripheral hypersensitivity [232]. Regarding AMP-activated protein kinase (AMPK)
signaling, its metabolism-related activity modulates pain perception in different ways
[233]. For instance, AMPK is an intracellular glucose sensor whose signaling is involved
in hyperalgesia [234]. DRG neurons exposed to high glucose levels show inhibition of
AMPK signaling, with increased expression and activity of TRPA1, leading to the
TRPA1-dependent hyperalgesia characteristic of the diabetic neuropathy [234].
Activation of AMPK signaling can also bring to analgesia via polarization of anti-
inflammatory microglia or by modulating the endocannabinoid metabolism of
macrophages [235,236]. Moreover, AMPK signaling is able to intensify the autophagic
activity in Schwann cells promoting cell clearance and thereby ameliorating the
peripheral neuropathy [237]. Analgesic effects related to autophagy can also be obtained
via modulation of phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of
rapamycin pathway. Indeed, the release of BDNF from bone marrow mesenchymal stem
cells during exercise in mice with sciatic nerve injury promoted the transition from pro-
inflammatory to anti-inflammatory microglia via modulation of the PI3K/Akt/mTOR
pathway with enhanced autophagy [238]. However, pro-inflammatory microglia-
dependent downregulation of this pathway can cause astrogliosis promoting chronic pain
[239]. Thus, PI3K/Akt/mTOR pathway shows both beneficial and detrimental effects,
eventually depending on specific cell type and pain condition. Indeed, PI3K/Akt/mTOR
pathway can also alleviate neuropathic pain via nerve regeneration after nerve injury
[240]. Moreover, this pathway can be involved in other cell functions other than
autophagy such as cell survival, angiogenesis, proliferation, and metabolism. Overall,
PI3K/Akt/mTOR pathway hyperactivation is linked to nociception and neuropathic pain
[241,242]. For instance, Akt can be responsible for ASICla phosphorylation causing
increased surface expression and activity of ASICl1a, resulting in pain hypersensitization
[243]. Again, activation of mTOR complex 2 has been related to increased structural
plasticity of nociceptive ends leading to inflammatory pain [241]. Interestingly,
PI3K/Akt/mTOR pathway can be regulated by glia-derived neurotrophic factor (GDNF)
secreted by bone marrow mesenchymal stem cells. Such mechanism appears to be related
in rats to glial polarization with upregulation of PI3K/Akt signaling and downregulation
of the nuclear factor kappa B (NFkB) pathway, thereby alleviating abnormal discharge
of C-type fibers [244]. In the regard of NFkB signaling, such pathway is upregulated in
DRG and spinal cord of animals with neuropathic pain and it is strictly associated with

inflammatory events in CNS, ending in further promotion of neuropathic pain [245].
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NFkB is a complex composed as hetero- or homodimers of the Rel proteins, among
which RelB, c-Rel, p65, p50, and p52 [246]. Usually, the heterodimer p65/p50, the NFkB
inactive form, is fixed in the cytoplasm due to inhibitor of kB o (IkBa). However, pro-
inflammatory molecules and growth factors can stimulate the phosphorylation of IkBa
by IkB kinase, causing its degradation thereby releasing p65/p50 [247]. The free NFkB
heterodimer translocate to the nucleus causing the expression of inflammatory and pain-
related proteins, among which IL-183, TNF-a, and cyclooxygenase 2 (COX-2) [246,248].
Interestingly, these pathways are deeply interconnected. For instance, TNF-a can
activate p38, MAPK, and NFkB to initiate pain as mentioned above, but it can also
activate JNK to maintain pain condition [249]. Moreover, establishment of pain can
cause the activation of c-Fos and JUN, key markers of neuronal activation and pain
development [250]. Indeed, the combination of c-Fos and JUN produce the complex
activation protein 1 (AP1) that translocate to the nucleus acting as transcription factor
for genes of NGF, neuropeptides, and opioid peptides, all relevant in the pain condition
[251,252]. Similarly, IL-6 induces activation of the Janus kinase (JAK)/signal transducer
and activator of transcription (STAT) pathway which is crucial in pain maintenance
[253]. The IL-6 binding with the IL-6 receptor causes its dimerization and the
autophosphorylation of two JAK proteins among JAK1, JAK2, JAK3, and TYK2 and
the following docking of STAT proteins (STAT1, STAT2, STAT3, STAT4, STAT5A/B,
and STAT6). Then JAK-mediated phosphorylation of the STAT proteins occurs, causing
the separation of the phosphorylated STAT from the receptor and its translocation to the
nucleus in which will regulate the expression of many genes [254]. In particular, IL-6-
mediated phosphorylation of JAK1 and JAK2 and the resulting phosphorylation of
STAT3 is a key event for the establishment of chronic inflammation and pain [255].
Therefore, signaling pathways exhibit intricate interconnections. A single molecular
target or pain characteristic can be influenced by multiple pathways. This intertwined
network plays a key role in both the amplification of pain sensitivity and its amelioration.
Similarly, disrupting critical points within these pathways might lead to unforeseen
adverse effects, potentially hindering the clinical development of pathway-targeting
agonists or inhibitors. More rigorous investigations are needed to thoroughly evaluate

their efficacy and safety.
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2.5 Categories of pain

Starting from its fundamental causes, different types of pain can be identified:
nociceptive, nociplastic, and neuropathic pain. Regarding nociceptive pain, it refers to
physiological pain as defensive system against noxious stimuli, for instance
inflammatory pain. It is a transient event naturally occurring in response to both real and
potentially harmful stimuli, causing protective actions. Nociceptive pain appears as a
blur sensation when it is a visceral stimulus while somatic pain can be burning and sharp
and it is usually sensed at the dermis layer [256]. On the other hand, nociplastic pain is
characterized by the lack of a clear activation of the nociception with, nonetheless,
clinical evidence of altered nociception. Interestingly, this type of pain does not match
with both nociceptive pain and neuropathy given the absence of an organic lesion
coexisting with a distinguished pain phenotype [257]. Environmental, psychological, and
genetic factors contribute to the establishment of this kind of pain in different ways,
making it possible to distinguish between different categories of nociplastic pain: chronic
primary musculoskeletal pain, chronic primary headache pain, chronic widespread pain,
complex regional pain syndrome, and chronic primary visceral pain [258]. The etiology
of this type of pain is challenging as it comprise numerous factors among which organ

damage, nerve invasion, and immunological impairment [259].

Regarding neuropathic pain, the following chapters will dissect the main features of this

pain typology with a peculiar focus on CIPN and its underlying mechanisms.
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CHAPTER III
3.1 Neuropathic pain: definition and epidemiology

As stated by IASP, neuropathic pain is a painful state caused by lesions or diseases which
affects both the central neurons and the peripheral fibers of the somatosensory nervous
system [260]. Indeed, neuropathic pain is a secondary chronic condition that arise as
maladaptive response of the nervous system to “damage” in cancer (e.g., CIPN) but also
following diabetes (e.g. peripheral diabetic neuropathy), autoimmune disorders affecting
the CNS (e.g., multiple sclerosis), viral infections (e.g., herpes zoster), and traumatic
damage to the nervous system (e.g. spinal cord injury) and so on [261]. The outcomes of
the nerve injury are various and the underlying mechanisms change even within the same
condition, with patients’ differences in both symptoms and treatment effects [262].
Patients with such distressful conditions can usually experience shooting pain,
spontaneous or evoked pain, and tingling following either harmful or non-harmful
stimuli, potentially reaching disability over time with loss of life’s quality and increased
healthcare cost [263]. Moreover, neuropathic pain shows considerable difficulties in
therapeutic management, as only a minority of patients achieve substantial relief from a
given therapy, with weak response to analgesic drugs thereby causing psychological
features like anxiety, insomnia, and depression [261,264]. Even though prevalence and
incidence of neuropathic pain are hard to estimate because of the absence of consensus
on its definition, epidemiological studies showed that 7 to 10% of the global population
run into neuropathic pain, with increased prevalence among women (60,5% of all
patients) and overall, in people with chronic diseases. Indeed, of all the patients with
chronic pain, the 20-25% of them experience neuropathic pain [265,266]. Known as one
of the most challenging areas in healthcare, neuropathic pain remains difficult to manage,
even with recent advancements. However, there have been notable improvements in
understanding its underlying mechanisms, leading to new developments in both medical
and surgical treatments [267]. Although the various therapies work through different
mechanisms, they all aim to modify neural pathways, adjust neuron activity, and improve
communication between nerve cells. There is a critical need to deepen the knowledge of

these pathological mechanisms to enable the creation of more precise therapies.

26



3.2 Clinical perspective

Symptoms of neuropathic pain are strictly dependent on cause and location of the nerve
injury [268]. Overall, patients can experience both sensory gain and loss. Indeed, they
can perceive pain after non-painful stimuli (allodynia) and pain perception can also be
boosted by neuropathic pain after painful stimuli (hyperalgesia) experiencing more pain
than what should be perceived. Such pain can also be perceived as persistent or
intermittent spontaneous pain with odd sensations resembling itching, needle bites,
tingling, and reduced sensitivity or sensory loss [269]. Neuropathic pain greatly burden
the life of patients, reducing their quality of life at both the physical and emotive levels.
Moreover, pain can be refractory to therapies making it difficult to handle and leading
patients to developing depression, anxiety, and other psychological impairments as
mentioned above [270]. Furthermore, misdiagnosis is a common problem caused by
difficulties in recognizing neuropathic pain, suggesting the need for a more in depth
evaluation of the patient's clinical condition [271]. Indeed, it is crucial to perform a
comprehensive physical and neurological exam, focusing on when the pain started,
where it is located, how it spreads, and whether it is linked to injury or sensory
alterations. Rating scales, such as the numeric rating scale and the visual analogue scale,
and questionnaires are useful instruments for evaluation of neuropathic pain symptoms
and intensity [272]. Diagnostic investigations to establish the existence of provable
lesions to the somatosensory system can be exploited: few example are quantitative
sensory testing, neurophysiological testing, and skin biopsy [273]. Regarding
quantitative sensory testing, it evaluate nociceptive and non-nociceptive pathways by
exploiting thermal and mechanical stimulation both peripherally and centrally, helping
in the detection of sensory loss as well as paresthesia, hyperalgesia, and allodynia. In
order to address the lesion, its entity and location, neurophysiological tests like evoked
potentials are performed. Contact or radial thermal stimulation can give rise to evoked
potentials via contact or laser heat allowing the demonstration and quantification of
lesions along the central and peripheral pathways. However, both quantitative sensory
testing and neurophysiological testing can be not sufficient for a proper diagnosis. In
such cases and in the suspicion of small fiber neuropathy it is possible to perform skin
biopsy, a non-invasive technique by which it is possible to collect intraepidermal C-type
fibers. Their histological analysis will potentially provide confirmation of a
somatosensory lesion [274]. Even though clinical evaluation and objective diagnostic

tools can offer a picture of the patients in some cases, other people would require history
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analysis to define the probable pain condition, highlighting the pivotal role of the

complex clinical judgement of the physicians [272].

3.3 Pathophysiology of neuropathic pain

Once a peripheral nerve lesion take place, inflammation spreads locally and mast cells
and macrophages, as resident immune cells, and Schwann cells react to the traumatic
event [275]. Indeed, a complex but well-orchestrated cycle of events starts at the injury
site, with Schwann cells differentiating to proceed with the removal of the myelin sheath
and mast cells recruiting neutrophils (Figure 5). In particular, degranulating mast cells
release pro-inflammatory molecules, among which growth factors, histamine,
leukotrienes, and serotonin that contribute to nociceptors sensitization and neutrophils
infiltration. The latter, similarly, release pro-inflammatory molecules that promote the
local recruitment of T cells and other macrophages and the sensitization of nociceptors
as well. On the injury site, macrophages promote inflammation by releasing pro-
inflammatory cytokines and chemokines and participate in the degradation via
phagocytosis of the lesioned myelin sheaths and axons with Schwann cells. Also,
nociceptors can be upregulated in some measure after lesions and T-helper cells, by
releasing both pro- (e.g., IL-1pB, IL-17, and TNF-a) and anti-inflammatory (e.g., IL-4
and IL-10) mediators at the injury site, can directly modulate their activity [275].
However, these events are not limited to the periphery. For instance, peripheral lesions
can cause disruption of the blood-nerve barrier at the spinal cord level causing influx
from periphery of immune cells [276]. Thus, inflammation reaches CNS from periphery
stimulating, here, glial cells such as microglia and astrocytes which play a pivotal role
in the establishment and the maintenance of a pro-inflammatory environment thereby
promoting nociceptors hypersensitivity and modulation of sensory neuron gene

expression [239].
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Figure 5: Degenerative mechanisms underlying neuropathic pain [277].

3.3.1 Peripheral neuropathic pain

As mentioned above, lesions to peripheral nerves can lead to neuropathic pain
development. Even though the link is clear, there is a great gap between lesions’ type
(e.g., crushing, transecting, stretching) and severity, and neuropathic pain development.
Indeed, the establishment of pain does not characterize every patient with nerve damage
and the underlying mechanisms probably are an interplay of peripheral and central
changes, with psychological and genetic factors [278,279]. The most involved fibers in

the establishment of neuropathic pain are types C and Ao, which can react to various
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stimuli such as thermal, mechanical, and even chemical. In patients with neuropathic
pain, non-lesioned nociceptive afferents placed near to the injured ones shows ectopic
nerve activity, as described via microneurography, which is attributed to channelopathy
[280]. By lowering the threshold of action potential and increasing membrane
excitability the channelopathy causes spontaneous ectopic nerve activity. In the end, the
subject can experience paroxysmal lancinating pain or tingling without any kind of

damage [275,281].

3.3.2 Central neuropathic pain

Once damage is caused by lesions or diseases to the central somatosensory system,
neuropathic pain occurs due to central sensitization immediately following the insult or
within one year, with some patients finding it resolved after around 12 months and others
developing chronic pain [277]. Central neuropathic pain is a common condition in people
with spinal cord injury (~50% of patients), but also in people with multiple sclerosis
(20%) and stroke (8-10%) [282-284]. Main symptoms are hyperalgesia, ongoing
summation, allodynia, and aftersensation [285]. Other than CNS’ lesions, the central
sensitization can also occur due to ectopic activity in afferent fibers and loss in the
superficial dorsal horn of the spinal cord of the inhibitory GABAergic interneurons.
Overall, these events are responsible for impeding analgesic descending pathways which
originate in the brainstem. In the end, there is no inhibition for painful pathways, with
pain-related symptoms caused not only by the injured nerve but also by the activity of
intact ones [280]. Indeed, the loss of GABAergic inhibition within the dorsal horn is
selective and does not involve, for example, the excitatory molecules which will continue
to exert their activities among which VGSCs overexpression [286]. Over time, changes
at the postsynaptic level in second-order neurons will support the maintenance of this
hyperexcitability which, with overexpression of low-threshold mechanosensitive Af-
type and Ad-type afferent fibers, will result in establishment of the symptoms state above
[280,286,287].
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3.4 Overview on peripheral neuropathies

Peripheral neuropathies show from diverse origins, including genetic mutations, physical
trauma, exposure to toxins, or inflammatory damage to peripheral nerves [288]. As some
of the most widespread neurological disorders, they are estimated to affect 77 out of
100,000 individuals annually, with prevalence rates ranging from 1-12% across all ages,
reaching 30% in elder people [289]. The wide variety of neuropathies exceed 100 distinct
types with common symptoms including sensory disturbances such as numbness, pain,
weakness, and altered sensations, each tied to specific nerves involvement complicating
accurate diagnosis and treatment strategies [290]. For instance, conditions like diabetic
and chemotherapy-induced neuropathies may present as either painful or painless,
underscoring the intricacy of their clinical profiles. Painful neuropathies can be divided
into two broad categories: hereditary and acquired. Advances in next-generation
sequencing (NGS) have unveiled genetic factors linked to hereditary forms. For instance,
VGSCs play critical roles in neuropathic pain, as mentioned in the previous chapters.
Gain-of-function mutations in the SCN9A gene results in heightened pain sensitivity in
conditions like erythromelalgia and paroxysmal extreme pain disorder [291,292]. These
mutations amplify sodium influx, driving hyperexcitability of nociceptors [290].
Acquired neuropathies are predominantly linked to systemic diseases like diabetes,
alcohol abuse, or toxic agents, including chemotherapy. A notable example is small fiber
neuropathy, characterized by degeneration of epidermal nerve endings and reduced
intraepidermal fiber density, often observed in diabetic patients [293]. Small fiber
neuropathy symptoms, such as hyperalgesia and allodynia, correlate with neuronal
hyperexcitability driven by altered calcium levels and aberrant activity in DRG neurons
[294]. Regarding CIPN, a prevalent side effect of cancer treatments, manifests as pain
and sensory deficits in a "glove-and-stocking" pattern, profoundly impairing patients'

quality of life [295].
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CHAPTER 1V
4.1 CIPN

CIPN is a prevalent and incapacitating side effect associated with cancer treatments. This
condition impacts almost the 90% of individuals undergoing therapies involving taxanes
like paclitaxel and docetaxel, vinca alkaloids such as vincristine, platinum-based
compounds like oxaliplatin and carboplatin, or proteasome inhibitors like bortezomib
[296,297]. The clinical manifestations of CIPN are diverse, spanning both sensory and
motor domains. Common symptoms include sensations of tingling, numbness, burning
or shooting pain, impaired proprioception, and diminished tactile sensitivity. Motor
dysfunctions such as muscle weakness, coordination problems, and difficulty with fine
motor tasks also occur frequently [298]. In clinical practice, CIPN management often
necessitates modifications to chemotherapy regimens, including dose adjustments,
temporary pauses, or complete discontinuation of treatment [299]. However, such
measures can undermine therapeutic efficacy potentially affecting survival outcomes
[300]. The management of various malignancies, including breast, prostate, and
colorectal cancers, alongside gynecological tumors, testicular cancer, and hematological
cancers like multiple myeloma, heavily relies on these drugs [297]. Therefore, CIPN is
a frequent challenge in oncology care. CIPN frequently exerts a long-term impact on
patients’ lives. Chronic and persistent symptoms are reported by up to 42% of
individuals, persisting long after cessation of the causative agents [301]. Such condition
is linked to a significant decline in quality of life and is accompanied by psychological
and behavioral challenges across the cancer care continuum [295,302]. Patients have
highlighted the burden of CIPN on their daily routines, describing difficulties in
performing tasks such as fastening buttons, operating electronic devices, or maintaining
mobility [303]. Moreover, the limitations imposed by CIPN extend beyond physical
discomfort, often leading to a sense of frustration and reduced independence. These
challenges emphasize the need for effective preventive and therapeutic strategies to
address CIPN. Current management options remain inadequate for mitigating its
debilitating effects, underscoring the importance of interventions that alleviate
symptoms while preserving the integrity of chemotherapy regimens. Further research
into such approaches is critical to improving outcomes and enhancing the quality of life

for patients experiencing CIPN.
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4.2 Molecular mechanisms underlying the establishment of CIPN

CIPN remains a significant complication in oncology, with a complex and multifactorial

pathogenesis (Figure 6). This section focuses on the principal molecular and cellular

mechanisms implicated in its development.
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CIPN [304]. A) Disruption of the neuronal cytoskeleton; B) Mitochondrial impairment;
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4.2.1 Disruption of the neuronal cytoskeleton

Chemotherapeutics like vincristine and paclitaxel exert their anticancer activity by

modulating microtubule dynamics: vincristine inhibits microtubule polymerization

while paclitaxel promotes it [305,306]. These mechanisms result in cell cycle arrest and

apoptosis in cancer cells [304]. However, chemotherapeutic drugs can cross the blood-

33




nerve barrier and bind to B-tubulin, which is critical for neuronal cytoskeleton stability,
particularly in peripheral nerve fibers and sensory neurons [307]. Their interaction
disrupts the cytoskeletal structure of healthy peripheral neurons, such as DRG cells, in
cancer patients significantly altered the mechanical properties of DRG neurons due to
excessive microtubule depolymerization (vincristine) or polymerization (paclitaxel).
Moreover, confocal imaging demonstrated that vincristine and paclitaxel caused
cytoskeletal disorganization leading to impaired neurite outgrowth [308,309]. Similarly,
bortezomib, which is a proteasome inhibitor that enhance microtubule polymerization in
neuronal cells, causes excessive stabilization of microtubules and axon fragmentation by
increasing hyper-stable delta 2 tubulin (D2) levels in DRG neurons, with impaired
neurite outgrowth as well [310]. Substantial evidence indicates that vincristine,
paclitaxel, and bortezomib promote axonal degeneration and the loss of axonal
remodeling capacity appears to drive degeneration of distal sensory nerve terminals,
leading to altered pain perception and hypersensitivity [311,312]. Interestingly, the
integrity of the microtubule cytoskeleton is essential for axonal transport of organelles
such as mitochondria and lysosomes, but also mRNA, vesicles and other factors [313].
Impaired axonal transport is a key contributor to axonal degeneration in peripheral
neurons in CIPN, suggesting the therapeutic relevance of impaired axonal transport as

therapeutic target in this context [314].

4.2.2 Mitochondrial impairment

Mitochondria play a critical role in regulating intracellular calcium levels under
physiological conditions [315,316]. Neurons are particularly susceptible to
mitochondrial impairment due to their high energy demands, which are necessary for
maintaining resting membrane potentials, conducting and propagating electrical signals,
and facilitating pre- and post-synaptic neurotransmission [316]. Given their highly
polarized structure, neurons heavily rely on efficient anterograde and retrograde
mitochondrial transport to sustain energy homeostasis [317-319]. Indeed, disruptions in
mitochondrial ATP exchange or transport can precipitate energy deficits and axonal
degeneration in these cells [316,319]. Interestingly, mitochondrial impairment and
impaired mitochondrial transport are involved in the pathogenesis of CIPN [320].
Platinum-based chemotherapeutic agents like cisplatin and oxaliplatin exert their anti-
cancer effects by forming DNA-platinum adducts, which disrupt DNA replication in
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malignant cells, thereby inducing apoptosis [321]. Unfortunately, cisplatin's off-target
effects extend to peripheral neurons, where it binds to mitochondrial DNA in DRG cells
disrupting mitochondrial DNA replication and transcription, leading to mitochondrial
dysfunction. Moreover, due to the absence of DNA repair machinery in mitochondria,
damage inflicted by cisplatin remains unrepaired, triggering cytochrome c release and
apoptosis in DRG neurons [322]. Paclitaxel affects mitochondrial function by binding to
B-tubulin in the mitochondrial membrane, causing the opening of the mitochondrial
permeability transition pore, leading to rapid mitochondrial depolarization, cytochrome
c release, and reduced ATP production in neuroblastoma cells and DRG neurons [323].
Similarly, in animal models of bortezomib-induced neuropathy, peripheral nerves
exhibited mitochondrial swelling and vacuolation in both myelinated A-type fibers and
unmyelinated C-type fibers [324]. These structural mitochondrial abnormalities severely
impaired ATP production, highlighting bortezomib’s mitotoxic effects. Finally,
vincristine, for instance, causes rapid mitochondrial depolarization at distal axonal ends,
leading to mitochondrial swelling and demyelination in peripheral nerves [325]. In
conclusion, preserving mitochondrial integrity and functionality is vital for preventing
CIPN. Therapeutic strategies enhancing mitochondrial ability to counter the described
toxicity could offer significant benefits in mitigating neuronal damage and improving

patient outcomes in CIPN management.

4.2.3 Hyperexcitability in DRG neurons

The somatic pain detection involves free nerve endings of musculoskeletal afferents,
with nociceptive ion channels at the nerve terminals activated by specific stimuli to
transduce pain signals [326]. Transcriptomic shifts induced by chemotherapy in the cell
bodies of DRG neurons, as revealed through RNA sequencing, have been shown to
potentially increase neuronal excitability and contribute to persistent pain [296]. For
example, lumbar DRGs exhibit upregulation of GPCRs and ion channels in response to
paclitaxel, linking these changes to neuropathic pain [327]. Similarly, heightened
expression of Nav, Kv, and TRP channels has been observed in the DRGs and spinal
dorsal horns of paclitaxel-treated rodents [328]. Studies have also demonstrated that
paclitaxel triggers the activation of the mTOR and MAPK-interacting kinase (MNK)-
eukaryotic initiation factor 4E (eIF4E) pathways, altering the translation of GPCRs and
ion channels in DRG neurons [329]. Pharmacological inhibition of this pathway through
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eFT508 has been effective in reversing paclitaxel-induced hypersensitivity. Oxaliplatin
has been shown to alter the expression of ion channels and synaptic genes in rat DRGs
[330]. Functionally, ion channels play a key role in the pathogenesis of CIPN. For
instance, paclitaxel-induced upregulation of Nav1.7 in DRG neurons and dorsal horn
nerve terminals contributes to spontaneous ectopic activity and targeting Nav1.7 with
selective blockers like ProTx II has been found to alleviate hyperalgesia [331]. The
trafficking of Nav1.7 vesicles to nerve endings is also enhanced by paclitaxel, leading to
increased channel expression [332]. Similarly, vincristine has been shown to elevate
Nav1.7 and Nav1.8 expression in DRG neurons and spinal cords, with pharmacological
inhibition or gene silencing of Navl.7 reducing neuronal hyperexcitability and
mechanical allodynia [333,334]. Furthermore, paclitaxel promotes Nav1.8 transport to
distal axons, increasing its surface expression [335]. In the case of oxaliplatin, Nav1.6
expression in DRGs is upregulated, which induces cold allodynia. Both knockout models
and specific antagonists for Nav1.6 have been shown to reverse oxaliplatin-induced
allodynia, underscoring its importance [336,337]. Regarding potassium channels,
reduced Kv subunit expression in DRG neurons following injury has been linked to
neuropathic pain [338]. Deficiencies in Kv1.1 or Kv1.2 can cause mechanical and cold
allodynia, as observed in mice [339]. K2P channels, which help maintain resting
membrane potential, are significantly downregulated in DRGs under pathological
conditions, contributing to hypersensitivity [340]. In DRGs exposed to oxaliplatin,
reduced expression of Kv1.1 and K2P channels such as TREK1 and TRAAK has been
observed, and neuropathy-like symptoms are replicated when these channels are co-
ablated [341]. Paclitaxel has also been reported to reduce potassium channel expression,
including Klrl.1, KIr3.4, and K2P1.1, although the underlying mechanisms remain
unclear [342]. Hyperexcitability induced by paclitaxel also affects KCNQ channels, but
Kv7 channel openers like retigabine can reverse this effect [343]. Calcium influx through
VGCCs is essential for processes such as neurotransmitter release, gene activation, and
muscle contraction as previously described [20]. Neuropathic pain models have
demonstrated the efficacy of gabapentin and pregabalin, which target the Cava261
subunit, in reducing mechanical and thermal hyperalgesia [344]. Elevated expression of
a2d1 in DRGs after treatment with paclitaxel or oxaliplatin underscores its role in CIPN,
and gabapentin has shown therapeutic promise in mitigating these symptoms [345]. TRP
channels, which detect noxious stimuli, are emerging as potential analgesic targets.

TRPA1 and TRPVI, critical for thermal and chemical sensation, are upregulated in
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DRGs after chemotherapy. Genetic or pharmacological inhibition of these channels has
been effective in alleviating hypersensitivity [346,347]. TRPMS, associated with cold
sensitivity, also undergoes alterations, although its role in CIPN requires further
exploration [348]. Despite significant advancements in understanding ion channel
modulation in CIPN, identifying upstream regulatory mechanisms and novel therapeutic

targets remains critical for developing more effective treatments.

4.2.4 Central events of CIPN

As previously discussed, central sensitization is a key factor in the onset of chronic pain,
including CIPN, with central mechanisms playing a more prominent role than peripheral
ones. While peripheral sensitization involves nociceptor hyperactivity at axonal
terminals, central sensitization is characterized by increased excitability of nociceptive
neurons in the spinal dorsal horn and CNS [277]. This leads to amplified responses to
noxious and non-noxious stimuli, expanded receptive fields, and hypersensitivity to
stimuli [280]. Sustained activation of C-fiber nociceptors by intense stimuli causes
glutamate release, which binds to NMDA receptors in the spinal dorsal horn, initiating
central sensitization [304]. Blocking NMDA receptor activity, via MK801 or D-CPP, or
deleting the NR1 subunit effectively reverses this sensitization [349]. These findings
underscore NMDA receptors’ significance in central sensitization and suggest their
therapeutic potential for chronic pain [350]. For instance, oxaliplatin at trace levels in
cerebrospinal fluid caused dorsal horn hyperexcitability and mechanical allodynia in rats
[351]. Elevated C-X-C motif chemokine (CXC) ligand 3 (CXCL3) levels in the spinal
cord partially explained this effect, as neutralizing CXCL3 eliminated neuronal
hyperactivity. Moreover, these agents induced astro- and microgliosis, triggering
inflammation in the dorsal horn. Cytokines such as TNF-a, IL-1f, and IL-6, alongside
neuropeptide substance P, contribute to neuronal hyperexcitability [352,353]. Reducing
microglial P2X7 receptor activity or administering minocycline alleviates inflammatory
mediator production and chronic pain [354]. Neurons in the spinal dorsal horn relay
sensory input to the thalamus, which processes pain signals through the amygdala and
anterior cingulate cortex [355]. Chronic pain enhances excitability in glutamatergic
pyramidal neurons of the anterior cingulate cortex, reduces GABA availability, and alters

synaptic plasticity, as seen with paclitaxel treatment [356]. Targeting anterior cingulate
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cortex neuronal plasticity, including glutamatergic inhibition or GABA supplementation,

is promising for CIPN therapy [357].

4.2.5 Influence of gut microbiota in CIPN

Recent studies increasingly highlight the involvement of gut microbiota in pain-related
pathologies [358,359]. In murine models, significant alterations in microbiota
composition were detected after spared nerve injury, with an increase in Staphylococcus
sp. coinciding with severe mechanical allodynia [360]. Similarly, chronic constriction
injury promoted the prevalence of Streptococcus, Lactobacillus, Helicobacter, Blautia,
Christensenella, and Phascolarctobacterium, with notable changes in serum metabolite
profiles. Network analyses linked these microbiota shifts to impaired lipid metabolism,
altered molecular transport, and heightened inflammation in chronic constriction injury
rats [361]. Antibiotics targeting gut microbiota effectively prevented thermal and
mechanical hyperalgesia caused by chronic constriction injury, reducing pro-
inflammatory Th1 cells while increasing anti-inflammatory regulatory T cells. Removing
regulatory T cells reversed this protective effect, suggesting that gut microbiota
modulates inflammation and pain hypersensitivity [362]. Distinct differences in
nociceptive responses between mouse strains were also observed. C57BL/6 mice
developed hypersensitivity following spinal nerve ligation, associated with increased
spinal dynorphin expression, while 129S6/SvEvTac mice failed to exhibit this response
[363,364]. Additionally, paclitaxel-induced peripheral neuropathy appears linked to gut
microbiota composition [365]. C57BL/6 mice developed mechanical, thermal, and cold
hyperalgesia after paclitaxel treatment, whereas 129S6/SvEvTac mice remained
resistant. Antibiotics protecting C57BL/6 mice from CIPN symptoms highlighted gut
microbiota's role. Transplanting C57BL/6 microbiota into 129S6/SvEvTac mice
conferred susceptibility to paclitaxel-induced hypersensitivity [365]. Paclitaxel
increased Alistipes onderdonkii abundance while reducing Akkermansia muciniphila, a
bacterium shown to attenuate neuroinflammation in Parkinson’s models and alleviate
colitis-induced inflammation [366,367]. Similarly, oxaliplatin-induced mechanical
allodynia was reversed by gut microbiota depletion using antibiotics. Sequencing
revealed  dysbiosis, with increased  Verrucomicrobia and an  altered
Bacteroidetes/Firmicutes ratio, factors associated with chronic pain [368]. Elevated
Verrucomicrobia abundance also correlated with chronic abdominal pain [369].
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Antibiotics reduced macrophage infiltration into DRGs and lowered cytokine levels,
including IL-6 and TNF-a, in oxaliplatin-treated mice. However, LPS from gut bacteria
negated these neuroprotective effects, implicating TLR4 activation [370]. Promisingly,
probiotics such as SLABS51 demonstrated efficacy in reducing hypersensitivity caused
by paclitaxel, indicating a therapeutic potential for targeting microbiota to mitigate CIPN
[371]. Further studies are essential to unravel the complex interactions between

microbiota, neuroinflammation, and CIPN pathogenesis.

4.2.6 Neuroinflammation

A key pathophysiological mechanism associated with CIPN involves immune system
activation, which leads to neuroinflammation and the degeneration of sensory nerve
fibers. This process has been observed following treatments with paclitaxel or
vincristine, where there is an infiltration of activated tissue-resident macrophages,
particularly Langerhans cells, into the epidermis of the hind paw skin [372]. The
presence of these cells in the skin is thought to contribute to the damage of intraepidermal
nerve fibers due to the local production of neurotoxic cytokines [373]. Administration of
the anti-inflammatory drug minocycline has shown protective effects against paclitaxel-
induced degeneration of such fibers and mechanical hyperalgesia, highlighting its
potential therapeutic benefits in CIPN treatment [374,375]. Oxaliplatin, another
chemotherapeutic agent, has been found to activate cutaneous mast cells through the
proteinase-activated receptor 2 (PAR2) pathway. This activation contributes to
intraepidermal nerve fibers degeneration and the onset of mechanical allodynia.
Prevention of oxaliplatin-induced peripheral neuropathy has been achieved by depleting
mast cells or blocking PAR2 with the antagonist FSLLRY-NH>, offering potential
strategies to mitigate this form of neurotoxicity [376]. Beyond local inflammation, glial
cells within the DRGs, including satellite glial cells, Schwann cells, and immune cells,
also play a role in amplifying inflammatory responses and increasing neuronal
excitability, which can lead to heightened pain sensitivity after chemotherapy [377]. In
response to paclitaxel or oxaliplatin treatment, increased immunoreactivity to glial
fibrillary acidic protein (GFAP), a marker for satellite and unmyelinated Schwann cells,
has been observed in DRGs in animal models [378,379]. Additionally, a significant
infiltration of macrophages has been noted in the DRGs, sciatic nerves, and dorsal horns
of the spinal cord [380,381]. This macrophage infiltration is accompanied by an
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upregulation of pro-inflammatory cytokines, including IL-1f and TNF-a, within both the
DRGs and spinal cord dorsal horns [381-383]. Chemokines such as CCL2, CCL3,
CCLA4, and CCLI11 are also overproduced in response to chemotherapy agents like
paclitaxel and oxaliplatin, further promoting the inflammatory milieu within the DRGs
and spinal cord [352]. Therapeutic interventions targeting this inflammatory cascade
have proven effective in reducing the progression of CIPN. For instance, blocking the
IL-1 receptor (IL-1ra) or administering anti-inflammatory cytokines like IL-10 via
intrathecal injection, alongside the depletion of infiltrating macrophages through
liposomal clodronate, resulted in a significant reduction of pro-inflammatory cytokine
production. These strategies have demonstrated protective effects on the loss of IENFs
and reversal of mechanical allodynia induced by paclitaxel [381,382]. In conclusion,
both local immune activation and central glial responses play significant roles in the
pathogenesis of CIPN. The modulation of these immune responses, through the use of
anti-inflammatory agents or macrophage depletion, offers promising therapeutic avenues

for alleviating the painful and debilitating symptoms associated with CIPN.

4.2.7 Inflammasome

Following nerve injury, inflammasome activation occurs within a few days [384].
Inflammasomes are multi-protein complexes made up of NOD-like receptors, pro-
Caspase-1, and apoptosis-associated speck-like protein containing CARD. They are
mainly categorized into groups such as NLRP1, NLRP3, NLRC4, IPAF, and AIM2 based
on their components and serve as signaling platforms that mediate inflammatory
responses and host defense mechanisms against microbial threats [377]. Initially
identified as mediators of danger signals and pathogens, their role in pain perception,
particularly inflammatory pain, has become more prominent in recent research (Figure
7). It is important to note that activation patterns of inflammasomes show distinct sex
differences. In males, higher levels of NLRP1 and NLRP3 inflammasomes are observed,
with NLRP3 playing a significant role in regulating pain perception in both sensory
neurons and non-neuronal cells. In contrast, in females, inflammasomes like NLRP3 and
AIM2 are more prevalent, and pain modulation is governed exclusively by sensory
neurons, independent of non-neuronal cells [385,386]. Inflammasome activation
facilitates the conversion of pro-Caspase-1 into its active form, Caspase-1, which then
cleaves precursors of IL-1P and IL-18, generating mature inflammatory cytokines. These
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events lead to cell death, neuronal excitability, and immune system overactivation,
exacerbating central neuroinflammation by disrupting the blood-brain barrier. A
significant portion of research on inflammasomes focuses on the upstream regulatory
pathways of NLRP3. Thioredoxin-interacting protein (TXNIP), a key protein involved
in oxidative stress and inflammation, interacts with the NLRP3 inflammasome to
enhance its activation. The regulation of TXNIP in this context is tightly controlled
through epigenetic mechanisms. For example, HDAC2 promotes deacetylation of
histone H4, reducing miR-183 expression and counteracting its inhibition of TXNIP
[387]. Additionally, TET2 has been shown to increase TXNIP expression at the
transcriptional level, contributing to the progression of diabetic neuropathic pain [388].
Furthermore, the activation of TRP channels, including TRPV1, TRPA1, and TRPV4,
has been shown to further stimulate NLRP3 inflammasome activity [389-391].
Pathological conditions, such as organelle damage or exposure to crystals, also facilitate
the activation of the NLRP3 inflammasome. The inhibition of inflammasomes offers a
potential therapeutic strategy for pain management. Markers related to inflammasome
activity are commonly used to assess the effectiveness of such treatments [392].
However, it is crucial to acknowledge the potential side effects of therapies targeting
inflammasome activity. Inflammasomes play an essential physiological role, particularly
during the early stages of nerve injury, where Schwann cells and macrophages rapidly
activate inflammasomes. This facilitates the clearance of axonal debris by macrophages
and drives Schwann cells to promote nerve repair [393]. Moreover, IL-1fB, a key
inflammasome product, is critical in host defense against bacterial infection [394]. Thus,
indiscriminate suppression of inflammasomes for pain relief could impair nerve
regeneration and lead to immunosuppression, emphasizing the need for careful
consideration of potential adverse effects when targeting inflammasome pathways for

therapeutic purposes.
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Figure 7: Overview on the inflammasome involvement in CIPN [15].

4.3 The role of the complement system in CIPN establishment and maintenance: a

brief overview

Besides defending against infections, the complement system plays a vital role in linking
innate and adaptive immunity by interacting with various immune cells, including
dendritic cells, macrophages, and T and B lymphocytes [395]. Indeed, the complement
system is crucial in immune defense, consisting several plasma proteins, which allow the
clearance of pathogenic or damaged cells from the body, while promoting inflammation,
tissue regeneration, and metabolic regulation, by enhancing the function of antibodies
and phagocytes [396]. These complement proteins are produced primarily by the liver
and circulate in an inactive form. Specific proteases activate them, initiating a cascade
of immune responses that involve the release of cytokines [397,398]. Three pathways
are responsible for activating the complement system, which eventually produces the

same set of effector molecules: classical, alternative, and lectin [395]. In recent years,
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attention has been paid to the role of complement, particularly the anaphylatoxin C5a, in
pain regulation [399]. C5 itself is cleaved by C5 convertase, a serine protease, producing
two fragments: C5a and C5b. While C5a plays an important role in pathogen clearance,
its dysregulated activation can lead to various pathological states [400]. Indeed, C5a
induces immune cells to produce pro-inflammatory cytokines and chemokines, while
inhibiting anti-inflammatory cytokines [401]. C5a also increases the production of ROS
by phagocytes, promotes calcium influx, and activates the NFkB pathway across various
cell types, including neurons [402]. C5a is involved in the pathophysiology of peripheral
neuropathy and neuroinflammatory pain, primarily through interactions with its two
receptors expressed in immune and non-immune cells, C5aR1 and C5aR2, establishing
the C5a/C5aR axis which promotes leukocyte’s recruitment and release of cytokines and
the production of a pro-inflammatory environment [403]. Emerging research highlights
the critical role of the C5a/C5aR axis in neuroimmune interactions that contribute to the
development and persistence of neuropathic pain hypersensitivity [404]. C5a contribute
to this process by aiding the recruitment of neutrophils to the damaged tissue. The
combination of nerve injury and immune cell infiltration induces functional changes in
the nociceptive system, altering the expression of receptors, ion channels, and
neurotransmitters, leading to the sensitization of nerve fibers at the injury site. Moreover,
recent studies suggest that C5a/C5aR1 signaling is pivotal in the neuroinflammatory
processes occurring in the damaged nerve, which trigger the onset of neuropathic pain,
as the levels of C5a and C5aR1 were increased in the site of the injury [405,406]. The
neuroimmune interaction mediated by complement activation and the subsequent release
of C5a is involved in the development of neuropathic pain and hypersensitive
anaphylactoid reactions, which are characterized by BBB leakage and plasma
extravasation [407]. Thus, targeting the C5a/C5aR1 axis could be a promising strategy
for pain management. Inhibition of C5a activity using C5aR antagonists has shown
potential for controlling both acute and chronic neuropathic and neuroinflammatory pain
[406]. Preclinical studies on taxane-induced CIPN have demonstrated that C5aR1
activation by paclitaxel is essential for the development and persistence of CIPN
[406,408]. These findings suggest that C5aR1 inhibition could represent a novel
therapeutic approach to managing CIPN and improving the quality of life for cancer
patients undergoing therapy [409]. Interestingly, similar molecular mechanisms

involving IL-8 expression and its receptors CXCR1/2 activation are common to both
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taxane-induced and platinum compound-induced neuropathic pain, suggesting that these

pathways may be shared across different chemotherapeutic agents [410].
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CHAPTER YV
5.1 Therapeutic strategies for pain management

The treatment of CIPN comprise a variety of approaches aimed at alleviating neuropathic
pain, which often presents challenges due to its complex etiology and variable response
to therapies [411]. Anti-inflammatory therapies provide an effective avenue for
managing neuropathic pain, particularly with the use of non-steroidal anti-inflammatory
drugs (NSAIDs) [412]. NSAIDs are often the first-line treatment, while opioids are
reserved for cases where NSAIDs fail. Despite the theoretical benefits given by the link
between inflammation and neuropathic pain, clinical trials focusing on NSAIDs for
CIPN are sparse, necessitating more comprehensive investigations to clarify their role in
this context. Regarding opioid therapy, as outlined by the German Society for Neurology,
remains an option despite limitations such as tolerance development, side effects, and
potential for misuse. Neuropathic pain typically responds moderately to opioids [274].
Among these, oxycodone has shown promise [413]. Its administration during
chemotherapy was linked to a reduced incidence of CIPN. A phase IV multicenter trial
further demonstrated that combining oxycodone and naloxone with anticonvulsants like
gabapentin or pregabalin resulted in enhanced pain relief and better symptom control
[414]. However, further studies are needed to confirm the long-term safety and efficacy
of these combinations for CIPN management. Other approaches comprise, for instance,
ion channel-targeted therapies and anticonvulsants. lon channel dysfunction plays a
pivotal role in the pathogenesis of CIPN, as chemotherapy-induced changes in peripheral
nociceptors alter their excitability and ion channel activity [342]. Sodium, potassium,
calcium, and TRP contribute significantly to the development of neuropathic pain.
Experimental models have shown that lidocaine and mexiletine, which block these ion
channels, can mitigate mechanical and cold allodynia caused by agents like oxaliplatin
and vincristine [415,416]. Despite promising preclinical results, clinical trials, such as
the phase I/II randomized double-blind study on lidocaine, revealed only moderate long-
term analgesic effects, highlighting the need for further research to optimize these
therapies [417]. Concerning anticonvulsants, these drugs, particularly gabapentin, have
been explored for CIPN symptom management [15]. Pilot studies indicated potential
benefits, with patients reporting improvements in self-perceived measures of neuropathy
[418,419]. However, a phase III randomized, double-blind, placebo-controlled trial

found no significant reduction in pain scores with gabapentin compared to placebo,
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suggesting its limited efficacy in addressing primary outcomes like pain intensity or
sensory dysfunction in CIPN [420]. Finally, neurotransmitter-based therapies,
specifically targeting serotonin and norepinephrine reuptake, have emerged as effective
strategies for neuropathic pain relief [15]. Serotonin-norepinephrine reuptake inhibitors
(SNRIs) such as duloxetine suppress nociceptive signal transmission to the spinal dorsal
horn [421]. Duloxetine is particularly effective in CIPN, as their effects have been
evaluated assessing its use, for instance, in taxane-induced painful neuropathy [422]. A
phase III randomized, double-blind, crossover trial demonstrated significant pain
reduction in patients treated with duloxetine, especially those experiencing neuropathy
due to platinum-based chemotherapy [423]. Comparative studies also revealed that
duloxetine outperformed pregabalin in safety and efficacy for taxane-induced
neuropathic pain. As a result, duloxetine is now a recommended therapy for CIPN.
However, concerns about potential drug interactions, particularly those affecting hepatic
metabolism, limit its widespread use and necessitate careful patient selection. Overall,
while multiple therapeutic options are available, including opioids, anti-inflammatory
agents, ion channel blockers, anticonvulsants, and neurotransmitter-based treatments,
each approach has limitations. Ongoing research and clinical trials are crucial to refine
these strategies, and address safety concerns to improve the quality of life for patients

undergoing chemotherapy.

5.2 C5aR inhibitors

In recent years, the inhibition of C5aR has gained attention as a potential anti-
inflammatory treatment. Despite extensive research, developing highly effective C5aR
antagonists remains challenging due to unclear disease mechanisms and undesirable side
effects [424]. An emerging alternative involves the use of allosteric modulators, which
offer significant advantages, including enhanced safety profiles and drug-like properties
[406]. These modulators selectively influence specific intracellular signaling pathways
without interfering with the natural ligand’s ability to bind to the receptor, unlike
traditional peptidomimetic orthosteric inhibitors that replicate the C-terminal segment of
the C5a [425,426]. Among cyclic peptidomimetics, PMX-53 (3D53) demonstrated
nanomolar affinity for C5aR and effectively blocked immune and inflammatory
pathways in preclinical models [427]. Administered via various routes, including
intravenous and subcutaneous injections, PMX-53 showed promise for treating
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inflammatory diseases such as psoriasis and rheumatoid arthritis. However, phase II
trials revealed its limitations, including poor bioavailability and a short half-life [428].
Avacopan, formerly CCX-168, represents a significant advancement in this field.
Approved in 2021, this oral C5aR antagonist is used to treat rare renal diseases like
ANCA-associated vasculitis [429]. By serving as an adjunct to standard therapy,
avacopan offers an effective alternative to high-dose glucocorticoids, minimizing the
associated adverse effects due to its favorable safety and tolerability profile [430,431].
Avdoralimab (IPH5401), a monoclonal antibody targeting C5aR on neutrophils and
myeloid-derived suppressor cells, reduces pro-inflammatory factor release and inhibits
tumor growth [432]. Currently undergoing phase Il trials, avdoralimab is being evaluated
for its potential in treating bullous pemphigoid, a severe dermatological condition [433].
Despite promising results, no C5aR inhibitors have advanced in the treatment of
neuropathies. Allosteric modulation of G-protein-coupled receptors (GPCRs), including
C5aR, offers a groundbreaking approach for developing highly selective drugs.
Extensive drug discovery programs to design allosteric modulators with improved
pharmacological profiles compared to traditional orthosteric inhibitors have been made
[434]. Using bioinformatics platforms, researchers identified DF2593A, a non-
competitive allosteric inhibitor, which was characterized in various models, including
those clarifying the C5a/C5aR axis's pathophysiological role [435]. These findings
underscore the therapeutic potential of targeting the C5a/C5aR axis in CIPN.
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5.3 Drug repurposing

The development of new drugs involves significant financial and time investments, with
many candidates failing during clinical trials due to efficacy or safety concerns [436].
An alternative approach, drug repositioning, explores new therapeutic applications for
already-approved medications reducing costs and time but also leveraging established
safety profiles. Such a strategy is particularly promising for addressing adverse effects
caused by other treatments, as occur in CIPN clinical research. Recent research has
increasingly highlighted the potential of approved drugs in preventing CIPN. Studies
investigating drug repositioning for CIPN generally fall into two categories. Mechanism-
based studies rely on understanding the biological processes behind CIPN and matching
them with the pharmacological actions of existing drugs. In contrast, screening-based
studies use chemical libraries containing approved drugs to identify novel mechanisms
for preventing or treating CIPN. This dual approach, combining mechanistic insights and
broad screenings, provides a powerful framework for identifying effective therapies
against CIPN. By repurposing drugs with known safety profiles, researchers aim to
mitigate the high failure rates often seen in analgesic drug development while offering

patients more efficient and safer treatment options [437].
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CHAPTER VI
6.1 Aim

Paclitaxel, a chemotherapeutic agent renowned for its efficacy in controlling tumor
proliferation, is often constrained in clinical applications due to severe adverse drug
reactions [438]. Among these, peripheral neuropathy and hypersensitivity reactions
(HSRs) represent significant challenges. HSRs, which can vary from mild discomfort to
life-threatening anaphylaxis, frequently manifest within minutes of administration,
particularly during initial or second exposures, impacting up to 40% of patients. While
premedication with corticosteroids, antihistamines, and H2 antagonists can mitigate mild
and moderate HSRs, these strategies are insufficient in preventing severe reactions, and
desensitization protocols, although effective, fail to completely eliminate breakthrough
events in some patients [439]. Regarding peripheral neuropathy, CIPN is a debilitating
sensory disorder resulting from progressive and often irreversible peripheral nerve
damage for which there is no definitive preventive or curative therapy despite extensive
research efforts. Existing therapeutic options for CIPN are limited, focusing primarily on
symptom management rather than prevention or reversal of the underlying pathology,
failing to address the molecular and cellular mechanisms driving CIPN. Inflammation
has been identified as a common denominator in paclitaxel-induced HSRs and CIPN
[440]. This drug stimulates pro-inflammatory cytokines such as IL-8 and activates the
complement system. IL-8, in particular, has emerged as a key mediator of paclitaxel-
associated neuronal toxicity [441]. Investigating upstream mechanisms of IL-8
activation may provide new insights into the development of effective interventions for
paclitaxel-induced side effects. Complement activation also results in the generation of
the C5a, which exerts nociceptive effects via the G-protein coupled receptor C5aR1
[406]. Thus, the aim of this thesis is to investigate the mechanisms underlying paclitaxel-
induced CIPN and anaphylaxis, with a particular focus on the C5aR1 and IL-8 pathways.
By elucidating the molecular events driving these adverse reactions, this work seeks to
identify potential therapeutic targets and contribute to the development of effective

strategies to improve patient outcomes.
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CHAPTER VII
7.1 Materials and Methods: in silico and in vitro
7.1.1 Bioinformatic analysis

Enrichment analysis was carried out using MetaCore™ (version 21.3, build 70600), a
pathway and network analysis tool provided as part of the Cortellis platform by
Clarivate. This software integrates a curated knowledgebase designed for analyzing
high-throughput transcriptomic datasets. The resource encompasses 1,456 curated
pathways describing protein interactions across human, mouse, and rat systems, covering
signaling processes, metabolic networks, disease pathways, and stem cell mechanisms,
all derived from peer-reviewed publications. The IL-8 protein from humans was used to
query the database, with the analysis focused on identifying interactions under the
parameters: Direction — Incoming; Effect — Activation; Mechanism — Expression
influence and Transcriptional regulation. Additionally, the GOSTAR database (GVK
Biosciences Private Limited, Plot No. 28A, IDA Nacharam, Hyderabad, India, 2010,

https://gostardb.com/gostar/), developed by Excelra Knowledge Solutions, was
consulted. GOSTAR is an online scientific repository that provides information on both
published and patented inhibitors for various biological targets, along with
corresponding structure-activity relationship (SAR) data. This database was employed

to identify established targets of paclitaxel for subsequent analysis.

7.1.2 Functional assay

A cell-based cAMP assay, supplied by DiscoverX (catalog codes 86-0007P-2277AG for
C5aR1 and 86-0007P-2818AG for C5aR2), was utilized for the study. This assay
employs a stable cell line expressing non-tagged GPCRs to monitor receptor activity.
GPCR activation through Gi- and Gs-coupled secondary messenger pathways was
evaluated using the Hit Hunter® cAMP assay. This homogenous, non-imaging assay
leverages DiscoverX’s Enzyme Fragment Complementation (EFC) technology, which
utilizes B-galactosidase (B-Gal) as the reporter molecule for functional readouts. The
IC50 values were determined by fitting concentration-response data to a non-linear

regression model.
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7.1.3 SPR binding assay

Surface Plasmon Resonance (SPR) experiments were conducted using a BIAcore X100
instrument (Cytiva). To investigate interactions between paclitaxel or docetaxel and the
receptors C5aR1 or C5aR2, anti-c-Myc and anti-Histidine antibodies were immobilized
on a CMS5 sensor chip via standard amine-coupling chemistry. Recombinant human
C5aR1 tagged with c-Myc or C5aR2 tagged with 6xHistidine (10 pg/ml in 50 mM
HEPES, pH 7.0, supplemented with 0.01% cholesteryl hemisuccinate Tris salt, 0.1%
CHAPS, and 0.33 mM synthetic phospholipid blend DOPC:DOPS (7:3 w/w), Avanti
Polar Lipids) were injected over the respective antibody surfaces, resulting in
immobilizations of 849 RU and 1190 RU. Surfaces with only anti-c-Myc or anti-
Histidine antibodies served as controls and for blank subtraction. For studies examining
interactions between paclitaxel or docetaxel and C5a or C5a des-Arg, human
recombinant proteins (20 pug/ml) were immobilized on a CMS5 chip using the same
amine-coupling protocol, achieving immobilizations of 1913 RU and 1520 RU,
respectively. To analyze the binding of paclitaxel or docetaxel to anti-C5aR1 antibody
(CD88 clone S5/1), the monoclonal antibody (20 pg/ml) was immobilized on a CM5
chip, yielding 4015 RU. Binding assessments were conducted in single-cycle mode.
Paclitaxel and docetaxel were prepared at 200 uM in running buffer (for C5aR1 and
C5aR2) or in 10 mM HEPES (pH 7.4) containing 150 mM NaCl, 3 mM EDTA, and
0.005% surfactant P20 (HBS-EP+) for experiments involving C5a and C5a des-Arg. The
compounds were injected for 2 minutes over various surfaces, followed by dissociation
monitoring. To determine kinetic parameters for paclitaxel or docetaxel on C5aR1, the
compounds were injected at increasing concentrations over C5aR1 and control surfaces,
with sensorgrams analyzed using BlAevaluation software (version 3.2) based on a
single-site nonlinear fitting model. Only sensorgrams with x> values near 10 were
included. Additionally, equilibrium dissociation constants (Kd) were calculated by
applying Scatchard's equation to the plot of bound RU versus ligand concentration. For
competition assays, 50 nM C5aR1 was mixed with increasing paclitaxel or docetaxel
concentrations and injected over C5a, C5a des-Arg, and CD88 surfaces. Reagents
included recombinant C5aR2 (CUSABIO), recombinant C5aR1 (Origene), anti-6X His
antibody (Abcam), anti-c-Myc antibody (Santa Cruz Biotechnology), CD88 antibody
(Biolegend), and complement C5a des-Arg (Merck).
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7.1.4 Cell cultures

Cell cultures were routinely tested for Mycoplasma contamination using the
Mycoplasma PCR Detection Kit (Applied Biological Materials, USA). The Fl11
hybridoma cell line (ECACC 08062601), a model for DRG neurons, was maintained in
DMEM (Euroclone, MI, Italy) supplemented with 10% FBS (Sigma-Aldrich, USA), 1%
penicillin/streptomycin (Euroclone), and 1% glutamine (Euroclone) at 37°C in a
humidified 95% air-5% CO2 atmosphere. Cells were seeded at 1 x 10"4 cells/cm? and
used at passage 18. After 24 hours, differentiation was induced by adding rat NGF
(rNGF) (Sigma) at a concentration of 50 ng/ml, dissolved in DMEM containing 1%
penicillin/streptomycin and 1% glutamine (without FBS). Medium was refreshed every

3 days until complete differentiation, which occurred after 7 days.

DRG neurons were isolated by dissociating ganglia from postnatal (P2) Sprague Dawley
rats (Envigo, Bresso, Italy) using established protocols [49, 50]. To reduce
contamination, long roots were removed from DRGs. The ganglia underwent enzymatic
dissociation with 1.5 mg/ml papain for 20 minutes at 37°C, followed by 4 mg/ml
collagenase for 30 minutes at 37°C. Cells were then mechanically dissociated with a fire-
polished glass Pasteur pipette to form a single-cell suspension. The dissociated cells were
plated on 96-well plates coated with Laminin (10 ug/mL overnight at Room
Temperature). After 1 week in DMEM with high glucose, supplemented with 10% FBS,
1x N2, 1x B27, 100 IU/ml penicillin, and 10 mg/ml streptomycin, the cells were treated

based on the experimental design.

Mouse RAW 264.7 macrophages (ATCC TIB-71) were cultured according to the
manufacturer's protocol in DMEM supplemented with 10% FBS (non-heat inactivated)
(ATCC, USA) and seeded at 1 x 10”4 cells/cm?. After 24 hours, cells were exposed to
C5a (10 nM, R&D, USA) or PAC (10 nM, Sigma, USA) in the medium for another 24
hours. The media was replaced with fresh culture media (5 ml) for 24 hours and collected

for proteome profiling.

Human THP-1 monocytes (ATCC TIB-202) were cultured in RPMI with 10% FBS (non-
heat inactivated), 1% glutamine, and 2-mercaptoethanol (0.05 mM). Differentiation was
induced by 20 ng/ml PMA for 72 hours. Following differentiation, cells were treated as

described, with the media replaced and collected for proteome analysis.

52



7.1.5 Drug treatments

Stock solutions of paclitaxel (Sigma-Aldrich; 10 mM) and C5a (R&D Systems, Inc. MN,
USA; 20 mM) were created by dissolving the powders in DMSO, with aliquots stored at
—20 °C and —80 °C, respectively. The IgG2B antibody, C5aR antibody (BioLegend, CA,
USA), C5aRl antagonist (MBS691011, MyBioSource, USA), and Avacopan
(Selleckchem, USA) were provided in ready-to-use formulations. DF3966A (Dompé
farmaceutici S.p.A., L’Aquila, Italy) was prepared as a 20 mM stock solution in DMSO
100%.

7.1.6 Western blotting

F11 cells underwent 24-hour treatments with either paclitaxel (10 nM), C5a (10 nM),
IgG2B antibody, or C5aR antibody (50 nM), individually or in combination with
paclitaxel or DF3966A (10 uM). For time-course experiments, differentiated F11 cells
were exposed to paclitaxel (10 nM) or C5a (10 nM) for shorter durations of 15, 30, and
90 minutes. After treatment, cells were collected and lysed using ice-cold RIPA buffer,
prepared with phosphate-buffered saline (pH 7.4), supplemented with 0.5% sodium
deoxycholate, 1% Igepal P-40, 0.1% SDS, 5 mM EDTA, and protease/phosphatase
inhibitor cocktails (Sigma-Aldrich, USA). Protein extracts (30 pug) were resolved using
Bolt precast 4-12% SDS-—polyacrylamide gels and transferred onto polyvinylidene
difluoride (PVDF) membranes (Thermo, USA). To block nonspecific binding,
membranes were incubated with 5% Blotto dry milk (Santa Cruz, USA) dissolved in 1%
Tris-buffered saline with Tween 20 (TBS-T) for 1 hour at room temperature. For C5aR1
detection, membranes were incubated overnight at 4°C with rat anti-C5aR1 antibody
(1:200; sc-53788, Santa Cruz Biotechnology) diluted in TBS-T containing 5% milk.
Peroxidase-conjugated anti-rat IgG (1:10,000; Sigma) was employed as the secondary
antibody. For the other detected proteins, membranes were incubated overnight at 4 °C
with the following primary antibodies, diluted in the blocking solution: rabbit anti p-Fak
1:1000 (Tyr397, 3283S, Cell Signaling, USA), rabbit anti p-STAT3 1:1000 (Tyr705,
91318, Cell Signaling, USA), rabbit anti p-cortactin 1:500 (Abcam, UK), rabbit anti
cortactin 1:500 (ab81208), rabbit anti-JAK2 (3230S, Cell Signaling), anti-p-Jak2 1:200
(Tyr 1007/Tyr 1008, sc16566, Santa Cruz, USA), rabbit anti p-NFkB 1:1000 (Ser536,
ab239882, Abcam), rabbit anti NFkB 1:1000 (ab16502, Abcam), rabbit anti p-c-Fos

(5348T, Ser325348, Cell Signaling), rabbit c-Fos 1:1000 (2250T, Cell Signaling), rabbit
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anti-p-Jun 1:1000 (T93, ab81319, Abcam), anti-c-Jun 1:1000 (ab32137, Abcam), rabbit
anti p-P38 1:1000 (Thr180/Tyr182, 92118, Cell Signaling), rabbit anti-p38 1:1000 (9212,
Cell Signaling), rabbit anti-p-MAPK6/ERK3 1:1000 (S189, ab74032, Abcam), rabbit
anti-MAPK6/ERK3 1:1000 (ab53277, Abcam). Secondary detection utilized peroxidase-
conjugated anti-rabbit or anti-mouse IgG antibodies (1:30,000; Invitrogen, USA).
Membranes were stripped for reprobing using Restore Western Blot Stripping Buffer
(Thermo Scientific) as per the manufacturer’s protocol. Signals were detected using ECL
reagents (Thermo, USA) and visualized with a Uvitec imaging system (UK). Digital
images were analyzed, and relative band densities were quantified and normalized to

actin using ImagelJ software. Results were expressed as relative units (RU).

7.1.7 Quantitative real-time PCR

For the analysis of gene expression, total RNA was isolated using Trizol reagent
following the manufacturer’s guidelines. RNA concentration was measured
spectrophotometrically in RNAase-free water. 1 ug of total RNA was converted into
cDNA with the ProtoScript First Strand ¢cDNA Synthesis Kit (NEB). RT-PCR was
conducted using the ABI 7300HT sequence detection system (ABI) in a final volume of
20 pl, including EagleTaq Universal Master Mix (Roque), DEPC water, 4 pl of cDNA,
and the following qPCR assays: CXCLI Mm04207460m1 (Applied Biosystems, USA),
TRPV4 1D qRnoCIP0027857, and TRPVI ID qRnoCIP0024978 from Biorad (Biorad
Laboratories, USA). Each gene was tested in triplicate. The internal control gene
GAPDH (ID qRnoCIP0050838, Biorad, USA) was used to normalize gene expression.
The RT-PCR program included a 3-minute pre-heating at 95°C, followed by 40 cycles
of 95°C for 10 s, 60°C for 30s, and a final 10 s at 65°C. Relative gene expression was
calculated using the AACt method to determine fold expression differences, as

previously described.

7.1.8 Electrophysiological recording

For 7 days, DRG-derived neurons were cultured with different treatments: paclitaxel (10
nM), paclitaxel combined with DF3966A (1 uM final concentration), C5a (100 nM), and
C5a combined with DF3966A. The compounds were applied for either 1 min 30 s (acute

stimulation) or 5 min (chronic stimulation). After application, a wash-out with a
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physiological control solution was performed for an equivalent duration (around 10 min).
Electrophysiological recordings were conducted using the patch-clamp technique in
whole-cell mode. The extracellular solution contained NaCl 135 mM, KCI 2 mM, CaCl2
2 mM, MgCI2 2 mM, HEPES 10 mM, glucose 5 mM, with pH adjusted to 7.4. The
pipette solution included potassium aspartate 130 mM, NaCl 10 mM, MgCI2 2 mM,
CaCl2 1.3 mM, EGTA 10 mM, and HEPES 10 mM, pH 7.3. Data were collected using
pClamp 8.2 software and the MultiClamp 700A amplifier (Axon Instruments, CA, USA)

in current-clamp mode.

7.1.9 Proteome profiler assay

MO (differentiated, not stimulated) RAW 264.7 and THP-1 cells were exposed to C5a
(10 nM, diluted in culture medium), paclitaxel (10 nM, diluted in culture medium),
DF3966A (1 uM), Avacopan (1 uM), or C5aR1 antagonist (1 puM) for 24 hours. After
incubation, the cells were gently washed with sterile PBS, and the culture media was
replaced with fresh media (5 mL) for an additional 24 hours before collection. For control
conditions, cells were kept in culture media for 24 hours, followed by a 24-hour
incubation with fresh media before collection. The conditioned media were then

centrifuged to remove particulate matter and immediately analyzed.

Sample volumes were adjusted according to the manufacturer's recommendations (500
uL). The reagents were prepared following protocols from R&D Systems (USA).
Membranes were first incubated with Array Buffer 6 for 1 hour on a rocking platform.
Samples were prepared by adding 1 mL of Array Buffer 4 to separate tubes and adding
15 uL of reconstituted mouse cytokine detection antibody cocktail (>40 mouse
cytokines) to each sample, followed by a 1-hour incubation. After removing the Array
Buffer 6, the antibody-sample mixtures were applied to the membranes and incubated
overnight at 4°C. The membranes were washed three times the next day, followed by
incubation with Streptavidin-HRP (1:2000) for 30 minutes at room temperature. After
washing the membranes again, | mL of Chemi Reagent mix was added to each
membrane. Multiple exposures were captured using a UVITEC digital analyzer
(Alliance, Cambridge, UK). The positive signals in the developed membranes were
identified by aligning the transparency overlay template with the reference spots. The
pixel densities of each cytokine pair were analyzed using Imagel, and the average

background was subtracted. For human macrophages, the human XL Cytokine Array kit
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(#Ary022B) was used, and for murine macrophages, the mouse Cytokine Array Panel A
(#Ary006) was used (R&D Systems, USA).

7.2 Matherials and methods: in vivo
7.2.1 Animals

Animal care and experimental procedures complied with both national and international
standards (EU Directive 2010/63/EU for animal experiments, ARRIVE guidelines [52],
and the Basel declaration, including the 3R principles). Behavioral tests were conducted
exclusively between 9:00 am and 1:00 pm, with each mouse participating in a single test.
Efforts were taken to minimize animal distress, and cervical dislocation was performed
at the conclusion of all procedures. The behavioral studies were performed on male
Balb/C mice (68 weeks, Charles River) housed in the animal care facility of the

Department of Pharmacy, University of Naples.

C5arl—/— mice (Jax mice stock number 006845) and BALB/cJ control males (PubMed:
8779720) were also used. The C5arl—/— colony was maintained at the Ribeirao Preto
Medical School, University of Sao Paulo, in adherence to ethical standards for animal
research. Animals were housed under stable conditions, with controlled temperature (22
+ 1 °C), humidity (60 = 10%), and a 12-hour light/dark cycle, with ad libitum access to

food and water.

Experiments were designed to use the smallest number of animals necessary to achieve
reliable results, avoiding redundant tests, and aligning with the 3Rs (Replace, Reduce,
Refine). Sample sizes were calculated using G*Power to ensure adequate statistical
power for detecting significant effects. Randomized allocation of mice to treatment
groups was implemented, and the investigator conducting the experiments and assessing

outcomes was blinded to the group assignments.

All animals were included in the final analysis, with each experiment conducted once to

ensure ethical and efficient use of resources while maintaining scientific rigor.
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7.2.2 Drug treatments

For the CIPN model, paclitaxel solution (Onatax®, 100 mg/16.7 ml; cod 018155) was
generously provided by Prof. Thiago M. Cunha (Department of Pharmacology, Ribeirao
Preto Medical School, University of Sao Paulo, Brazil). DF3966A (Dompé¢ farmaceutici
S.p.A., L’Aquila, Italy) was dissolved in water (30 mg/10 ml) and administered orally at
30 mg/kg every 12 hours for 14 days during CIPN induction. On days 1, 3, 5, and 7,
DF3966A was given one hour post-paclitaxel injection. For the HSR model, paclitaxel
(Selleckchem, USA, cod. S1150) was intravenously injected at 20 mg/kg (0.1 mL/kg),
prepared in Cremophor EL (polyoxyl 35 castor oil, Sigma-Aldrich, cod. 238470) or
PEG400/TWEENSO (Sigma-Aldrich). DF3966A (30 mg/kg, os) or its saline vehicle was
administered three hours prior to paclitaxel. Avacopan (30 mg/kg, os) or its vehicle

(PEG-400/solutol-HS15 70:30, 5 mL/kg [29]) was administered one hour beforehand.

7.2.3 Induction of peripheral neuropathy by paclitaxel

The method, adapted from Polomano et al., 2001, was modified for mice. A paclitaxel
solution (100 mg/16.7 ml) was diluted in saline to achieve a 4 mg/kg dose [442]. Animals
received intraperitoneal injections (0.3 ml) on alternate days (1, 3, 5, and 7).

Measurements were taken four hours after each paclitaxel administration.

7.2.4 Mechanical allodynia

Mechanical allodynia and sensitization changes were evaluated using the Dynamic
Plantar Aesthesiometer (DPA, Ugo Basile, Italy). Mice were placed in a chamber with a
mesh metal floor under a plastic dome, allowing free movement while preventing
jumping. After acclimation in a quiet room for 15-30 minutes, a mechanical stimulus
was applied to the mid-plantar region of the hind paw, with the force at which withdrawal
occurred recorded automatically. A 5 g cut-off was established. Testing was conducted

three hours post-treatment with DF3966A on days 1, 3, 5, 7, 10, and 14.

For C5arl—/— mice and wild-type controls, von Frey filaments were used to measure
mechanical allodynia. A graded series of filaments was applied to the right hind paw,

with the lowest force eliciting flinching recorded as the mechanical threshold. Results
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are presented as the logarithm of the threshold. Measurements were taken four hours

after paclitaxel administration during the treatment period.

7.2.5 Cold allodynia

Cold sensitivity was assessed by counting paw withdrawal reactions following acetone
application to the dorsal paw surface [443]. Using a syringe connected to a polyethylene
tube, 50 uL of acetone was gently applied to the paw. A response such as paw lifting,
licking, or flinching upon contact with acetone indicated cold allodynia. Measurements

were taken three hours post-treatment with DF3966A on days 1, 3, 5, 7, 10, and 14.

In both C5arl—/— mice and their wild-type counterparts, withdrawal responses were
recorded using a chronometer over a 2-minute observation period after acetone
application. Behavioral testing for cold sensitivity was performed approximately 15

minutes after the mechanical stimulation test.

7.2.6 Real-time PCR analysis on paws and spinal cord

On day 15, paw and spinal cord samples were collected for RNA extraction using TRIzol
Reagent (Bio-Rad Laboratories), following the manufacturer’s protocol. From 2 pg of
total RNA, cDNA synthesis was performed using the Maxima First Strand cDNA
Synthesis Kit (Fermentas, Ontario, Canada). Quantitative PCR was carried out on a Bio-
Rad CFX96 Connect Real-Time PCR System, with conditions set at 95°C for 15 minutes,
followed by 40 cycles of 15 seconds at 94°C, 30 seconds at 55°C, and 30 seconds at
72°C. Each reaction contained 20 ng of cDNA, 2X QuantiTect SYBR Green PCR Master
Mix, and specific primer pairs to amplify c5aR 1 (Cat.n® QT00288232), TRPVI (Qiagen
ID QT00167048), TNF-o. (ID QT00104006), //1p (ID QT01048355), and /L6 (ID
QT00098875) in a 50 ul final volume. B-Actin was used as the reference gene, and
relative mRNA levels were calculated using the 2—AACT method.

7.2.7 Assessment of vascular leakage

To evaluate vascular leakage and skin manifestations associated with paclitaxel-induced

HSRs, Evans Blue (EB, 0.8%/0.3 mL/iv) was administered to mice 30 minutes after
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paclitaxel injection. The blue coloration of the ears was scored from 0 to 5, where "0"
indicated no visible blue area and "1 to 5" represented the extent of visible blue, as

previously described.

7.2.8 Plasma extravasation

Approximately 40 minutes post-paclitaxel administration, the animal was euthanized,
and its ears were excised, minced, and placed in 2 mL formamide. After overnight
incubation at 55°C, centrifugation was performed, and the supernatant was analyzed
spectrophotometrically at 620 nm. Formamide served as a blank in duplicate, and results

were normalized to tissue weight (ug/mg).

7.2.9 ELISA assay

Blood was collected via intracardiac injection into tubes and left at room temperature.
After 30 minutes, serum was isolated by centrifugation at 2000 x g for 10 minutes at
4°C. Aliquots were stored at —20°C, and histamine and SC5b-9 levels were analyzed

using an ELISA kit (Mybiosource, San Diego, USA).

7.3 Data analysis

The data are expressed as mean + SEM and analyzed using GraphPad Prism 8 (GraphPad
Software Inc., San Diego, CA, USA). Behavioral experiments were evaluated using one-
or two-way ANOVA, followed by Bonferroni or Tukey post hoc tests for multiple
comparisons, as appropriate. Sham vehicle and sham DF3966A mice showed no
significant differences; thus, a single sham group is reported. Statistical significance was
set at *P <0.05. For hypersensitivity reaction (HSR) experiments, one-way ANOVA
followed by Dunnett’s test was applied for group comparisons. /n vitro data were
analyzed using one-way ANOVA with Tukey’s post hoc test. All animals and samples

were included in the analysis, with no exclusions.
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CHAPTER VIII
8.1 Results
8.2 Screening of the identified receptors and prediction of C5aR1-paclitaxel binding

An in silico approach was applied to select optimal paclitaxel targets, based on
bioinformatic analysis and literature review. To obtain 3D receptor structures (Table 1),
the Comprehensive Therapeutic Target Database (CTTD), the Protein Data Bank (PDB),

and AlphaFold models for retrieval were utilized.

Target Predicted affinity
TLR2_HUMAN High
NKTR_HUMAN High
EDNRB_HUMAN High
EGFR_HUMAN High
C5AR1_HUMAN High
EDNRA_HUMAN High
PAR2_HUMAN Low
C5AR2_HUMAN Low
AAZ2BR_HUMAN Low
RET_HUMAN Low
CRFR2_HUMAN Low
TNRTA_HUMAN Low

STPR1_HUMAN
PART_HUMAN
KIT_HUMAN
ADRB2_HUMAN
TLR8_HUMAN
LPART_HUMAN
TGFRZ2_HUMAN
DDRT_HUMAN
NTR1T_HUMAN
PTAFR_HUMAN
C3AR_HUMAN
PE2R2_HUMAN
ACM3_HUMAN
PEZ2R3_HUMAN
PE2ZR4_ HUMAN

Table 1 Selected potential paclitaxel targets and their predicted affinity.

Non-bound protein
Non-bound protein
Non-bound protein
Non-bound protein
Non-bound protein
Non-bound protein
Non-bound protein
Non-bound protein
Non-bound protein
Non-bound protein
Non-bound protein
Non-bound protein
Non-bound protein
Non-bound protein
Non-bound protein
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The 3D protein structures were generated using the Protein Preparation Wizard from
Schrodinger, and docking of paclitaxel was conducted using LiGen™ in the identified
binding sites [444]. For GPCRs, when only apo structures were available, binding sites
were determined by alignment with holo forms of other GPCRs. Molecular docking
simulations performed via Exscalate revealed that six proteins exhibited a high affinity

for paclitaxel, with a significant preference for the GPCR class (Table 1).

C5aR1 was identified as a high-affinity target among the proteins analyzed. Using
previously acquired data and X-ray structural analysis, the interaction between C5aR1
and paclitaxel was examined, revealing three primary binding sites: one orthosteric and
two allosteric [445]. The 6C1R pdb model was selected for molecular docking due to its
higher resolution, ensuring more reliable computational results. This model underwent
structural and chemical refinement for increased accuracy. Docking paclitaxel into the
orthosteric binding site of the 6CIR structure revealed a notable binding pose, with
multiple interactions observed with residues such as Argl75, Tyr192, Lys279, and others
(Figures 9A, B). These findings were unexpected, as C5aR1 had not been previously
recognized as a paclitaxel target, as confirmed by the target list from the GoStar database

(GVK BIO Online Structure Activity Relationship Database) (data not shown).
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ASP-282

Figure 9: Paclitaxel binding mode in C5aR1 binding site. 7he ligand between C5aR 1
and paclitaxel is reported in green lines, while the protein structure is reported in blue
surface (A) and cartoon (B). The contact residues and related hydrogen bonds are

depicted in slate sticks and yellow dots, respectively.
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Considering the C5a-C5aR1 axis's involvement in immune responses and CIPN, C5aR1
was chosen for further exploration to assess its interaction with paclitaxel and potential

contribution to paclitaxel-induced CIPN.

8.3 In vitro studies confirmed paclitaxel-C5aR1 binding

To confirm the in silico predictions, Surface Plasmon Resonance (SPR) analysis was
carried out. The recombinant human C5aR1 was immobilized on a CM5 sensorchip,
while paclitaxel was allowed to flow across it. Binding of paclitaxel to C5aR1 was
observed, showing dose-dependent interaction. The dissociation constant (Kd) was
found to be 670 nM (Figure 10B), and the equilibrium affinity value, measured by
steady-state binding, was 525 nM (data not shown). In silico data, comparing paclitaxel's
binding mode to both C5aR1 and C5aR2, revealed that paclitaxel cannot bind C5aR2 in
the same manner as it does C5aR1 (data not shown). Additionally, paclitaxel failed to
bind immobilized C5aR2, C5a, or C5a des-Arg proteins, confirming that the interaction
was specific to C5aR1 (Figure 10A). These results validate the selective affinity of
paclitaxel for C5aR1.

To further explore the interaction between paclitaxel and C5aR 1, co-injections of C5aR1
(50 nM) with increasing concentrations of paclitaxel were performed on surfaces of C5a
or C5a des-Arg. Paclitaxel was observed to inhibit C5aR1 binding to both C5a and C5a
des-Arg in a dose-dependent manner, with IC50 values of 4.579 uM (Figures 10C, D)
and 2.134 uM (Figures 10E, F), respectively. To verify the specific binding of paclitaxel
to C5aR1's binding site for its ligand, competition experiments were conducted using a
monoclonal anti-C5aR1 antibody known to neutralize C5aR1 and C5a interaction (data
not shown). Paclitaxel was found to inhibit this interaction in a dose-dependent manner,
yielding an IC50 of 3.632 uM (Figures 10G, H). To assess whether paclitaxel activates
or inhibits C5aR1, cell-based cAMP assays were performed, revealing that paclitaxel
activates C5aR1 but does not inhibit it. Dose-response experiments demonstrated that
paclitaxel's EC50 is 5.81 uM with an Emax of approximately 50%, confirming paclitaxel
as a partial agonist of C5aR1 (data not shown).
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Figure 10: Paclitaxel and C5aR1 binding studies by SPR. A) Binding of paclitaxel on
immobilized C5aRl1, C5aR2, C5a, and CS5a des-Arg, B) Dose-dependent binding of
paclitaxel on immobilized C5aRl1; C, D) Co-injection of paclitaxel and C5aR1 on
immobilized C5a and relative 1C50; E, F) Co-injection of paclitaxel and C5aR1 on
immobilized C5a des-Arg and relative IC50; G, H) Co-injection of paclitaxel and C5aR1

on immobilized monoclonal antibody anti-C5aR1 and relative IC50.
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The results indicate that paclitaxel specifically binds to and activates C5aR1 in a
competitive manner, suggesting its involvement in the side effects associated with
paclitaxel. Additionally, SPR assays were performed to examine whether docetaxel,
another chemotherapeutic agent from the taxane class, could influence the interaction
between C5aR1, C5aR2, and their natural ligands (C5a and C5a des-Arg). These
experiments (data not shown) showed that, similarly to paclitaxel, docetaxel also binds

to C5aR1 in a dose-dependent manner.

8.4 C5aRl1 is a key mediator of paclitaxel-induced CIPN in vitro

Following the identification of C5aR1 as a novel paclitaxel target, the potential
intracellular pathways activated upon binding and C5aR1's role in paclitaxel-induced
neurotoxicity were explored. Thus, the expression of NFkB, c-Jun and c-Fos, p38 and
ERK3/MAPK6 was investigated in differentiated F11 cells following paclitaxel
treatment (Figure 11). In vitro studies using FI11 cells revealed that paclitaxel's
interaction with C5aR1 activates the NFkB/p38 signaling pathway and c-Fos expression
with induced activation of NFkB (Figures 11A and F), significantly increased
expression of the phosphorylated forms of Jun and c-Fos (Figures 11B, C and F), which
are the two canonical AP-1 transcription factors, and of the p38 (Figures 11D and F),
while it did not affect the expression of another MAPK family member, p-
ERK3/MAPKG6 (Figures 11D and F). Interestingly, the co-administration of a C5aR1
inhibitor, DF3966A at 10uM for 24 hours, completely counteracted paclitaxel-induced
upregulation of p-NFkB, p-c-Fos and p-p38 (Figures 11A, C, D and F), while it did not
affect p-Jun and ERK3/MAPKG6 expression (Figures 11B, E and F). These data suggest
that C5aR1 is crucial for the paclitaxel-induced activation of NFkB/p38 pathway and c-

Fos, which are known to be involved in the downstream activation of the IL-8 signaling.
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Figure 11: Paclitaxel-C5aR1 intracellular pathway. Quantification of the expression
of phosphorylated and total forms of NFkB(A), c-Jun (B), c-Fos (C), p38 MAPK (D) and
ERK3/MAPK6 (E) in differentiated F11 cells following paclitaxel (PAC) treatment
evaluated by western blot analysis (F). F11 cells were treated for 24 h with PAC (10 nM)
and DF3966A4 (10uM). ***P <0.0005; *P<0.05 vs CTR; +++P <0.0005 vs

paclitaxel. Data are mean + SEM of n = 3 different experiments.

The inhibition of C5aR1 provided significant protection against paclitaxel-induced
neuropathological effects in vitro (Figures 12, 13). Given that CXCLI1 (i.e., murine IL-
8) mediates paclitaxel-induced neuronal toxicity in F11 sensory neurons and that the
activation of C5aR|1 by paclitaxel is upstream of IL-8/CXCL1 pathway, whether and how
the activation and the inhibition of C5aR1 would affect the expression of key pain
markers in F11 cells was investigated. With this aim, the protein expression of C5aR1
(Figure 12A) in differentiated F11 cell line was assessed, and then these cells were
treated for 24 hours with paclitaxel (10nM) or C5a (10nM), the natural ligand of C5aR1.
Western blot experiments revealed that both paclitaxel and C5a elevated p-cortactin
expression, a protein critical for modulating synaptic plasticity and terminal axonal
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arborization. Similarly, p-FAK levels, important for microtubule stabilization, were
increased under the same conditions (Figures 13A and B), indicating that neuronal
plasticity is influenced by these stimuli. Furthermore, both treatments enhanced p-JAK2
and p-STAT3 protein levels compared to control conditions (Figures 13C and D),
illustrating their shared ability to activate the JAK-STAT pathway, a mechanism linked
to neuropathic pain and neuronal remodeling. In F11 cells, paclitaxel and C5a stimulation
significantly upregulated CXCL1 mRNA after 20 hours (Figure 12B). At 24 hours,
paclitaxel also elevated CXCL1 protein levels, suggesting a sequential activation of the
CXCLI-mediated pathway initiated by C5aR1 signaling. To confirm whether these
effects were dependent on C5aR1 activation, experiments were conducted using an anti-
C5aR1 antibody (C5aR1 Ab, 50nM) in combination with paclitaxel. The antibody
effectively counteracted the paclitaxel-induced increase in p-FAK and p-JAK2 protein
levels (Figure 14), emphasizing C5aR1's central role in mediating neurotoxic effects.
Additionally, treatment with DF3966A, a C5aR 1 antagonist, reversed paclitaxel-induced
increases in p-FAK and p-cortactin levels, restoring them to control values (Figure 13E).
The same antagonist also reduced p-JAK2 and p-STAT3 protein levels (Figure 13F) and
lowered TRPV1 and TRPV4 expression, which are crucial mediators of thermal,
chemical, and mechanical stimuli in nociception, as shown by real-time PCR (Figure
13G). These findings underscore the therapeutic potential of targeting C5aR1 to mitigate

paclitaxel-induced neurotoxicity.
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Figure 12: 4) C5aRl expression in differentiated F11 cells;, B) CXCLI expression

following paclitaxel or C5a treatment in F11 cells.
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Figure 13: C5aR1 inhibition restores neuronal plasticity in paclitaxel-treated F11
cells. Quantification of the expression of phosphorylated and total forms of p-cortactin
(4), p-FAK (B), p-JAK2 (C) and p-STAT3 (D) in differentiated F1I cells following
paclitaxel (PAC) or CSa treatment evaluated by western blot analysis. Expression of p-
cortactin and p-FAK (E), p-JAK2 and p-STAT3 (F), and TRPVI and TRPV4 (G) in
differentiated F11 cells exposed to paclitaxel and treated or not with a C5aR1 inhibitor,
DF3966A. FllI cells were treated for 24 h with PAC (10 nM), C5a (50 nM) or DF3966A4
(10 uM) or PAC (10 nM) + DF3966A (10 uM). ***P < 0.0005; **P < 0.005; *P < 0.05
vs CTR; +++P < 0.0005; ++P < 0.005; +P < 0.05 vs paclitaxel. Data are mean + SEM

of n = 3 different experiments.
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Figure 14: Quantification of p-FAK and p-JAK?2 expression in control (CTR), paclitaxel
(PAC), IgG2B Antibody (Ab), PAC+ IgG2B Ab, C5aR Ab, PAC+C5aR Ab-treated F11
cells evaluated by western blot analysis. **P<0.005; *P<0.05 vs CTR; +P<0.05 ++
p<0.005 vs PAC. Data are mean + SEM of n=3 different experiments.

Additionally, C5aR1 inhibition fully restored the altered electrical activity of paclitaxel-
treated DRG (Figure 15), confirming the pivotal role of C5aR1 in the neuropathological
mechanisms of paclitaxel-induced CIPN. To explore the neuropathological mechanisms
linked to paclitaxel-induced neurotoxicity and the involvement of C5aRl,
electrophysiological analyses were performed on rat DRG primary cultures treated with
paclitaxel (10 nM) or C5a (100 nM), with or without the C5aR1 inhibitor DF3966A (1
uM). Neurons exposed to paclitaxel displayed an immediate increase in action potential
firing rates during short-term exposure (1 minute and 30 seconds). However, prolonged
exposure (5 minutes) caused a significant reduction in electrical activity (-83.51%
compared to control) due to voltage-gated channel inactivation (Figures 15A, B, F).
Similarly, C5a rapidly elevated firing rates but led to a comparable reduction in neuronal
electrical activity during extended exposure times (Figures 15A-D, G). These findings
suggest that both paclitaxel and C5a induce rapid electrophysiological alterations in

DRG neurons, highlighting shared mechanisms of action. The immediacy of these effects
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supports the hypothesis that direct binding of paclitaxel or C5a to C5aR1 triggers these
changes, rather than an indirect influence on the complement system. Administration of
DF3966A effectively normalized the electrical activity disrupted by paclitaxel during
both short and long exposures (Figures 15C, F). In addition, the inhibitor counteracted
the C5a-induced increase in firing rates at short time points and significantly mitigated
the reduction in activity (~35%) observed with prolonged exposure (Figures 15E, G).
These results emphasize the pivotal role of C5aR1 in the development of paclitaxel-
induced CIPN and demonstrate the protective potential of C5aR1 inhibition in preserving

DRG neuronal function.
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Figure 15: C5aR1 inhibition counteracts paclitaxel-induced alterations in rodent
DRG. Representative trace of electrophysiological recordings in DRG cells maintained
under basal conditions (A), and in cells challenged with paclitaxel (10 nM) (PAC) (B),
paclitaxel+DF39664 (I uM) (C), C5a (100nM) (D) or CSa+ DF39664 (E).
Quantitative evaluation of action potential firing rate in DRG exposed to paclitaxel
alone or in combination with DF3966A4 (F), and C5a alone or in combination with
DF3966A (G). DRG-derived neurons were cultured for 7 days. Cells were treated for
I min 30s (short) or 5min (long). **P <0.005 and *P <0.05 vs respective basal
condition;, +P < 0.05 vs paclitaxel or C5a. Data are mean +SEM of n =3 different

experiments.
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8.5 C5aR1 is a key mediator of paclitaxel-induced CIPN in vivo

To assess the involvement of C5aR1 in paclitaxel-induced CIPN in vivo, wild-type and
C5aR1 knockout (KO) mice were administered paclitaxel intraperitoneally at 4 mg/kg
on alternate days (days 1, 3, 5, and 7). Cold and mechanical allodynia symptoms were
monitored following paclitaxel injections. As anticipated, wild-type mice developed cold
allodynia from day 3 to day 14, in contrast to sham-treated mice (Figure 16A).
Mechanical allodynia was also observed across all time points (days 1, 3, 5, 7, 10, and
14) in paclitaxel-treated mice compared to controls (Figure 16B). Importantly, C5aR1-
deficient KO mice showed significant protection against both the induction and
maintenance of paclitaxel-induced CIPN (Figure 17), highlighting the critical role of
C5aR1 in the disease's pathophysiology. The involvement of paclitaxel and its vehicle,
Cremophor EL (polyoxyethylated castor oil), in HSRs has been widely debated. While
some studies implicate Cremophor EL, others highlight paclitaxel as the primary agent
responsible. To clarify this, Balb/c mice were divided into four groups and treated with
paclitaxel in Cremophor EL, paclitaxel in DMSO/PEG/TWEEN, or the vehicles alone.
Mice exposed to paclitaxel in either formulation displayed pronounced HSRs, including
increased vascular hyperpermeability and plasma extravasation, compared to vehicle-
only groups (data not shown). These findings establish paclitaxel as the main inducer of

HSRs, independent of its emulsifier.
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Figure 16: C5aR1 is a key mediator of paclitaxel-induced cold and mechanical
allodynia. Time course of paw withdrawal responses in mice displaying paclitaxel
(PAC)-induced cold (A) (two-way ANOVA, effect of time x treatment F
(10,285) =21.69; p < 0.0001 followed by Bonferroni’s multiple comparisons test) and
mechanical (B) (two-way ANOVA, effect of time x treatment F
(10,285) = 17.63; p <0.0001 followed by Bonferroni’s multiple comparisons test)
allodynia treated or not with a C5aR1 inhibitor, DF3966A4 (30 mg/kg). DF3966A4 was
orally administered every 12 h for 14 days during the induction phase of CIPN. Cold and
mechanical allodynia were evaluated 3 h after DF3966A treatment on days 1, 3, 5, 7, 10
and 14. (C) Real time-PCR analysis of C5aR1 (one-way ANOVA, effect of treatment F
(2,27) =6.381; p =0.0054 followed by Bonferroni’s multiple comparisons test) and
TNF-o. (one-way ANOVA, effect of treatment F (2,27) = 14.79; p < 0.0001 followed by
Bonferroni’s multiple comparisons test) expression levels in the spinal cord, and of (D)
C5aR1 (one-way ANOVA, effect of treatment F (2,27) = 3.480; p = 0.0452 followed by
Bonferroni’s multiple comparisons test), TRPVI (one-way ANOVA, effect of treatment F
(2,27) = 6.349; p = 0.0055 followed by Bonferroni'’s multiple comparisons test), TRPV4
(one-way ANOVA, effect of treatment F (2,27) =4.050; p =0.0290 followed by
Bonferroni’s multiple comparisons test), IL-15 (one-way ANOVA, effect of treatment F
(2,27) = 13.81; p < 0.0001 followed by Bonferroni’s multiple comparisons test) and IL-
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6 (one-way ANOVA, effect of treatment F (2,27) =1.898; p =0.1694 followed by
Bonferroni’s multiple comparisons test) in paw samples collected at day 15 after the first
paclitaxel administration. ***P <0.0005 and *P<0.05 vs respective sham
group; +++P < 0.0005; ++P < 0.005 and +P < 0.05 vs paclitaxel. Data are expressed
as mean = SEM; n = 10 per group.
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Figure 17: Cold and mechanical allodynia in C5ar1”- mice. Time course of the effect
of paclitaxel (PAC) on cold (A) and mechanical (B) allodynia in wild-type (WT) and
C5arl” mice. *P<0.05 vs WT. Data are shown as mean + SEM of 10 animals per group.

Building upon these findings, the therapeutic potential of C5aR1 inhibition was assessed.
The pharmacological inhibition of C5aR1 using oral DF3966A at a dose of 30 mg/kg,
administered every 12 hours for 14 days during the CIPN induction phase, notably
reduced cold allodynia induced by paclitaxel on days 3, 5, 7, 10, and 14 (Figure 16A).
Additionally, mechanical allodynia caused by paclitaxel was significantly inhibited from
day 3 to day 14 (Figure 16B). These results highlight the crucial role of C5aR1 in
paclitaxel-induced CIPN and suggest that targeting C5aR1 could offer a potential

therapeutic strategy for this condition.

To explore the underlying mechanisms of C5aR1 inhibition's protective effects in
paclitaxel-induced CIPN, gene expression of C5aRl1, inflammatory markers, and
TRPV1/4 was assessed via real-time PCR in spinal cord and paw samples collected from
mice on day 15 post-paclitaxel administration. In the spinal cords of paclitaxel-treated
mice, C5aR1 expression was notably elevated compared to control animals, and this

upregulation was fully reversed by DF3966A treatment (Figure 16C). Additionally,
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DF3966A significantly reduced paclitaxel-induced TNF-a mRNA expression, a key
mediator of spinal microglial activation and neuropathic pain (Figure 16C). In contrast,
paclitaxel alone or in combination with DF3966A did not alter C5aR1 mRNA levels in
paw samples. However, paclitaxel treatment increased TRPV1, TRPV4, IL-18, and IL-
6 mRNA levels, while DF3966A administration led to a marked reduction in these levels
(Figure 16D). These results indicate that spinal C5aR1 activation by paclitaxel is crucial
for modulating peripheral inflammatory cytokines, which play a role in the enhancement

of pain signaling.

8.6 C5aR1 inhibition counteracts paclitaxel- or CS5a-induced anaphylactoid

cytokine release in macrophages

The potential role of C5aR1 in paclitaxel-induced anaphylaxis was explored, given the
involvement of the C5a-C5aR1 axis in anaphylactoid responses. Macrophages, which
express C5aR1 and are known to be pivotal in CIPN and anaphylaxis, were utilized to
examine this hypothesis. Mouse (RAW 264.7) and human (THP-1) macrophages were
exposed to paclitaxel (10 nM) or C5a (10 nM) for 24 hours, followed by cytokine
profiling using a proteome profiler assay. Both paclitaxel and C5a treatments induced
cytokine profiles resembling typical anaphylaxis, with the only distinction being the
release of CS5a, which occurred exclusively in CSa-stimulated cells (Figure 18). In
paclitaxel-treated RAW 264.7 cells, increased levels of MCP-1, a chemokine involved
in anaphylaxis and basophil migration, along with MIP-1a, MIP-183, MIP-2, and IL1Ra,
were observed (Figures 18A, B). C5aR1 inhibition using Avacopan (1 uM), anti-C5aR1
antibody (1 uM), or DF3966A (1 uM) effectively suppressed cytokine release,
reinforcing the involvement of C5aR1 in mediating paclitaxel-induced anaphylactoid

reactions (Figures 18A, B).
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Figure 18: C5aR1 inhibition blocks C5a- and paclitaxel-induced anaphylactoid
cytokine release from mouse and human macrophages. Proteome profiles of cytokines
released from RAW 264.7 (A, B) and human (C, D) macrophages challenged with C5a
(4, C) or paclitaxel (B, D) alone or in combination with a C5AR1 antibody (anti C5AR),
Avacopan or DF3966A. RAW 264.7 and human macrophages cells were treated with
CSa (10 nM), or paclitaxel (PAC) (10 nM), or DF3966A (1 uM) or Avacopan (1 uM) and
C5aR1 antibody (1 uM) for 24 h. Data are mean + SEM of n = 3 different experiments.

The analysis conducted on human macrophages corroborated the findings from murine
models, showing that the cytokine profile induced by C5a was similar to that triggered
by paclitaxel. In these conditions, the use of DF3966A, Avacopan, and a C5aRl1
antagonist effectively inhibited the cytokine release caused by both C5a and paclitaxel
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(Figures 18C, D). Additionally, both agents stimulated IL-8 release from human
macrophages, which was blocked by Avacopan, anti-C5aR1 antibody, and DF3966A
(Figures 18C, D). These results suggest that C5aR1 might mediate paclitaxel-induced

anaphylactoid reactions, prompting further in vivo investigation.

8.7 C5aR1 inhibition prevents paclitaxel-induced anaphylactoid reactions in vivo

After identifying paclitaxel as the primary cause of chemotherapy-induced
anaphylactoid reactions (Figure 17), the potential of C5aR1 inhibition as a preventive
measure for paclitaxel-induced hypersensitivity reactions (HSRs) was evaluated.
Inhibition of C5aR1 was achieved through pre-treatment with either DF3966A (30
mg/kg, oral) or Avacopan (30 mg/kg, oral), administered 1-3 hours prior to paclitaxel
based on their pharmacokinetics (data not shows). Both inhibitors effectively prevented
the onset of HSRs, eliminating paclitaxel-induced vascular leakage and plasma
extravasation (Figures 19A, B). Furthermore, pre-treatment with these agents notably
reduced serum levels of histamine and complement 5b-9 (SC5b-9) (Figures 19C, D),
which are linked to complement pathway activation. These findings highlight the pivotal
role of C5aR1 in the initial inflammatory phase of paclitaxel-induced HSRs, suggesting

that its inhibition may be a promising strategy to prevent paclitaxel-induced anaphylaxis.
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Figure 19: C5aR1 inhibition prevents anaphylactoid reactions induced by paclitaxel
in mice. Effect of vehicle, DF3966A4 or Avacopan on paclitaxel-increased vascular
permeability (A) (one-way ANOVA, effect of treatment F (4, 44) =5.121; p =0.0018
followed by Bonferroni’s multiple comparisons test) and plasma extravasation (B) (one-
way ANOVA, effect of treatment F (4,44) = 7.258; p = 0.0001 followed by Bonferroni’s
multiple comparisons test) in mice. Serum histamine (one-way ANOVA, effect of
treatment F (3,36) = 7.590; p = 0.0005 followed by Bonferroni’s multiple comparisons
test) (C) and SC5B-9 (one-way ANOVA, effect of treatment F (3,36) =24.74; p < 0.0001
followed by Bonferroni’s multiple comparisons test) (D) concentration in mice receiving
paclitaxel pre-treated with vehicle, DF3966A or Avacopan. Paclitaxel was intravenously
administered at 20 mg/kg. Vehicle DF3966A4 (saline) and DF3966A (30 mg/kg, os) were
administered 3 h before paclitaxel, while vehicle Avacopan and Avacopan (30 mg/kg, os)
were administered 1 h before paclitaxel. ***P < 0.0005, **P < 0.005 and *P < 0.05 vs
Cremophor group; +++P < 0.0005; ++P < 0.005 and +P < 0.05 vs paclitaxel. Data

are shown as mean + SEM of 10 animals per group.
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CHAPTER IX
9.1 Discussion

Paclitaxel, widely employed in cancer therapy, is frequently associated with adverse
effects such as CIPN and HSRs, both of which significantly compromise patients’ quality
of life. This study identifies C5aR1 as a previously unrecognized target of paclitaxel,
demonstrating its pivotal role in mediating both CIPN and anaphylactoid reactions.
Additionally, it provides evidence that C5aR1 inhibition effectively counteracts these
adverse effects in vitro and in vivo. Numerous prior studies have highlighted paclitaxel’s
pro-inflammatory properties, specifically its ability to induce IL-8 expression, which is
strongly implicated in the onset and progression of neuropathy [443,446]. Utilizing the
supercomputing platform EXaSCale smArt pLatform Against paThogEns
(EnsEXSCALATE), this investigation aimed to identify upstream mediators of IL-8
potentially binding to paclitaxel and contributing to its side effects [447]. Unexpectedly,
C5aR1 was identified as one of the receptors exhibiting the highest predicted affinity for
paclitaxel, a finding later confirmed through SPR and competition experiments. The
activation of C5aR1 by paclitaxel triggers downstream pathways, including NF-kB/P38
and c-Fos/c-Jun, both of which regulate IL-8 expression and are implicated in
neurotoxicity [441]. Subsequent experiments demonstrated that C5aR1 activation in
sensory neurons (F11 cells) resulted in alterations in key signaling pathways, including
p-FAK, p-cortactin, and JAK-STAT. The involvement of CXCL1 in sustaining and
exacerbating these changes was evidenced through phosphorylation time-point studies.
Crucially, these neurotoxic effects were mitigated by C5aR1 inhibition, using either a
specific antibody (C5aR1 Ab) or a receptor antagonist, further corroborating C5aR1’s
role in mediating paclitaxel-induced neuropathy. The complement system, long
recognized for its role in inflammation and pain modulation, has not been thoroughly
investigated in the context of CIPN. Using C5aR1 knockout mice and pharmacological
inhibitors, this study demonstrated a significant reduction in paclitaxel-induced
allodynia, confirming the receptor’s critical role in neuropathic pain. Additionally,
electrophysiological recordings from DRG neurons revealed that both paclitaxel and C5a
produced comparable alterations, which were completely reversed by C5aR1 inhibition.
These findings strongly suggest that C5aR1 is essential in the development of paclitaxel-
induced CIPN and that its blockade represents a promising strategy for prevention or

treatment. Recent research has also implicated the complement system, specifically
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component 3 (C3), in CIPN. Reduced mechanical allodynia observed in C3 knockout
rats aligns with the current findings, further supporting the hypothesis that complement
components are viable therapeutic targets [408]. Existing therapeutic options for CIPN
are limited, focusing primarily on symptom management rather than prevention or
reversal of the underlying pathology. The standard approaches, such as the use of
gabapentinoids, antidepressants, or topical agents, provide only partial relief, leaving
many patients with persistent neuropathic symptoms that severely impair their quality of
life. Furthermore, these therapies often come with their own adverse effects, which may
complicate treatment regimens for cancer patients already burdened by polypharmacy.
Current strategies fail to address the molecular and cellular mechanisms driving CIPN
[15]. Building upon this framework, the present study establishes that (i) paclitaxel
directly binds to and activates C5aR1, (ii) C5aR1 is a critical mediator of CIPN, and (iii)
its inhibition effectively prevents or mitigates this condition. Given the limited treatment
options for established CIPN, targeting C5aR1 represents a novel and preventive
pharmacological approach. The involvement of the complement system extends beyond
neuropathy to include immune-mediated hypersensitivity. C5a, a potent anaphylatoxin,
and its receptor, C5aR1, are well-established contributors to asthma and antigen-induced
anaphylaxis [448,449]. This study hypothesized that C5aR1 might also mediate
paclitaxel-induced HSRs and anaphylaxis. Supporting this hypothesis, macrophage
models (RAW 264.7 and THP-1) exhibited overlapping proteomic profiles when
stimulated with paclitaxel or C5a. Cytokine release induced by both treatments was
effectively suppressed by C5aR1 inhibition. The inclusion of THP-1 cells allowed for
the evaluation of NLRP3 inflammasome involvement, which plays a pivotal role in
immune responses and interacts with the complement pathway. /n vivo experiments
confirmed that paclitaxel, rather than its solvent Cremophor EL, is primarily responsible
for inducing anaphylactoid reactions during chemotherapy. The central role of C5aR1 in
paclitaxel-induced HSRs was established, and its inhibition emerged as a potential
therapeutic strategy for preventing such adverse effects. These findings are particularly
relevant given that other taxanes, including docetaxel and next-generation formulations
like nab-paclitaxel, are similarly associated with CIPN and HSRs [450]. The interplay
between the complement system and cancer biology has gained increasing attention, with
multiple studies highlighting the C5a-C5aR1 axis in various malignancies. For instance,
C5a deficiency or C5aR1 blockade has been shown to reduce tumor growth and enhance

chemotherapy efficacy in colorectal and lung cancer models [451,452]. Furthermore,
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preclinical studies suggest synergistic benefits when complement inhibitors are
combined with immune checkpoint inhibitors, potentially through reduced recruitment
and polarization of myeloid cells [452]. The combination of paclitaxel with C5aR1
inhibitors may therefore offer dual benefits: preventing CIPN and HSRs while
amplifying anti-tumor effects. Immunotherapy has already been explored in combination
with paclitaxel for treating various cancers, yielding promising outcomes [453]. Given
the demonstrated efficacy of complement inhibitors in modulating immune responses
and enhancing chemotherapy, further investigations into their combined use with
paclitaxel are warranted. This dual approach may enhance treatment efficacy by
addressing both the oncological and neuropathic dimensions of paclitaxel use. The
potential for combining complement inhibitors with immune checkpoint inhibitors
further expands the therapeutic landscape, offering synergistic benefits in cancer
treatment. Moreover, advances in computational drug discovery platforms, such as
EnsEXSCALATE, provide powerful tools for identifying novel upstream mediators of
CIPN. These platforms can accelerate the discovery of new drug candidates and optimize
their specificity and efficacy, reducing the time required to bring these innovations to
clinical practice. Additionally, the development of predictive biomarkers for CIPN risk,
such as genetic or proteomic markers associated with C5aR1 signaling, could enable
personalized treatment strategies. Early identification of at-risk patients would allow for

preemptive interventions, significantly improving outcomes.

In summary, advancing the understanding of CIPN pathophysiology, with a particular
focus on the pivotal role of C5aR1, provides a promising therapeutic avenue. Targeting
C5aR1 offers the potential to transform CIPN management from merely alleviating
symptoms to achieving both prevention and treatment. A shift toward mechanism-based
therapies, guided by molecular insights such as C5aR1 involvement, is urgently needed
to address these limitations and improve patient outcomes effectively. Future research
should prioritize large-scale clinical trials to validate these preclinical findings and
explore predictive biomarkers for CIPN. Advances in computational drug discovery
platforms, such as EnsEXSCALATE, offer promising avenues for the identification of
selective inhibitors. Furthermore, integrating C5aR1 blockade with immune checkpoint
inhibition may provide a dual therapeutic benefit by enhancing anti-tumor responses.

Future studies will ultimately refine these therapeutic approaches further.
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CHAPTER X
10.1 Conclusions

In conclusion, C5aR1 is a new target of paclitaxel, playing a crucial role in the mediation
of paclitaxel-induced CIPN and HSRs. Inhibition of C5aR1 was shown to effectively
counteract these side effects. These findings are pivotal, offering a better understanding
of the mechanisms involved in the pathophysiology of CIPN and HSRs related to
paclitaxel treatment. Furthermore, C5aR1 emerges as a potential pharmacological target
for preventing such adverse reactions. This breakthrough opens new possibilities for
managing the growing number of patients facing severe long-term consequences or even
death after paclitaxel therapy. Recent literature also described the involvement of C5aR1
in other neurological condition such as Amyotrophic Lateral Sclerosis, Huntington’s
disease, Alzheimer’s disease and Parkinson’s disease, further supporting the importance

of C5aR1 molecular exploration for a broadened therapeutic landscape.

82



CHAPTER XI
11.1 Bibliography

1. Raja, S.N.; Carr, D.B.; Cohen, M.; Finnerup, N.B.; Flor, H.; Gibson, S.;
Keefe, F.J.; Mogil, J.S.; Ringkamp, M.; Sluka, K.A.; et al. The Revised International
Association for the Study of Pain Definition of Pain: Concepts, Challenges, and
Compromises. Pain 2020, 161, 1976—1982, d0i:10.1097/j.pain.0000000000001939.

2. Basbaum, A.l.; Bautista, D.M.; Scherrer, G.; Julius, D. Cellular and
Molecular Mechanisms of Pain. Cell 2009, 139, 267-284,
doi:10.1016/j.cell.2009.09.028.

3. Yang, D.; Jacobson, A.; Meerschaert, K.A.; Sifakis, J.J.; Wu, M.; Chen, X.;
Yang, T.; Zhou, Y.; Anekal, P.V.; Rucker, R.A.; et al. Nociceptor Neurons Direct Goblet
Cells via a CGRP-RAMP1 Axis to Drive Mucus Production and Gut Barrier Protection.
Cell 2022, 185, 4190-4205.¢25, doi:10.1016/j.cell.2022.09.024.

4, Goodwin, G.; McMahon, S.B. The Physiological Function of Different
Voltage-Gated Sodium Channels in Pain. Nat Rev Neurosci 2021, 22, 263-274,
doi:10.1038/s41583-021-00444-w.

5. Steglitz, J.; Buscemi, J.; Ferguson, M.J. The Future of Pain Research,
Education, and Treatment: A Summary of the IOM Report “Relieving Pain in America:
A Blueprint for Transforming Prevention, Care, Education, and Research.” Trans! Behav
Med 2012, 2, 6-8, do0i:10.1007/s13142-012-0110-2.

6. Goldberg, D.S.; McGee, S.J. Pain as a Global Public Health Priority. BMC
Public Health 2011, 11, 770, doi:10.1186/1471-2458-11-770.

7. Dahlhamer, J.; Lucas, J.; Zelaya, C.; Nahin, R.; Mackey, S.; DeBar, L.; Kerns,
R.; Von Korff, M.; Porter, L.; Helmick, C. Prevalence of Chronic Pain and High-Impact
Chronic Pain Among Adults - United States, 2016. MMWR Morb Mortal Wkly Rep 2018,
67,1001-1006, doi:10.15585/mmwr.mm6736a2.

8. Fayaz, A.; Croft, P.; Langford, R.M.; Donaldson, L.J.; Jones, G.T. Prevalence
of Chronic Pain in the UK: A Systematic Review and Meta-Analysis of Population
Studies. BMJ Open 2016, 6, 010364, doi:10.1136/bmjopen-2015-010364.

9. Morasco, B.J.; Gritzner, S.; Lewis, L.; Oldham, R.; Turk, D.C.; Dobscha, S.K.
Systematic Review of Prevalence, Correlates, and Treatment Outcomes for Chronic
Non-Cancer Pain in Patients with Comorbid Substance Use Disorder. Pain 2011, 152,
488-497, doi:10.1016/j.pain.2010.10.009.

10. Vieira, E.B. de M.; Garcia, J.B.S.; Silva, A.A.M. da; Aratijo, R.L.T.M.;
Jansen, R.C.S.; Bertrand, A.L.X. Chronic Pain, Associated Factors, and Impact on Daily
Life: Are There Differences between the Sexes? Cad Saude Publica 2012, 28, 1459—
1467, doi:10.1590/s0102-311x2012000800005.

11. Tang, N.K.Y.; Crane, C. Suicidality in Chronic Pain: A Review of the
Prevalence, Risk Factors and Psychological Links. Psychol Med 2006, 36, 575-586,
doi:10.1017/S0033291705006859.

83



12. Quinten, C.; Coens, C.; Mauer, M.; Comte, S.; Sprangers, M.A.G.; Cleeland,
C.; Osoba, D.; Bjordal, K.; Bottomley, A.; EORTC Clinical Groups Baseline Quality of
Life as a Prognostic Indicator of Survival: A Meta-Analysis of Individual Patient Data
from EORTC Clinical Trials. Lancet Oncol 2009, 10, 865-871, doi:10.1016/S1470-
2045(09)70200-1.

13. Moore, R.A.; Derry, S.; Aldington, D.; Wiffen, PJ. Adverse Events
Associated with Single Dose Oral Analgesics for Acute Postoperative Pain in Adults - an
Overview of Cochrane Reviews. Cochrane Database Syst Rev 2015, 2015, CD011407,
doi:10.1002/14651858.CD011407.pub2.

14. Zafeiri, A.; Mitchell, R.T.; Hay, D.C.; Fowler, P.A. Over-the-Counter
Analgesics during Pregnancy: A Comprehensive Review of Global Prevalence and
Offspring Safety. Hum Reprod Update 2021, 27, 67-95, doi:10.1093/humupd/dmaa042.

15. Cao, B.; Xu, Q.; Shi, Y.; Zhao, R.; Li, H.; Zheng, J.; Liu, F.; Wan, Y.; Wei, B.
Pathology of Pain and Its Implications for Therapeutic Interventions. Sig Transduct
Target Ther 2024, 9, 1-49, do0i:10.1038/s41392-024-01845-w.

16. Zhang, Y.; Wei, Y.; Zheng, T.; Tao, Y.; Sun, Y.; Jiang, D.; Tao, J. Adiponectin
Receptor 1-Mediated Stimulation of Cav3.2 Channels in Trigeminal Ganglion Neurons
Induces Nociceptive Behaviors in Mice. J Headache Pain 2023, 24, 117,
doi:10.1186/s10194-023-01658-2.

17. Zhang, Y.; Qian, Z.; Jiang, D.; Sun, Y.; Gao, S.; Jiang, X.; Wang, H.; Tao, J.
Neuromedin B Receptor Stimulation of Cav3.2 T-Type Ca2+ Channels in Primary
Sensory Neurons Mediates Peripheral Pain Hypersensitivity. Theranostics 2021, 11,
9342-9357, doi:10.7150/thno.62255.

18. Gandla, J.; Lomada, S.K.; Lu, J.; Kuner, R.; Bali, K.K. miR-34¢-5p Functions
as Pronociceptive microRNA in Cancer Pain by Targeting Cav2.3 Containing Calcium
Channels. Pain 2017, 158, 1765-1779, doi:10.1097/j.pain.0000000000000971.

19. Zhang, J.; Chen, S.-R.; Zhou, M.-H.; Jin, D.; Chen, H.; Wang, L.; DePinho,
R.A.; Pan, H.-L. HDAC?2 in Primary Sensory Neurons Constitutively Restrains Chronic
Pain by Repressing A256-1 Expression and Associated NMDA Receptor Activity. J
Neurosci 2022, 42, 8918-8935, doi:10.1523/JINEUROSCI.0735-22.2022.

20. Davies, A.; Hendrich, J.; Van Minh, A.T.; Wratten, J.; Douglas, L.; Dolphin,
A.C. Functional Biology of the Alpha(2)Delta Subunits of Voltage-Gated Calcium
Channels. Trends Pharmacol Sci 2007, 28, 220228, doi:10.1016/].tips.2007.03.005.

21. Moreno, A.M.; Aleman, F.; Catroli, G.F.; Hunt, M.; Hu, M.; Dailamy, A.; Pla,
A.; Woller, S.A.; Palmer, N.; Parekh, U.; et al. Long-Lasting Analgesia via Targeted in
Situ Repression of NaV1.7 in Mice. Sci Transl Med 2021, 13, eaay9056,
doi:10.1126/scitranslmed.aay9056.

22. Touska, F.; Turnquist, B.; Vlachova, V.; Reeh, P.W.; Leftler, A.; Zimmermann,
K. Heat-Resistant Action Potentials Require TTX-Resistant Sodium Channels NaV1.8
and NaV1.9. J Gen Physiol 2018, 150, 1125—-1144, doi:10.1085/jgp.201711786.

84



23. de Lera Ruiz, M.; Kraus, R.L. Voltage-Gated Sodium Channels: Structure,
Function, Pharmacology, and Clinical Indications. J. Med. Chem. 2015, 58, 7093-7118,
doi:10.1021/jm501981g.

24, Osteen, J.D.; Herzig, V.; Gilchrist, J.; Emrick, J.J.; Zhang, C.; Wang, X.;
Castro, J.; Garcia-Caraballo, S.; Grundy, L.; Rychkov, G.Y.; et al. Selective Spider
Toxins Reveal a Role for the Navl.l Channel in Mechanical Pain. Nature 2016, 534,
494-499, doi:10.1038/nature17976.

25. Chen, L.; Huang, J.; Benson, C.; Lankford, K.L.; Zhao, P.; Carrara, J.; Tan,
A.M.; Kocsis, J.D.; Waxman, S.G.; Dib-Hajj, S.D. Sodium Channel Nav1.6 in Sensory
Neurons Contributes to Vincristine-Induced Allodynia. Brain 2020, 143, 2421-2436,
doi:10.1093/brain/awaa208.

26. Waxman, S.G. Painful Na-Channelopathies: An Expanding Universe. Trends
Mol Med 2013, 19, 406—409, doi:10.1016/j.molmed.2013.04.003.

27. Deng, L.; Dourado, M.; Reese, R.M.; Huang, K.; Shields, S.D.; Stark, K.L.;
Maksymetz, J.; Lin, H.; Kaminker, J.S.; Jung, M.; et al. Navl.7 Is Essential for
Nociceptor Action Potentials in the Mouse in a Manner Independent of Endogenous
Opioids. Neuron 2023, 111, 2642-2659.e13, doi:10.1016/j.neuron.2023.05.024.

28. Minett, M.S.; Falk, S.; Santana-Varela, S.; Bogdanov, Y.D.; Nassar, M.A.;
Heegaard, A.-M.; Wood, J.N. Pain without Nociceptors? Navl.7-Independent Pain
Mechanisms. Cell Rep 2014, 6, 301-312, doi:10.1016/j.celrep.2013.12.033.

29. Tsantoulas, C.; McMahon, S.B. Opening Paths to Novel Analgesics: The Role
of Potassium Channels in Chronic Pain. Trends Neurosci 2014, 37, 146-158,
doi:10.1016/j.tins.2013.12.002.

30. Higerd-Rusli, G.P.; Tyagi, S.; Baker, C.A.; Liu, S.; Dib-Hajj, F.B.; Dib-Hajj,
S.D.; Waxman, S.G. Inflammation Differentially Controls Transport of Depolarizing
Nav versus Hyperpolarizing Kv Channels to Drive Rat Nociceptor Activity. Proc Natl
Acad Sci US 4 120, €2215417120, doi:10.1073/pnas.2215417120.

31. Dawes, J.M.; Weir, G.A.; Middleton, S.J.; Patel, R.; Chisholm, K.I;
Pettingill, P.; Peck, L.J.; Sheridan, J.; Shakir, A.; Jacobson, L.; et al. Immune or Genetic-
Mediated Disruption of CASPR2 Causes Pain Hypersensitivity Due to Enhanced
Primary Afferent Excitability. Neuron 2018, 97, 806-822.¢10,
doi:10.1016/j.neuron.2018.01.033.

32. Moran, M.M. TRP Channels as Potential Drug Targets. Annual Review of
Pharmacology and Toxicology 2018, 58, 309-330, doi:10.1146/annurev-pharmtox-
010617-052832.

33, Heber, S.; Ciotu, C.I.; Hartner, G.; Gold-Binder, M.; Ninidze, N.; Gleiss, A.;
Kress, H.-G.; Fischer, M.J.M. TRPV1 Antagonist BCTC Inhibits pH 6.0-Induced Pain
in Human Skin. Pain 2020, 161, 1532—-1541, doi:10.1097/.pain.00000000000018438.

34, Arendt-Nielsen, L.; Harris, S.; Whiteside, G.T., Hummel, M.
Knappenberger, T.; O’Keefe, S.; Kapil, R.; Kyle, D. A Randomized, Double-Blind,
Positive-Controlled, 3-Way Cross-over Human Experimental Pain Study of a TRPV1

85



Antagonist (V116517) in Healthy Volunteers and Comparison with Preclinical Profile.
Pain 2016, 157, 2057-2067, doi:10.1097/j.pain.0000000000000610.

35. Yang, S.; Yang, F.; Zhang, B.; Lee, B.H.; Li, B.; Luo, L.; Zheng, J.; Lai, R. A
Bimodal Activation Mechanism Underlies Scorpion Toxin-Induced Pain. Sci Adv 2017,
3, 1700810, doi:10.1126/sciadv.1700810.

36. Horak, M.; Barackova, P.; Langore, E.; Netolicky, J.; Rivas-Ramirez, P,
Rehakova, K. The Extracellular Domains of GluN Subunits Play an Essential Role in
Processing NMDA Receptors in the ER. Front Neurosci 2021, 15, 603715,
doi:10.3389/thins.2021.603715.

37. Lee, J.; Saloman, J.L.; Weiland, G.; Auh, Q.-S.; Chung, M.-K.; Ro, J.Y.
Functional Interactions between NMDA Receptors and TRPV1 in Trigeminal Sensory
Neurons Mediate Mechanical Hyperalgesia in the Rat Masseter Muscle. Pain 2012, 153,
1514-1524, doi:10.1016/j.pain.2012.04.015.

38. Xie, R.-G.; Chu, W.-G.; Liu, D.-L.; Wang, X.; Ma, S.-B.; Wang, F.; Wang, F.-
D.; Lin, Z.; Wu, W.-B.; Lu, N.; et al. Presynaptic NMDARs on Spinal Nociceptor
Terminals State-Dependently Modulate Synaptic Transmission and Pain. Nat Commun
2022, 13,728, doi:10.1038/s41467-022-28429-y.

39. Ru, Q.; Lu, Y.; Saifullah, A.B.; Blanco, F.A.; Yao, C.; Cata, J.P.; Li, D.-P.;
Tolias, K.F.; Li, L. TIAMI1-Mediated Synaptic Plasticity Underlies Comorbid
Depression-like and Ketamine Antidepressant-like Actions in Chronic Pain. J Clin Invest
2022, 132, 158545, doi:10.1172/JCI158545.

40. Dedek, A.; Xu, J.; Kandegedara, C.M.; Lorenzo, L.-E.; Godin, A.G.; De
Koninck, Y.; Lombroso, P.J.; Tsai, E.C.; Hildebrand, M.E. Loss of STEP61 Couples
Disinhibition to N-Methyl-d-Aspartate Receptor Potentiation in Rodent and Human
Spinal Pain Processing. Brain 2019, 142, 1535-1546, doi:10.1093/brain/awz105.

41. Deng, M.; Chen, S.-R.; Chen, H.; Luo, Y.; Dong, Y.; Pan, H.-L. Mitogen-
Activated Protein Kinase Signaling Mediates Opioid-Induced Presynaptic NMDA
Receptor Activation and Analgesic Tolerance. J Neurochem 2019, 148, 275-290,
doi:10.1111/jnc.14628.

42, Khan, A.; Khan, S.; Kim, Y.S. Insight into Pain Modulation: Nociceptors
Sensitization and Therapeutic Targets. Curr Drug Targets 2019, 20, 775-788,
doi:10.2174/1389450120666190131114244.

43, Abdelhamid, R.E.; Sluka, K.A. ASICs Mediate Pain and Inflammation in
Musculoskeletal — Diseases.  Physiology  (Bethesda) 2015, 30, 449-459,
doi:10.1152/physiol.00030.2015.

44. Inoue, K. Nociceptive Signaling of P2X Receptors in Chronic Pain States.
Purinergic Signal 2021, 17, 41-47, doi:10.1007/s11302-020-09743-w.

45. Stephan, G.; Huang, L.; Tang, Y.; Vilotti, S.; Fabbretti, E.; Yu, Y.; Norenberg,
W.; Franke, H.; G6loncsér, F.; Sperlagh, B.; et al. The ASIC3/P2X3 Cognate Receptor Is
a Pain-Relevant and Ligand-Gated Cationic Channel. Nat Commun 2018, 9, 1354,
doi:10.1038/s41467-018-03728-5.

86



46. Giraud, F.; Pereira, E.; Anizon, F.; Moreau, P. Recent Advances in Pain
Management: Relevant Protein Kinases and Their Inhibitors. Molecules 2021, 26, 2696,
doi:10.3390/molecules26092696.

47. Wong, T.-S.; Li, G.; Li, S.; Gao, W.; Chen, G.; Gan, S.; Zhang, M.; Li, H.;
Wu, S.; Du, Y. G Protein-Coupled Receptors in Neurodegenerative Diseases and
Psychiatric Disorders. Signal Transduct Target Ther 2023, 8, 177, doi:10.1038/s41392-
023-01427-2.

48. Mayer, F.; Gunawan, A.L.; Tso, P.; Aponte, G.W. Glucagon-like Peptide 1 and
Glucose-Dependent Insulinotropic Polypeptide Stimulate Release of Substance P from
TRPV1- and TRPAI1-Expressing Sensory Nerves. Am J Physiol Gastrointest Liver
Physiol 2020, 319, G23—-G35, doi:10.1152/ajpgi.00189.2019.

49, Doyen, P.J.; Beckers, P.; Brook, G.A.; Hermans, E. Regulators of G Protein
Signalling as Pharmacological Targets for the Treatment of Neuropathic Pain.
Pharmacological Research 2020, 160, 105148, doi:10.1016/j.phrs.2020.105148.

50. Middleton, S.J.; Perez-Sanchez, J.; Dawes, J.M. The Structure of Sensory
Afferent Compartments in Health and Disease. J Anat 2022, 241, 1186-1210,
doi:10.1111/joa.13544.

51. De Logu, F.; Nassini, R.; Hegron, A.; Landini, L.; Jensen, D.D.; Latorre, R.;
Ding, J.; Marini, M.; Souza Monteiro de Araujo, D.; Ramirez-Garcia, P.; et al. Schwann
Cell Endosome CGRP Signals Elicit Periorbital Mechanical Allodynia in Mice. Nat
Commun 2022, 13, 646, doi:10.1038/s41467-022-28204-z.

52. De Logu, F.; Li Puma, S.; Landini, L.; Portelli, F.; Innocenti, A.; de Araujo,
D.S.M.; Janal, M.N.; Patacchini, R.; Bunnett, N.W.; Geppetti, P.; et al. Schwann Cells
Expressing Nociceptive Channel TRPA1 Orchestrate Ethanol-Evoked Neuropathic Pain
in Mice. J Clin Invest 2019, 129, 5424-5441, doi:10.1172/JC1128022.

53. Chen, L.; Michalsen, A. Management of Chronic Pain Using Complementary
and Integrative Medicine. BMJ 2017, 357, j1284, doi:10.1136/bm;j.j1284.

54. McWilliams, K.; Fallon, M. Fast-Acting Fentanyl Preparations and Pain
Management. QJM 2013, 106, 887-890, doi:10.1093/qjmed/hct092.

55. Nascimento, A.l.; Mar, F.M.; Sousa, M.M. The Intriguing Nature of Dorsal
Root Ganglion Neurons: Linking Structure with Polarity and Function. Prog Neurobiol
2018, 168, 86—103, doi:10.1016/j.pneurobio.2018.05.002.

56. Al-Chalabi, M.; Reddy, V.; Gupta, S. Neuroanatomy, Spinothalamic Tract. In
StatPearls; StatPearls Publishing: Treasure Island (FL), 2024.

57. Sengul, G.; Watson, C. Chapter 7 - Spinal Cord: Connections. In The Human
Nervous System (Third Edition); Mai, J.K., Paxinos, G., Eds.; Academic Press: San
Diego, 2012; pp. 233-258 ISBN 978-0-12-374236-0.

58. Zhang, X. Spinohypothalamic Tract, Anatomical Organization and Response
Properties. In Encyclopedia of Pain; Schmidt, R.F., Willis, W.D., Eds.; Springer: Berlin,
Heidelberg, 2007; pp. 2251-2253 ISBN 978-3-540-29805-2.

87



59. Yezierski, R.P. Spinomesencephalic Tract. In Encyclopedia of Pain; Gebhart,
G.F., Schmidt, R.F., Eds.; Springer: Berlin, Heidelberg, 2013; pp. 3612-3618 ISBN 978-
3-642-28753-4.

60. Gmel, G.E.; Santos Escapa, R.; Benkohen, T.E.; Mugan, D.; Parker, J.L.;
Palmisani, S. Postsynaptic Dorsal Column Pathway Activation during Spinal Cord
Stimulation in Patients with Chronic Pain. Front Neurosci 2023, 17, 1297814,
doi:10.3389/tnins.2023.1297814.

61. Ran, C.; Boettcher, J.C.; Kaye, J.A.; Gallori, C.E.; Liberles, S.D. A Brainstem
Map for Visceral Sensations. Nature 2022, 609, 320-326, doi:10.1038/s41586-022-
05139-5.

62. Henry, D.E.; Chiodo, A.E.; Yang, W. Central Nervous System Reorganization
in a Variety of Chronic Pain States: A Review. PM&R 2011, 3, 1116-1125,
doi:10.1016/j.pmrj.2011.05.018.

63. Guo, K.; Yamawaki, N.; Barrett, J.M.; Tapies, M.; Shepherd, G.M.G. Cortico-
Thalamo-Cortical Circuits of Mouse Forelimb S1 Are Organized Primarily as Recurrent
Loops. J Neurosci 2020, 40, 2849-2858, doi:10.1523/JNEUROSCI.2277-19.2020.

64. Ziegler, K.; Folkard, R.; Gonzalez, A.J.; Burghardt, J.; Antharvedi-Goda, S.;
Martin-Cortecero, J.; Isaias-Camacho, E.; Kaushalya, S.; Tan, L.L.; Kuner, T.; et al.
Primary Somatosensory Cortex Bidirectionally Modulates Sensory Gain and
Nociceptive Behavior in a Layer-Specific Manner. Nat Commun 2023, 14, 2999,
doi:10.1038/s41467-023-38798-7.

65. Corder, G.; Ahanonu, B.; Grewe, B.F.; Wang, D.; Schnitzer, M.J.; Scherrer,
G. An Amygdalar Neural Ensemble That Encodes the Unpleasantness of Pain. Science
2019, 363, 276-281, doi:10.1126/science.aap8586.

66. Hiraga, S.-1.; Itokazu, T.; Hoshiko, M.; Takaya, H.; Nishibe, M.; Yamashita,
T. Microglial Depletion under Thalamic Hemorrhage Ameliorates Mechanical Allodynia
and Suppresses Aberrant Axonal Sprouting. JCI Insight 2020, 5, ¢131801, 131801,
doi:10.1172/jci.insight.131801.

67. Fanton, S.; Menezes, J.; Krock, E.; Sandstrom, A.; Tour, J.; Sandor, K.;
Jurczak, A.; Hunt, M.; Baharpoor, A.; Kadetoff, D.; et al. Anti-Satellite Glia Cell IgG
Antibodies in Fibromyalgia Patients Are Related to Symptom Severity and to Metabolite
Concentrations in Thalamus and Rostral Anterior Cingulate Cortex. Brain Behav Immun
2023, /14,371-382, doi:10.1016/j.bbi.2023.09.003.

68. Taddio, A.; Shah, V.; Gilbert-MacLeod, C.; Katz, J. Conditioning and
Hyperalgesia in Newborns Exposed to Repeated Heel Lances. JAMA 2002, 288, 857—
861, doi:10.1001/jama.288.7.857.

69. Qi, X.; Cui, K.; Zhang, Y.; Wang, L.; Tong, J.; Sun, W.; Shao, S.; Wang, J.;
Wang, C.; Sun, X.; et al. A Nociceptive Neuronal Ensemble in the Dorsomedial
Prefrontal Cortex Underlies Pain Chronicity. Cell Rep 2022, 41, 111833,
doi:10.1016/j.celrep.2022.111833.

88



70. Bhattacherjee, A.; Zhang, C.; Watson, B.R.; Djekidel, M.N.; Moffitt, J.R.;
Zhang, Y. Spatial Transcriptomics Reveals the Distinct Organization of Mouse Prefrontal
Cortex and Neuronal Subtypes Regulating Chronic Pain. Nat Neurosci 2023, 26, 1880—
1893, do0i:10.1038/541593-023-01455-9.

71. Yang, H.; de Jong, J.W.; Cerniauskas, I.; Peck, J.R.; Lim, B.K.; Gong, H.;
Fields, H.L.; Lammel, S. Pain Modulates Dopamine Neurons via a Spinal-Parabrachial-
Mesencephalic Circuit. Nat Neurosci 2021, 24, 1402—-1413, doi:10.1038/s41593-021-
00903-8.

72. Shao, S.; Zheng, Y.; Fu, Z.; Wang, J.; Zhang, Y.; Wang, C.; Qi, X.; Gong, T.;
Ma, L.; Lin, X.; et al. Ventral Hippocampal CA1 Modulates Pain Behaviors in Mice with
Peripheral Inflammation. Cell Rep 2023, 42, 112017, doi:10.1016/j.celrep.2023.112017.

73. Jiang, Y.-Y.; Zhang, Y.; Cui, S.; Liu, F.-Y.; Yi, M.; Wan, Y. Cholinergic
Neurons in Medial Septum Maintain Anxiety-like Behaviors Induced by Chronic
Inflammatory Pain. Neurosci Lett 2018, 671, 7-12, doi:10.1016/j.neulet.2018.01.041.

74. Zhang, M.; Liu, J.; Zhou, M.-M.; Wu, H.; Hou, Y.; Li, Y.-F,; Yin, Y.; Zheng,
L.; Cai, J.; Liao, F.-F.; et al. Anxiolytic Effects of Hippocampal Neurosteroids in Normal
and Neuropathic Rats with Spared Nerve Injury. J Neurochem 2017, 141, 137-150,
doi:10.1111/jnc.13965.

75. Yao, D.; Chen, Y.; Chen, G. The Role of Pain Modulation Pathway and
Related Brain Regions in Pain. Rev Neurosci 2023, 34, 899-914, doi:10.1515/revneuro-
2023-0037.

76. Costa, A.R.; Carvalho, P.; Flik, G.; Wilson, S.P.; Reguenga, C.; Martins, 1.;
Tavares, 1. Neuropathic Pain Induced Alterations in the Opioidergic Modulation of a
Descending Pain Facilitatory Area of the Brain. Front Cell Neurosci 2019, 13, 287,
doi:10.3389/fncel.2019.00287.

77. Suzuki, R.; Morcuende, S.; Webber, M.; Hunt, S.P.; Dickenson, A.H.
Superficial NK1-Expressing Neurons Control Spinal Excitability through Activation of
Descending Pathways. Nat Neurosci 2002, 5, 1319—-1326, doi:10.1038/nn966.

78. Lockwood, S.; Dickenson, A.H. What Goes up Must Come down: Insights
from Studies on Descending Controls Acting on Spinal Pain Processing. J Neural Transm
(Vienna) 2020, 127, 541-549, doi:10.1007/s00702-019-02077-x.

79. Liang, S.-H.; Zhao, W.-J.; Yin, J.-B.; Chen, Y.-B.; Li, J.-N.; Feng, B.; Lu, Y.-
C.; Wang, J.; Dong, Y.-L.; Li, Y.-Q. A Neural Circuit from Thalamic Paraventricular
Nucleus to Central Amygdala for the Facilitation of Neuropathic Pain. J Neurosci 2020,
40, 7837-7854, doi:10.1523/INEUROSCI.2487-19.2020.

80. Christensen, J.; MacPherson, N.; Li, C.; Yamakawa, G.R.; Mychasiuk, R.
Repeat Mild Traumatic Brain Injuries (RmTBI) Modify Nociception and Disrupt
Orexinergic Connectivity within the Descending Pain Pathway. J Headache Pain 2023,
24,72, doi:10.1186/s10194-023-01608-y.

81. Tobaldini, G.; Sardi, N.F.; Guilhen, V.A.; Fischer, L. Pain Inhibits Pain: An
Ascending-Descending Pain Modulation Pathway Linking Mesolimbic and Classical

89



Descending Mechanisms. Mol Neurobiol 2019, 56, 1000-1013, doi:10.1007/s12035-
018-1116-7.

82. Jiao, Y.; Gao, P.; Dong, L.; Ding, X.; Meng, Y.; Qian, J.; Gao, T.; Wang, R.;
Jiang, T.; Zhang, Y.; et al. Molecular Identification of Bulbospinal ON Neurons by
GPER, Which Drives Pain and Morphine Tolerance. J Clin Invest 2023, 133, ¢154588,
doi:10.1172/JCI154588.

83. Hemington, K.S.; Rogachov, A.; Cheng, J.C.; Bosma, R.L.; Kim, J.A;
Osborne, N.R.; Inman, R.D.; Davis, K.D. Patients with Chronic Pain Exhibit a Complex
Relationship Triad between Pain, Resilience, and within- and Cross-Network Functional
Connectivity of the Default Mode Network. Pain 2018, 159, 1621-1630,
doi:10.1097/j.pain.0000000000001252.

84. Baliki, M.N.; Mansour, A.R.; Baria, A.T.; Apkarian, A.V. Functional
Reorganization of the Default Mode Network across Chronic Pain Conditions. PLoS One
2014, 9, 106133, doi:10.1371/journal.pone.0106133.

85. Kucyi, A.; Salomons, T.V.; Davis, K.D. Mind Wandering Away from Pain
Dynamically Engages Antinociceptive and Default Mode Brain Networks. Proc Natl
Acad Sci U S 42013, 110, 18692-18697, doi:10.1073/pnas.1312902110.

86. Riegner, G.; Posey, G.; Oliva, V.; Jung, Y.; Mobley, W.; Zeidan, F.
Disentangling Self from Pain: Mindfulness Meditation-Induced Pain Relief Is Driven by
Thalamic-Default Mode Network Decoupling. Pain 2023, 164, 280-291,
doi:10.1097/j.pain.0000000000002731.

87. Letzen, J.E.; Robinson, M.E. Negative Mood Influences Default Mode
Network Functional Connectivity in Patients with Chronic Low Back Pain: Implications
for Functional Neuroimaging Biomarkers. Pain 2017, 158, 48-57,
doi:10.1097/j.pain.0000000000000708.

88. Alshelh, Z.; Marciszewski, K.K.; Akhter, R.; Di Pietro, F.; Mills, E.P;
Vickers, E.R.; Peck, C.C.; Murray, G.M.; Henderson, L.A. Disruption of Default Mode
Network Dynamics in Acute and Chronic Pain States. Neuroimage Clin 2018, 17, 222—
231, doi:10.1016/j.nicl.2017.10.019.

89. Naureen, Z.; Lorusso, L.; Manganotti, P.; Caruso, P.; Mazzon, G.; Cecchin,
S.; Marceddu, G.; Bertelli, M. Genetics of Pain: From Rare Mendelian Disorders to
Genetic  Predisposition to Pain. Acta Biomed 2020, 91, 2020010,
doi:10.23750/abm.v91i13-S.10682.

90. Suleimanova, A.; Talanov, M.; van den Maagdenberg, A.M.J.M.; Giniatullin,
R. Deciphering in Silico the Role of Mutated Na V 1.1 Sodium Channels in Enhancing
Trigeminal Nociception in Familial Hemiplegic Migraine Type 3. Front Cell Neurosci
2021, 15, 644047, doi:10.3389/fncel.2021.644047.

91. Yammine, T.; Aprahamian, R.; Souaid, M.; Salem, N.; Awwad, J.; Farra, C.
Novel SCNOA Variant Associated with Congenital Insensitivity to Pain. Mol Biol Rep
2023, 50, 62936298, doi:10.1007/s11033-023-08507-0.

90



92. Ahmad, S.; Dahllund, L.; Eriksson, A.B.; Hellgren, D.; Karlsson, U.; Lund,
P.-E.; Meijer, [.A.; Meury, L.; Mills, T.; Moody, A.; et al. A Stop Codon Mutation in
SCN9A Causes Lack of Pain Sensation. Hum Mol Genet 2007, 16, 2114-2121,
doi:10.1093/hmg/ddm160.

93. Cox, J.J.; Reimann, F.; Nicholas, A.K.; Thornton, G.; Roberts, E.; Springell,
K.; Karbani, G.; Jafri, H.; Mannan, J.; Raashid, Y.; et al. An SCN9A Channelopathy
Causes Congenital Inability to Experience Pain. Nature 2006, 444, 894-898,
doi:10.1038/nature05413.

94, Rithlmann, A .H.; Korner, J.; Hausmann, R.; Bebrivenski, N.; Neuhof, C.;
Detro-Dassen, S.; Hautvast, P.; Benasolo, C.A.; Meents, J.; Machtens, J.-P.; et al.
Uncoupling Sodium Channel Dimers Restores the Phenotype of a Pain-Linked Nav 1.7
Channel Mutation. Br J Pharmacol 2020, 177, 4481-4496, doi:10.1111/bph.15196.

95. Zhang, X.Y.; Wen, J.; Yang, W.; Wang, C.; Gao, L.; Zheng, L.H.; Wang, T;
Ran, K.; Li, Y.; Li, X.; et al. Gain-of-Function Mutations in SCN11A Cause Familial
Episodic Pain. Am J Hum Genet 2013, 93, 957-966, doi:10.1016/j.ajhg.2013.09.016.

96. Matsubara, Y.; Okuda, H.; Harada, K.H.; Youssefian, S.; Koizumi, A.
Mechanical Allodynia Triggered by Cold Exposure in Mice with the Scnlla p.R222S
Mutation: A Novel Model of Drug Therapy for Neuropathic Pain Related to NaV1.9.
Naunyn Schmiedebergs Arch Pharmacol 2021, 394, 299-306, doi:10.1007/s00210-020-
01978-z.

97. Leipold, E.; Liebmann, L.; Korenke, G.C.; Heinrich, T.; Giesselmann, S.;
Baets, J.; Ebbinghaus, M.; Goral, R.O.; Stodberg, T.; Hennings, J.C.; et al. A de Novo
Gain-of-Function Mutation in SCN11A Causes Loss of Pain Perception. Nat Genet 2013,
45,1399-1404, doi:10.1038/ng.2767.

98. Jeong, S.; Shim, J.S.; Sin, S.K.; Park, K.-S.; Lee, J.-H. Phosphorylation States
Greatly Regulate the Activity and Gating Properties of Cav 3.1 T-Type Ca2+ Channels.
J Cell Physiol 2023, 238, 210-226, doi:10.1002/jcp.30920.

99. Field, M.J.; Cox, P.J.; Stott, E.; Melrose, H.; Offord, J.; Su, T.-Z.; Bramwell,
S.; Corradini, L.; England, S.; Winks, J.; et al. Identification of the Alpha2-Delta-1
Subunit of Voltage-Dependent Calcium Channels as a Molecular Target for Pain
Mediating the Analgesic Actions of Pregabalin. Proc Natl Acad Sci U S A 2006, 103,
17537-17542, doi:10.1073/pnas.0409066103.

100. Lee, M.C.; Nahorski, M.S.; Hockley, J.R.F.; Lu, V.B.; Ison, G.; Pattison, L.A_;
Callejo, G.; Stouffer, K.; Fletcher, E.; Brown, C.; et al. Human Labor Pain Is Influenced
by the Voltage-Gated Potassium Channel KV6.4 Subunit. Cell Rep 2020, 32, 107941,
doi:10.1016/j.celrep.2020.107941.

101. Pettingill, P.; Weir, G.A.; Wei, T.; Wu, Y.; Flower, G.; Lalic, T.; Handel, A.;
Duggal, G.; Chintawar, S.; Cheung, J.; et al. A Causal Role for TRESK Loss of Function
in Migraine Mechanisms. Brain 2019, 142, 3852—-3867, doi:10.1093/brain/awz342.

102. Katz, B.; Zaguri, R.; Edvardson, S.; Maayan, C.; Elpeleg, O.; Lev, S,
Davidson, E.; Peters, M.; Kfir-Erenfeld, S.; Berger, E.; et al. Nociception and Pain in

91



Humans Lacking a Functional TRPV1 Channel. J Clin Invest 2023, 133, e153558,
doi:10.1172/JCI153558.

103. Duo, L.; Hu, L.; Tian, N.; Cheng, G.; Wang, H.; Lin, Z.; Wang, Y.; Yang, Y.
TRPV1 Gain-of-Function Mutation Impairs Pain and Itch Sensations in Mice. Mol Pain
2018, 74, 1744806918762031, doi:10.1177/1744806918762031.

104. Christoph, T.; Kogel, B.; Schiene, K.; Peters, T.; Schroder, W. Investigation
of TRPV1 Loss-of-Function Phenotypes in TRPV1 Leu206Stop Mice Generated by N-
Ethyl-N-Nitrosourea Mutagenesis. Biochem Biophys Res Commun 2018, 500, 456-461,
doi:10.1016/j.bbrc.2018.04.102.

105. Zima, V.; Witschas, K.; Hynkova, A.; Zimova, L.; Barvik, I.; Vlachova, V.
Structural Modeling and Patch-Clamp Analysis of Pain-Related Mutation TRPAI1-
N855S Reveal Inter-Subunit Salt Bridges Stabilizing the Channel Open State.
Neuropharmacology 20185, 93, 294-307, doi:10.1016/j.neuropharm.2015.02.018.

106. Kremeyer, B.; Lopera, F.; Cox, J.J.; Momin, A.; Rugiero, F.; Marsh, S.;
Woods, C.G.; Jones, N.G.; Paterson, K.J.; Fricker, F.R.; et al. A Gain-of-Function
Mutation in TRPA1 Causes Familial Episodic Pain Syndrome. Neuron 2010, 66, 671—
680, doi:10.1016/j.neuron.2010.04.030.

107. Bali, A.; Schaefer, S.P.; Trier, I.; Zhang, A.L.; Kabeche, L.; Paulsen, C.E.
Molecular Mechanism of Hyperactivation Conferred by a Truncation of TRPA1. Nat
Commun 2023, 14,2867, doi:10.1038/s41467-023-38542-1.

108. Chen, Y.-C.; Auer-Grumbach, M.; Matsukawa, S.; Zitzelsberger, M.;
Themistocleous, A.C.; Strom, T.M.; Samara, C.; Moore, A.W.; Cho, L.T.-Y.; Young,
G.T.; et al. Transcriptional Regulator PRDM12 Is Essential for Human Pain Perception.
Nat Genet 2015, 47, 803—-808, doi:10.1038/ng.3308.

109. Nahorski, M.S.; Al-Gazali, L.; Hertecant, J.; Owen, D.J.; Borner, G.H.H.;
Chen, Y.-C.; Benn, C.L.; Carvalho, O.P.; Shaikh, S.S.; Phelan, A.; et al. A Novel Disorder
Reveals Clathrin Heavy Chain-22 Is Essential for Human Pain and Touch Development.
Brain 2015, 138, 2147-2160, doi:10.1093/brain/awv149.

110. Habib, A.M.; Matsuyama, A.; Okorokov, A.L.; Santana-Varela, S.; Bras, J.T.;
Aloisi, A.M.; Emery, E.C.; Bogdanov, Y.D.; Follenfant, M.; Gossage, S.J.; et al. A Novel
Human Pain Insensitivity Disorder Caused by a Point Mutation in ZFHX2. Brain 2018,
141,365-376, doi:10.1093/brain/awx326.

111. Bhattacherjee, A.; Mu, Y.; Winter, M.K.; Knapp, J.R.; Eggimann, L.S.;
Gunewardena, S.S.; Kobayashi, K.; Kato, S.; Krizsan-Agbas, D.; Smith, P.G. Neuronal
Cytoskeletal Gene Dysregulation and Mechanical Hypersensitivity in a Rat Model of
Rett Syndrome. Proc Natl Acad Sci U S A 2017, 114, E6952-E6961,
doi:10.1073/pnas.1618210114.

112. Giordano, R.; Kjer-Staal Petersen, K.; Arendt-Nielsen, L. The Link between
Epigenetics, Pain Sensitivity and Chronic Pain. Scand J Pain 2022, 22, 664—666,
doi:10.1515/sjpain-2022-0086.

92



113. Goodin, B.R.; Overstreet, D.S.; Penn, T.M.; Bakshi, R.; Quinn, T.L.; Sims,
A.; Ptacek, T.; Jackson, P.; Long, D.L.; Aroke, E.N. Epigenome-Wide DNA Methylation
Profiling of Conditioned Pain Modulation in Individuals with Non-Specific Chronic Low
Back Pain. Clin Epigenetics 2022, 14,45, doi:10.1186/s13148-022-01265-z.

114. Li, X.; Liu, D.; Dai, Z.; You, Y.; Chen, Y.; Lei, C.; Lv, Y.; Wang, Y.
Intraperitoneal 5-Azacytidine Alleviates Nerve Injury-Induced Pain in Rats by
Modulating DNA  Methylation. Mol  Neurobiol 2023, 60, 2186-2199,
doi:10.1007/s12035-022-03196-5.

115. Aroke, E.N.; Overstreet, D.S.; Penn, T.M.; Crossman, D.K.; Jackson, P.;
Tollefsbol, T.O.; Quinn, T.L.; Yi, N.; Goodin, B.R. Identification of DNA Methylation
Associated Enrichment Pathways in Adults with Non-Specific Chronic Low Back Pain.
Mol Pain 2020, 16, 1744806920972889, doi:10.1177/1744806920972889.

116. Garriga, J.; Laumet, G.; Chen, S.-R.; Zhang, Y.; Madzo, J.; Issa, J.-P.J.; Pan,
H.-L.; Jelinek, J. Nerve Injury-Induced Chronic Pain Is Associated with Persistent DNA
Methylation Reprogramming in Dorsal Root Ganglion. J Neurosci 2018, 38, 6090-6101,
doi:10.1523/INEUROSCI.2616-17.2018.

117. Nirvanie-Persaud, L.; Millis, R.M. Epigenetics and Pain: New Insights to an
Old Problem. Cureus 14, €29353, doi:10.7759/cureus.29353.

118. Wan, D.; Hou, L.; Zhang, X.; Han, X.; Chen, M.; Tang, W.; Liu, R.; Dong, Z.;
Yu, S. DNA Methylation of RAMP1 Gene in Migraine: An Exploratory Analysis. J
Headache Pain 2015, 16, 90, doi:10.1186/s10194-015-0576-7.

119. Polli, A.; Ghosh, M.; Bakusic, J.; Ickmans, K.; Monteyne, D.; Velkeniers, B.;
Bekaert, B.; Godderis, L.; Nijs, J. DNA Methylation and Brain-Derived Neurotrophic
Factor Expression Account for Symptoms and Widespread Hyperalgesia in Patients With
Chronic Fatigue Syndrome and Comorbid Fibromyalgia. Arthritis Rheumatol 2020, 72,
1936-1944, doi:10.1002/art.41405.

120. Bell, J.T.; Loomis, A.K.; Butcher, L.M.; Gao, F.; Zhang, B.; Hyde, C.L.; Sun,
J.; Wu, H.; Ward, K.; Harris, J.; et al. Differential Methylation of the TRPA1 Promoter
in Pain Sensitivity. Nat Commun 2014, 5, 2978, doi:10.1038/ncomms3978.

121. Rodrigues, D.; Monteiro, C.; Cardoso-Cruz, H.; Galhardo, V. Altered Brain
Expression of DNA Methylation and Hydroxymethylation Epigenetic Enzymes in a Rat
Model of Neuropathic Pain. Int J Mol Sci 2023, 24, 7305, doi:10.3390/ijms24087305.

122. Zhao, J.-Y.; Liang, L.; Gu, X.; Li, Z.; Wu, S.; Sun, L.; Atianjoh, F.E.; Feng,
J.; Mo, K.; Jia, S.; et al. DNA Methyltransferase DNMT3a Contributes to Neuropathic
Pain by Repressing Kcna2 in Primary Afterent Neurons. Nat Commun 2017, 8, 14712,
doi:10.1038/ncomms14712.

123. Liu, L.; Xu, D.; Wang, T.; Zhang, Y.; Yang, X.; Wang, X.; Tang, Y. Epigenetic
Reduction of miR-214-3p Upregulates Astrocytic Colony-Stimulating Factor-1 and
Contributes to Neuropathic Pain Induced by Nerve Injury. Pain 2020, /161, 96108,
doi:10.1097/j.pain.0000000000001681.

93



124. Mikaeili, H.; Habib, A.M.; Yeung, C.W.-L.; Santana-Varela, S.; Luiz, A.P,;
Panteleeva, K.; Zuberi, S.; Athanasiou-Fragkouli, A.; Houlden, H.; Wood, J.N.; et al.
Molecular Basis of FAAH-OUT-Associated Human Pain Insensitivity. Brain 2023, 146,
3851-3865, doi:10.1093/brain/awad098.

125. Gerecke, C.; Egea Rodrigues, C.; Homann, T.; Kleuser, B. The Role of Ten-
Eleven Translocation Proteins in Inflammation. Front Immunol 2022, 13, 861351,
doi:10.3389/fimmu.2022.861351.

126. Jia, S.; Wei, G.; Bono, J.; Pan, Z.; Zheng, B.; Wang, B.; Adaralegbe, A.;
Tenorio, C.; Bekker, A.; Tao, Y.-X. TET1 Overexpression Attenuates Paclitaxel-Induced
Neuropathic Pain through Rescuing K2p1.1 Expression in Primary Sensory Neurons of
Male Rats. Life Sci 2022, 297, 120486, doi:10.1016/5.1f5.2022.120486.

127. Wu, Q.; Wei, G.; Ji, F.; Jia, S.; Wu, S.; Guo, X.; He, L.; Pan, Z.; Miao, X.;
Mao, Q.; et al. TET1 Overexpression Mitigates Neuropathic Pain Through Rescuing the
Expression of p-Opioid Receptor and Kv1.2 in the Primary Sensory Neurons.
Neurotherapeutics 2019, 16, 491-504, doi:10.1007/s13311-018-00689-x.

128. Deng, J.; Ding, H.-H.; Long, J.-L.; Lin, S.-Y.; Liu, M.; Zhang, X.-Q.; Xin,
W.-J.; Ruan, X. Oxaliplatin-Induced Neuropathic Pain Involves HOXA6 via a TET1-
Dependent Demethylation of the SOX10 Promoter. Int J Cancer 2020, 147,2503-2514,
doi:10.1002/ijc.33106.

129. Lai, C.-Y.; Hsieh, M.-C.; Yeh, C.-M.; Yang, P.-S.; Cheng, J.-K.; Wang, H.-H.;
Lin, K.-H.; Nie, S.-T.; Lin, T.-B.; Peng, H.-Y. MicroRNA-489-3p Attenuates
Neuropathic Allodynia by Regulating Oncoprotein DEK/TET1-Dependent Epigenetic
Modification in the Dorsal Horn. Neuropharmacology 2022, 210, 109028,
doi:10.1016/j.neuropharm.2022.109028.

130. Xu, Z.-H.; Niu, Z.; Liu, Y.; Liu, P.-L.; Lin, X.-L.; Zhang, L.; Chen, L.; Song,
Y.; Sun, R.; Zhang, H.-L. TET1-TRPV4 Signaling Contributes to Bone Cancer Pain in
Rats. Brain Sci 2023, 13, 644, doi:10.3390/brainscil13040644.

131. Imbe, H.; Kimura, A. Increase of Histone Acetylation in the GABAergic
Neurons in the Rostral Ventromedial Medulla Associated with Mechanical
Hypersensitivity after Repeated Restraint Stress. Brain Res Bull 2018, 142, 394-402,
doi:10.1016/j.brainresbull.2018.09.004.

132. Lin, R.; Luo, L.; Gong, Y.; Zheng, J.; Wang, S.; Du, J.; Luo, D.
Immunohistochemical Analysis of Histone H3 Acetylation in the Trigeminal Root Entry
Zone in an Animal Model of Trigeminal Neuralgia. J Neurosurg 2019, 131, 828—-838,
doi:10.3171/2018.5.JNS172948.

133. Liang, L.; Tao, Y.-X. Expression of Acetyl-Histone H3 and Acetyl-Histone
H4 in Dorsal Root Ganglion and Spinal Dorsal Horn in Rat Chronic Pain Models. Life
Sci 2018, 211, 182—188, doi:10.1016/5.1f5.2018.09.029.

134. Zhao, Y.-T.; Deng, J.; Liu, H.-M.; Wei, J.-Y.; Fan, H.-T.; Liu, M.; Xu, T,
Chen, T.-F.; He, J.-Y.; Sun, W.-M.; et al. Adaptation of Prelimbic Cortex Mediated by
IL-6/STAT3/Acp5S Pathway Contributes to the Comorbidity of Neuropathic Pain and

94



Depression in Rats. J Neuroinflammation 2022, 19, 144, doi:10.1186/s12974-022-
02503-0.

135. Ding, H.-H.; Zhang, S.-B.; Lv, Y.-Y.; Ma, C.; Liu, M.; Zhang, K.-B.; Ruan,
X.-C.; Wei, J.-Y.; Xin, W.-J.; Wu, S.-L. TNF-o/STAT3 Pathway Epigenetically
Upregulates Nav1.6 Expression in DRG and Contributes to Neuropathic Pain Induced
by L5-VRT. J Neuroinflammation 2019, 16, 29, doi:10.1186/s12974-019-1421-8.

136. Li, Z.; Sun, T.; He, Z.; Li, Z.; Zhang, W.; Wang, J.; Xiang, H. SCFAs
Ameliorate Chronic Postsurgical Pain-Related Cognition Dysfunction via the ACSS2-
HDAC?2 Axis in Rats. Mol Neurobiol 2022, 59, 6211-6227, doi:10.1007/s12035-022-
02971-8.

137. Guan, L.; Shi, X.; Tang, Y.; Yan, Y.; Chen, L.; Chen, Y.; Gao, G.; Lin, C.;
Chen, A. Contribution of Amygdala Histone Acetylation in Early Life Stress-Induced
Visceral Hypersensitivity and Emotional Comorbidity. Front Neurosci 2022, 16, 843396,
doi:10.3389/tnins.2022.843396.

138. Miao, J.; Chen, Z.; Wu, Y.; Hu, Q.; Ji, T. Sp1 Inhibits PGC-1a via HDAC2-
Catalyzed Histone Deacetylation in Chronic Constriction Injury-Induced Neuropathic
Pain. ACS Chem Neurosci 2022, 13, 3438-3452, doi:10.1021/acschemneuro.2¢00440.

139. Lin, T.-B.; Hsieh, M.-C.; Lai, C.-Y.; Cheng, J.-K.; Wang, H.-H.; Chau, Y.-P,;
Chen, G.-D.; Peng, H.-Y. Melatonin Relieves Neuropathic Allodynia through Spinal
MT2-Enhanced PP2Ac and Downstream HDAC4 Shuttling-Dependent Epigenetic
Modification of Hmgbl Transcription. J Pineal Res 2016, 60, 263-276,
doi:10.1111/jpi.12307.

140. Gu, P; Fan, T.; Wong, S.S.C.; Pan, Z.; Tai, W.L.; Chung, S.K.; Cheung, C.W.
Central Endothelin-1 Confers Analgesia by Triggering Spinal Neuronal Histone
Deacetylase 5 (HDACS) Nuclear Exclusion in Peripheral Neuropathic Pain in Mice. J
Pain 2021, 22, 454471, doi:10.1016/j.jpain.2020.12.004.

141. Fan, T.; Yu, Y.; Chen, Y.-L.; Gu, P.; Wong, S.; Xia, Z.-Y.; Liu, J.A.; Cheung,
C.-W. Histone Deacetylase 5-Induced Deficiency of Signal Transducer and Activator of
Transcription-3 Acetylation Contributes to Spinal Astrocytes Degeneration in Painful
Diabetic Neuropathy. Glia 2023, 71, 1099—-1119, doi:10.1002/glia.24328.

142. Zhou, C.; Zhang, Y.; Jiao, X.; Wang, G.; Wang, R.; Wu, Y. SIRT3 Alleviates
Neuropathic Pain by Deacetylating FoxO3a in the Spinal Dorsal Horn of Diabetic Model
Rats. Reg Anesth Pain Med 2021, 46, 49-56, doi:10.1136/rapm-2020-101918.

143. Xu, L.-J.; Wang, J.; Li, Y.-D.; Shen, K.-F.; He, X.-H.; Wu, W.; Liu, C.-C.
Reduction of SIRT1-Mediated Epigenetic Upregulation of Navl.7 Contributes to
Oxaliplatin-Induced Neuropathic Pain. Pain Physician 2023, 26, E213-E222.

144, Zhou, C.; Wu, Y.; Ding, X.; Shi, N.; Cai, Y.; Pan, Z.Z. SIRT1 Decreases
Emotional Pain Vulnerability with Associated CaMKIlo Deacetylation in Central
Amygdala. J Neurosci 2020, 40, 2332-2342, doi:10.1523/INEUROSCI.1259-19.2020.

95



145. Weng, H.-R.; Taing, K.; Chen, L.; Penney, A. EZH2 Methyltransferase
Regulates Neuroinflammation and Neuropathic Pain. Cells 2023, 12, 1058,
doi:10.3390/cells12071058.

146. Yadav, R.; Weng, H.-R. EZH2 Regulates Spinal Neuroinflammation in Rats
with Neuropathic Pain. Neuroscience 2017, 349, 106-117,
doi:10.1016/j.neuroscience.2017.02.041.

147. Chen, H.; Yu, J.; Hang, L.; Li, S.; Lu, W.; Xu, Z. Evidence of the Involvement
of Spinal EZH2 in the Development of Bone Cancer Pain in Rats. J Pain Res 2021, 14,
3593-3600, doi:10.2147/JPR.S331114.

148. An, Q.; Sun, C.; Li, R.; Chen, S.; Gu, X.; An, S.; Wang, Z. Calcitonin Gene-
Related Peptide Regulates Spinal Microglial Activation through the Histone H3 Lysine
27 Trimethylation via Enhancer of Zeste Homolog-2 in Rats with Neuropathic Pain. J
Neuroinflammation 2021, 18, 117, doi:10.1186/s12974-021-02168-1.

149. Meng, X.-L.; Fu, P.; Wang, L.; Yang, X.; Hong, G.; Zhao, X.; Lao, J. Increased
EZH2 Levels in Anterior Cingulate Cortex Microglia Aggravate Neuropathic Pain by
Inhibiting Autophagy Following Brachial Plexus Avulsion in Rats. Neurosci Bull 2020,
36, 793-805, doi:10.1007/512264-020-00502-w.

150. Chen, S.-H.; Lin, Y.-W.; Tseng, W.-L.; Lin, W.-T.; Lin, S.-C.; Hsueh, Y.-Y.
Ultrahigh Frequency Transcutaneous Electrical Nerve Stimulation for Neuropathic Pain
Alleviation and Neuromodulation. Neurotherapeutics 2024, 21, 00336,
doi:10.1016/j.neurot.2024.e00336.

151. Gao, P.; Zeng, X.; Zhang, L.; Wang, L.; Shen, L.-L.; Hou, Y.-Y.; Zhou, F.;
Zhang, X. Overexpression of miR-378 Alleviates Chronic Sciatic Nerve Injury by
Targeting EZH2. Neurochem Res 2021, 46,3213-3221, doi:10.1007/s11064-021-03424-
9.

152. Zhang, Y.; Liu, H.-L.; An, L.-J.; Li, L.; Wei, M.; Ge, D.-J.; Su, Z. miR-124-
3p Attenuates Neuropathic Pain Induced by Chronic Sciatic Nerve Injury in Rats via
Targeting EZH2. J Cell Biochem 2019, 120, 5747-5755, doi:10.1002/jcb.27861.

153. Zhang, Z.; Sun, X.; Zhao, G.; Ma, Y.; Zeng, G. LncRNA Embryonic Stem
Cells Expressed 1 (Lncencl) Is Identified as a Novel Regulator in Neuropathic Pain by
Interacting with EZH2 and Downregulating the Expression of Bail in Mouse Microglia.
Exp Cell Res 2021, 399, 112435, doi:10.1016/j.yexcr.2020.112435.

154. Kalpachidou, T.; Kummer, K.K.; Kress, M. Non-Coding RNAs in
Neuropathic Pain. Neuronal Signal 2020, 4, NS20190099, doi:10.1042/NS20190099.

155. Yang, X.; Huang, X.; Lu, W.; Yan, F.; Ye, Y.; Wang, L.; Tang, X.; Zeng, W.;
Huang, J.; Xie, J. Transcriptome Profiling of miRNA-mRNA Interactions and Associated
Mechanisms in Chemotherapy-Induced Neuropathic Pain. Mol Neurobiol 2023, 60,
5672-5690, doi:10.1007/s12035-023-03398-5.

156. Yan, X.-T.; Ji, L.-J.; Wang, Z.; Wu, X.; Wang, Q.; Sun, S.; Lu, J.-M.; Zhang,
Y. MicroRNA-93 Alleviates Neuropathic Pain through Targeting Signal Transducer and

96



Activator of Transcription 3. [Int Immunopharmacol 2017, 46, 156-162,
doi:10.1016/j.intimp.2017.01.027.

157. Sabirzhanov, B.; Li, Y.; Coll-Miro, M.; Matyas, J.J.; He, J.; Kumar, A.; Ward,
N.; Yu, J.; Faden, A.L.; Wu, J. Inhibition of NOX2 Signaling Limits Pain-Related
Behavior and Improves Motor Function in Male Mice after Spinal Cord Injury:
Participation of IL-10/miR-155 Pathways. Brain Behav Immun 2019, 80, 73-87,
doi:10.1016/5.bbi.2019.02.024.

158. Qi, R.; Cao, J.; Sun, Y.; Li, Y.; Huang, Z.; Jiang, D.; Jiang, X.-H.; Snutch,
T.P.; Zhang, Y.; Tao, J. Histone Methylation-Mediated microRNA-32-5p down-
Regulation in Sensory Neurons Regulates Pain Behaviors via Targeting Cav3.2
Channels. Proc Natl Acad Sci U S A4 2022, 119, 2117209119,
doi:10.1073/pnas.2117209119.

159. Peng, C.; Li, L.; Zhang, M.-D.; Bengtsson Gonzales, C.; Parisien, M.; Belfer,
I.; Usoskin, D.; Abdo, H.; Furlan, A.; Héiring, M.; et al. miR-183 Cluster Scales
Mechanical Pain Sensitivity by Regulating Basal and Neuropathic Pain Genes. Science
2017, 356, 1168—1171, doi:10.1126/science.aam7671.

160. Pan, Z.; Du, S.; Wang, K.; Guo, X.; Mao, Q.; Feng, X.; Huang, L.; Wu, S.;
Hou, B.; Chang, Y.-J.; et al. Downregulation of a Dorsal Root Ganglion-Specifically
Enriched Long Noncoding RNA Is Required for Neuropathic Pain by Negatively
Regulating RALY-Triggered Ehmt2 Expression. Adv Sci (Weinh) 2021, 8, €2004515,
doi:10.1002/advs.202004515.

161. Du, S.; Wu, S.; Feng, X.; Wang, B.; Xia, S.; Liang, L.; Zhang, L.;
Govindarajalu, G.; Bunk, A.; Kadakia, F.; et al. A Nerve Injury-Specific Long Noncoding
RNA Promotes Neuropathic Pain by Increasing Ccl2 Expression. J Clin Invest 2022,
132, 153563, doi:10.1172/JCI153563.

162. Zhang, S.-B.; Lin, S.-Y.; Liu, M.; Liu, C.-C.; Ding, H.-H.; Sun, Y.; Ma, C,;
Guo, R.-X.; Lv, Y.-Y,; Wu, S.-L.; et al. CircAnksla in the Spinal Cord Regulates
Hypersensitivity in a Rodent Model of Neuropathic Pain. Nat Commun 2019, 10, 4119,
doi:10.1038/s41467-019-12049-0.

163. Sun, N.; Yu, L.; Gao, Y.; Ma, L.; Ren, J.; Liu, Y.; Gao, D.S.; Xie, C.; Wu, Y.;
Wang, L.; et al. MeCP2 Epigenetic Silencing of Oprml Gene in Primary Sensory
Neurons Under Neuropathic Pain Conditions. Front Neurosci 2021, 15, 743207,
doi:10.3389/thins.2021.743207.

164. Francés, R.; Mata-Garrido, J.; de la Fuente, R.; Carcelén, M.; Lafarga, M.;
Berciano, M.T.; Garcia, R.; Hurlé¢, M.A.; Tramullas, M. Identification of Epigenetic
Interactions between MicroRNA-30c-5p and DNA Methyltransferases in Neuropathic
Pain. Int J Mol Sci 2022, 23, 13994, doi:10.3390/ijms232213994.

165. Hong, S.; Zheng, G.; Wiley, J.W. Epigenetic Regulation of Genes That
Modulate Chronic Stress-Induced Visceral Pain in the Peripheral Nervous System.
Gastroenterology 2015, 148, 148-157.e7, doi:10.1053/j.gastro.2014.09.032.

166. Wu, X.; Xu, M.; Geng, M.; Chen, S.; Little, P.J.; Xu, S.; Weng, J. Targeting
Protein Modifications in Metabolic Diseases: Molecular Mechanisms and Targeted

97



Therapies. Signal Transduct Target Ther 2023, 8, 220, doi:10.1038/s41392-023-01439-
y.

167. Kerth, C.M.; Hautvast, P.; Korner, J.; Lampert, A.; Meents, J.E.
Phosphorylation of a Chronic Pain Mutation in the Voltage-Gated Sodium Channel
Navl.7 Increases Voltage Sensitivity. J Biol Chem 2021, 296, 100227,
doi:10.1074/jbc.RA120.014288.

168. Sulak, M.A.; Ghosh, M.; Sinharoy, P.; Andrei, S.R.; Damron, D.S.
Modulation of TRPA1 Channel Activity by Cdk5 in Sensory Neurons. Channels (Austin)
2018, 12, 65-75, doi:10.1080/19336950.2018.1424282.

169. Rivera, B.; Moreno, C.; Lavanderos, B.; Hwang, J.Y.; Fernandez-Trillo, J.;
Park, K.-S.; Orio, P.; Viana, F.; Madrid, R.; Pertusa, M. Constitutive Phosphorylation as
a Key Regulator of TRPM8 Channel Function. J Neurosci 2021, 41, 8475-8493,
doi:10.1523/JNEUROSCI.0345-21.2021.

170. Yang, H.-B.; Yang, X.; Cao, J.; Li, S.; Liu, Y.-N.; Suo, Z.-W.; Cui, H.-B.; Guo,
Z.; Hu, X.-D. cAMP-Dependent Protein Kinase Activated Fyn in Spinal Dorsal Horn to
Regulate NMDA Receptor Function during Inflammatory Pain. J Neurochem 2011, 116,
93-104, doi:10.1111/5.1471-4159.2010.07088.x.

171. Kimura, Y.; Hayashi, Y.; Hitomi, S.; Ikutame, D.; Urata, K.; Shibuta, I.; Sakai,
A.; Ni, J.; Iwata, K.; Tonogi, M.; et al. IL-33 Induces Orofacial Neuropathic Pain through
Fyn-Dependent Phosphorylation of GIuN2B in the Trigeminal Spinal Subnucleus
Caudalis. Brain Behav Immun 2022, 99, 266—280, do0i:10.1016/j.bbi.2021.10.013.

172. X, X.; Xt, Z.; Le, X.; Lp, Y.; Fy, L.; J, C.; Ff, L.; Jg, K.; Gg, X.; M, Y,; et al.
Shp-1 Dephosphorylates TRPV1 in Dorsal Root Ganglion Neurons and Alleviates CFA-
Induced Inflammatory Pain in Rats. Pain 2015, 156,
doi:10.1097/01.j.pain.0000460351.30707.c4.

173. Chen, G.; Kim, Y.H.; Li, H.; Luo, H.; Liu, D.-L.; Zhang, Z.-J.; Lay, M.;
Chang, W.; Zhang, Y.-Q.; Ji, R.-R. PD-L1 Inhibits Acute and Chronic Pain by
Suppressing Nociceptive Neuron Activity via PD-1. Nat Neurosci 2017, 20, 917-926,
doi:10.1038/nn.4571.

174. Liu, B.-L.; Cao, Q.-L.; Zhao, X.; Liu, H.-Z.; Zhang, Y.-Q. Inhibition of
TRPV1 by SHP-1 in Nociceptive Primary Sensory Neurons Is Critical in PD-L1
Analgesia. JCI Insight 2020, 5, €137386, 137386, doi:10.1172/jci.insight.137386.

175. Zhang, Z.-Y.; Bai, H.-H.; Guo, Z.; Li, H.-L.; Diao, X.-T.; Zhang, T.-Y.; Yao,
L.; Ma, J.-].; Cao, Z.; Li, Y.-X.; et al. Ubiquitination and Functional Modification of
GluN2B Subunit-Containing NMDA Receptors by Cbl-b in the Spinal Cord Dorsal
Horn. Sci Signal 2020, 13, eaaw1519, doi:10.1126/scisignal.aaw1519.

176. Chen, H.-K.; Li, Y.-Z.; Ge, A.-N.; Zhu, Y.-B.; Wu, S.-J.; Bai, X.; Bai, H.-H.;
Liu, Y.-N. Cbl-b Modulated TrkA Ubiquitination and Function in the Dorsal Root
Ganglion of Mice. Eur J  Pharmacol 2022, 921, 174876,
doi:10.1016/j.ejphar.2022.174876.

98



177. Gautam, V.; Trinidad, J.C.; Rimerman, R.A.; Costa, B.M.; Burlingame, A.L.;
Monaghan, D.T. Nedd4 Is a Specific E3 Ubiquitin Ligase for the NMDA Receptor
Subunit GIluN2D. Neuropharmacology 2013, 74, 96-107,
doi:10.1016/j.neuropharm.2013.04.035.

178. Wang, C.; Chen, R.; Zhu, X.; Zhang, X. Suberoylanilide Hydroxamic Acid
Ameliorates Pain Sensitization in Central Neuropathic Pain After Spinal Cord Injury via
the HDACS/NEDD4/SCN9A Axis. Neurochem Res 2023, 48, 2436-2450,
doi:10.1007/s11064-023-03913-z.

179. Wang, S.; Qi, S.; Kogure, Y.; Kanda, H.; Tian, L.; Yamamoto, S.; Noguchi,
K.; Dai, Y. The Ubiquitin E3 Ligase Nedd4-2 Relieves Mechanical Allodynia through
the Ubiquitination of TRPA1 Channel in Db/Db Mice. Eur J Neurosci 2021, 53, 1691—
1704, doi:10.1111/ejn.15062.

180. Garcia-Caballero, A.; Gadotti, V.M.; Stemkowski, P.; Weiss, N.; Souza, I.A.;
Hodgkinson, V.; Bladen, C.; Chen, L.; Hamid, J.; Pizzoccaro, A.; et al. The
Deubiquitinating Enzyme USP5 Modulates Neuropathic and Inflammatory Pain by
Enhancing Cav3.2  Channel Activity. Neuwron 2014, 83, 1144-1158,
doi:10.1016/j.neuron.2014.07.036.

181. Stemkowski, P.L.; Garcia-Caballero, A.; Gadotti, V.M.; M’Dahoma, S.; Chen,
L.; Souza, .A.; Zamponi, G.W. Identification of Interleukin-1 Beta as a Key Mediator
in the Upregulation of Cav3.2-USPS5 Interactions in the Pain Pathway. Mol Pain 2017,
13, 1744806917724698, doi:10.1177/1744806917724698.

182. Stemkowski, P.; Garcia-Caballero, A.; Gadotti, V.D.M.; M’Dahoma, S.;
Huang, S.; Black, S.A.G.; Chen, L.; Souza, .A.; Zhang, Z.; Zamponi, G.W. TRPV1
Nociceptor Activity Initiates USPS5/T-Type Channel-Mediated Plasticity. Cell Rep 2016,
17,2901-2912, doi:10.1016/j.celrep.2016.11.047.

183. Vertegaal, A.C.O. Signalling Mechanisms and Cellular Functions of SUMO.
Nat Rev Mol Cell Biol 2022, 23, 715-731, doi:10.1038/s41580-022-00500-y.

184. Moutal, A.; Cai, S.; Yu, J.; Stratton, H.J.; Chefdeville, A.; Gomez, K.; Ran,
D.; Madura, C.L.; Boinon, L.; Soto, M.; et al. Studies on CRMP2 SUMUOylation-
Deficient Transgenic Mice Identify Sex-Specific Nav1.7 Regulation in the Pathogenesis
of Chronic Neuropathic Pain. Pain 2020, 161, 2629-2651,
doi:10.1097/j.pain.0000000000001951.

185. Francois-Moutal, L.; Dustrude, E.T.; Wang, Y.; Brustovetsky, T.; Dorame, A.;
Ju, W.; Moutal, A.; Perez-Miller, S.; Brustovetsky, N.; Gokhale, V.; et al. Inhibition of
the Ubc9 E2 SUMO-Conjugating Enzyme-CRMP2 Interaction Decreases NaV1.7
Currents and Reverses Experimental Neuropathic Pain. Pain 2018, 159, 2115-2127,
doi:10.1097/j.pain.0000000000001294.

186. Moutal, A.; Dustrude, E.T.; Largent-Milnes, T.M.; Vanderah, T.W.; Khanna,
M.; Khanna, R. Blocking CRMP2 SUMOylation Reverses Neuropathic Pain. Mol
Psychiatry 2018, 23, 2119-2121, doi:10.1038/mp.2017.117.

99



187. Dustrude, E.T.; Moutal, A.; Yang, X.; Wang, Y.; Khanna, M.; Khanna, R.
Hierarchical CRMP2 Posttranslational Modifications Control NaV1.7 Function. Proc
Natl Acad Sci U S A 2016, 113, E8443—E8452, doi:10.1073/pnas.1610531113.

188. Loya-Lopez, S.I.; Allen, H.N.; Duran, P.; Calderon-Rivera, A.; Gomez, K.;
Kumar, U.; Shields, R.; Zeng, R.; Dwivedi, A.; Saurabh, S.; et al. Intranasal CRMP2-
Ubc9 Inhibitor Regulates Na V 1.7 to Alleviate Trigeminal Neuropathic Pain. Pain 2024,
165, 573588, doi:10.1097/1.pain.0000000000003053.

189. Huang, Y.; Lu, S.; Chen, Y.; Feng, Y.; Lu, W. Morphine Induces HADHA
Succinylation, While HADHA Desuccinylation Alleviates Morphine Tolerance by
Influencing Autophagy. Naunyn Schmiedebergs Arch Pharmacol 2024, 397, 1589-1600,
do0i:10.1007/s00210-023-02697-x.

190. Cao, Y.; Wang, W.; Zhan, X.; Zhang, Y. PRDX6: A Protein Bridging S-
Palmitoylation and Diabetic Neuropathy. Front Endocrinol (Lausanne) 2022, 13,
992875, doi:10.3389/fend0.2022.992875.

191. Ilari, S.; Giancotti, L.A.; Lauro, F.; Dagostino, C.; Gliozzi, M.; Malafoglia,
V.; Sansone, L.; Palma, E.; Tafani, M.; Russo, M.A.; et al. Antioxidant Modulation of
Sirtuin 3 during Acute Inflammatory Pain: The ROS Control. Pharmacol Res 2020, 157,
104851, doi:10.1016/j.phrs.2020.104851.

192. Janes, K.; Esposito, E.; Doyle, T.; Cuzzocrea, S.; Tosh, D.K.; Jacobson, K.A.;
Salvemini, D. A3 Adenosine Receptor Agonist Prevents the Development of Paclitaxel-
Induced Neuropathic Pain by Modulating Spinal Glial-Restricted Redox-Dependent
Signaling Pathways. Pain 2014, 155, 2560-2567, doi:10.1016/j.pain.2014.09.016.

193. Hou, K.; Wu, Z.-X.; Chen, X.-Y.; Wang, J.-Q.; Zhang, D.; Xiao, C.; Zhu, D.;
Koya, J.B.; Wei, L.; Li, J.; et al. Microbiota in Health and Diseases. Signal Transduct
Target Ther 2022, 7, 135, doi:10.1038/s41392-022-00974-4.

194. Wouters, M.M.; Balemans, D.; Van Wanrooy, S.; Dooley, J.; Cibert-Goton,
V.; Alpizar, Y.A.; Valdez-Morales, E.E.; Nasser, Y.; Van Veldhoven, P.P.; Vanbrabant, W.;
et al. Histamine Receptor Hl1-Mediated Sensitization of TRPV1 Mediates Visceral
Hypersensitivity and Symptoms in Patients With Irritable Bowel Syndrome.
Gastroenterology 2016, 150, 875-887.¢9, doi:10.1053/j.gastro.2015.12.034.

195. Hoffmann, K.M.; Gruber, E.; Deutschmann, A.; Jahnel, J.; Hauer, A.C.
Histamine Intolerance in Children with Chronic Abdominal Pain. Arch Dis Child 2013,
98, 832-833, doi:10.1136/archdischild-2013-305024.

196. De Palma, G.; Shimbori, C.; Reed, D.E.; Yu, Y.; Rabbia, V.; Lu, J.; Jimenez-
Vargas, N.; Sessenwein, J.; Lopez-Lopez, C.; Pigrau, M.; et al. Histamine Production by
the Gut Microbiota Induces Visceral Hyperalgesia through Histamine 4 Receptor
Signaling in Mice. Sci Transl Med 2022, 14, eabj1895,
doi:10.1126/scitranslmed.abj1895.

197. Dansereau, M.-A.; Midavaine, E.; Bégin-Lavallée, V.; Belkouch, M.;
Beaudet, N.; Longpré, J.-M.; Mélik-Parsadaniantz, S.; Sarret, P. Mechanistic Insights
into the Role of the Chemokine CCL2/CCR2 Axis in Dorsal Root Ganglia to Peripheral

100



Inflammation and Pain Hypersensitivity. J Neuroinflammation 2021, 18, 79,
doi:10.1186/s12974-021-02125-y.

198. Lee, J.; Lee, G.; Ko, G.; Joong Lee, S. Nerve Injury-Induced Gut Dysbiosis
Contributes to Spinal Cord TNF-a Expression and Nociceptive Sensitization. Brain
Behav Immun 2023, 110, 155-161, doi:10.1016/j.bbi.2023.03.005.

199. Labus, J.S.; Osadchiy, V.; Hsiao, E.Y.; Tap, J.; Derrien, M.; Gupta, A.;
Tillisch, K.; Le Nevé, B.; Grinsvall, C.; Ljungberg, M.; et al. Evidence for an Association
of Gut Microbial Clostridia with Brain Functional Connectivity and Gastrointestinal

Sensorimotor Function in Patients with Irritable Bowel Syndrome, Based on Tripartite
Network Analysis. Microbiome 2019, 7, 45, doi:10.1186/s40168-019-0656-z.

200. Roshchina, V.V. New Trends and Perspectives in the Evolution of
Neurotransmitters in Microbial, Plant, and Animal Cells. Adv Exp Med Biol 2016, 874,
25-77, doi:10.1007/978-3-319-20215-0 2.

201. Feng, C.-C.; Yan, X.-J.; Chen, X.; Wang, E.-M.; Liu, Q.; Zhang, L.-Y.; Chen,
J.; Fang, J.-Y.; Chen, S.-L. Vagal Anandamide Signaling via Cannabinoid Receptor 1
Contributes to Luminal 5-HT Modulation of Visceral Nociception in Rats. Pain 2014,
155, 1591-1604, doi:10.1016/j.pain.2014.05.005.

202. Ling, X.; Peng, S.; Zhong, J.; Guo, L.; Xu, Y.; Jin, X.; Chu, F. Effects of
Chang-Kang-Fang Formula on the Microbiota-Gut-Brain Axis in Rats With Irritable
Bowel Syndrome. Front Pharmacol 2022, 13, 778032, doi:10.3389/fphar.2022.778032.

203. Clos-Garcia, M.; Andrés-Marin, N.; Fernandez-Eulate, G.; Abecia, L.; Lavin,
J.L.; van Liempd, S.; Cabrera, D.; Royo, F.; Valero, A.; Errazquin, N.; et al. Gut
Microbiome and Serum Metabolome Analyses Identify Molecular Biomarkers and
Altered Glutamate Metabolism in Fibromyalgia. EBioMedicine 2019, 46, 499-511,
doi:10.1016/j.ebiom.2019.07.031.

204. Laroute, V.; Beaufrand, C.; Gomes, P.; Nouaille, S.; Tondereau, V.; Daveran-
Mingot, M.-L.; Theodorou, V.; Eutamene, H.; Mercier-Bonin, M.; Cocaign-Bousquet,
M. Lactococcus Lactis NCDO2118 Exerts Visceral Antinociceptive Properties in Rat via
GABA Production in the Gastro-Intestinal Tract. Elife 2022, 11, 77100,
doi:10.7554/eLife.77100.

205. Lagomarsino, V.N.; Kostic, A.D.; Chiu, .M. Mechanisms of Microbial—
Neuronal Interactions in Pain and Nociception. Neurobiol Pain 2020, 9, 100056,
doi:10.1016/j.ynpai.2020.100056.

206. Fy, T.; N, N.-M.; Ja, D. The CNS Role of Toll-like Receptor 4 in Innate
Neuroimmunity and Painful Neuropathy. Proceedings of the National Academy of
Sciences of the United States of America 2005, 102, doi:10.1073/pnas.0501634102.

207. Diogenes, A.; Ferraz, C.C.R.; Akopian, A.N.; Henry, M.A.; Hargreaves, K.M.
LPS Sensitizes TRPV1 via Activation of TLR4 in Trigeminal Sensory Neurons. J Dent
Res 2011, 90, 759764, do0i:10.1177/0022034511400225.

101



208. Tramullas, M.; Finger, B.C.; Dinan, T.G.; Cryan, J.F. Obesity Takes Its Toll
on Visceral Pain: High-Fat Diet Induces Toll-Like Receptor 4-Dependent Visceral
Hypersensitivity. PLoS One 2016, 11, e0155367, doi:10.1371/journal.pone.0155367.

2009. Mallaret, G.; Lashermes, A.; Meleine, M.; Boudieu, L.; Barbier, J.; Aissouni,
Y.; Gelot, A.; Chassaing, B.; Gewirtz, A.T.; Ardid, D.; et al. Involvement of Toll-like
Receptor 5 in Mouse Model of Colonic Hypersensitivity Induced by Neonatal Maternal
Separation. World J Gastroenterol 2022, 28, 3903-3916, doi:10.3748/wjg.v28.129.3903.

210. Xu, Z.-Z.; Kim, Y.H.; Bang, S.; Zhang, Y.; Berta, T.; Wang, F.; Oh, S.B.; Ji,
R.-R. Inhibition of Mechanical Allodynia in Neuropathic Pain by TLR5-Mediated A-
Fiber Blockade. Nat Med 2015, 21, 1326—-1331, doi:10.1038/nm.3978.

211. Shao, J.; Yu, W.; Wei, W.; Wang, S.; Zheng, Z.; Li, L.; Sun, Y.; Zhang, J.; Li,
Z.; Ren, X.; et al. MAPK-ERK-CREB Signaling Pathway Upregulates Navl.6 in
Oxaliplatin-Induced Neuropathic Pain in the Rat. Toxicol Lett 2023, 384, 149-160,
doi:10.1016/j.tox1et.2023.07.010.

212. Tyagi, S.; Higerd-Rusli, G.P.; Ghovanloo, M.-R.; Dib-Hajj, F.; Zhao, P.; Liu,
S.; Kim, D.-H.; Shim, J.S.; Park, K.-S.; Waxman, S.G.; et al. Compartment-Specific
Regulation of NaV1.7 in Sensory Neurons after Acute Exposure to TNF-a. Cell Rep
2024, 43, 113685, doi:10.1016/j.celrep.2024.113685.

213. de Lima, F.O.; Lauria, P.S.S.; do Espirito-Santo, R.F.; Evangelista, A.F.;
Nogueira, T.M.O.; Araldi, D.; Soares, M.B.P.; Villarreal, C.F. Unveiling Targets for
Treating Postoperative Pain: The Role of the TNF-a/P38 MAPK/NF-«kB/Nav1.8 and
Nav1.9 Pathways in the Mouse Model of Incisional Pain. /nt J Mol Sci 2022, 23, 11630,
doi:10.3390/ijms231911630.

214. Chaumette, T.; Delay, L.; Barbier, J.; Boudieu, L.; Aissouni, Y.; Meleine, M.;
Lashermes, A.; Legha, W.; Antraigue, S.; Carvalho, F.A.; et al. C-Jun/p38MAPK/ASIC3
Pathways Specifically Activated by Nerve Growth Factor through TrkA Are Crucial for
Mechanical ~ Allodynia Development. Pain 2020, 161, 1109-1123,
doi:10.1097/j.pain.0000000000001808.

215. Dai, W.-L.; Yan, B.; Bao, Y.-N.; Fan, J.-F.; Liu, J.-H. Suppression of
Peripheral NGF Attenuates Neuropathic Pain Induced by Chronic Constriction Injury
through the TAK1-MAPK/NF-kB Signaling Pathways. Cell Commun Signal 2020, 18,
66, doi:10.1186/512964-020-00556-3.

216. Reichl, S.; Segelcke, D.; Keller, V.; Jonas, R.; Boecker, A.; Wenk, M.; Evers,
D.; Zahn, P.K.; Pogatzki-Zahn, E.M. Activation of Glial Glutamate Transporter via
MAPK P38 Prevents Enhanced and Long-Lasting Non-Evoked Resting Pain after
Surgical Incision in Rats.  Neuropharmacology 2016, 105, 607-617,
doi:10.1016/j.neuropharm.2016.02.024.

217. Zhang, T.; Zhang, R.; Xu, B.; Zhang, M.; Zhang, Q.; Li, N.; Qiu, Y.; Chen,
D.; Xu, K.; Xiao, J.; et al. Spinal Endomorphins Attenuate Burn-Injury Pain in Male
Mice by Inhibiting P38 MAPK Signaling Pathway through the Mu-Opioid Receptor. Eur
J Pharmacol 2021, 903, 174139, doi:10.1016/j.ejphar.2021.174139.

102



218. Zhang, S.; Li, Y.; Tu, Y. Lidocaine Attenuates CFA-Induced Inflammatory
Pain in Rats by Regulating the MAPK/ERK/NF-kB Signaling Pathway. Exp Ther Med
2021, 217,211, doi:10.3892/etm.2021.9643.

219. Wu, D.; Wang, P.; Zhao, C.; Su, J.; Zhang, J.; Ma, W.; Zhang, Y.; Xu, H. Levo-
Tetrahydropalmatine Ameliorates Neuropathic Pain by Inhibiting the Activation of the
Clec7a-MAPK/NF-kB-NLRP3 Inflammasome Axis. Phytomedicine 2023, 121, 155075,
doi:10.1016/j.phymed.2023.155075.

220. Ling, Y.; Nie, D.; Huang, Y.; Deng, M.; Liu, Q.; Shi, J.; Ouyang, S.; Yang, Y.;
Deng, S.; Lu, Z.; et al. Antioxidant Cascade Nanoenzyme Antagonize Inflammatory Pain
by Modulating MAPK/p-65 Signaling Pathway. Advanced Science 2023, 10, 2206934,
doi:10.1002/advs.202206934.

221. Shin, J.; Yin, Y.; Park, H.; Park, S.; Triantafillu, U.L.; Kim, Y.; Kim, S.R.;
Lee, S.Y.; Kim, D.K.; Hong, J.; et al. P38 siRNA-Encapsulated PLGA Nanoparticles
Alleviate Neuropathic Pain Behavior in Rats by Inhibiting Microglia Activation.
Nanomedicine (Lond) 2018, 13, 1607-1621, doi:10.2217/nnm-2018-0054.

222, Tang, Y.; Chen, Y.; Liu, R.; Li, W.; Hua, B.; Bao, Y. Wnt Signaling Pathways:
A Role in Pain Processing. Neuromolecular Med 2022, 24, 233-249,
doi:10.1007/s12017-021-08700-z.

223. Kim, H.K.; Bae, J.; Lee, S.H.; Hwang, S.-H.; Kim, M.-S.; Kim, M.J.; Jun, S.;
Cervantes, C.L.; Jung, Y.-S.; Back, S.; et al. Blockers of Wnt3a, Wnt10a, or B-Catenin
Prevent Chemotherapy-Induced Neuropathic Pain In Vivo. Neurotherapeutics 2021, 18,
601-614, doi:10.1007/s13311-020-00956-w.

224, Wei, M.; Li, L.; Zhang, Y.; Zhang, M.; Su, Z. Downregulated Circular RNA
zRANBI1 Mediates Wnt5a/B-Catenin Signaling to Promote Neuropathic Pain via miR-
24-3p/LPAR3 Axis in CCI Rat Models. Gene 2020, 761, 145038,
doi:10.1016/j.gene.2020.145038.

225. Xie, Y.-K.; Luo, H.; Zhang, S.-X.; Chen, X.-Y.; Guo, R.; Qiu, X.-Y.; Liu, S.;
Wu, H.; Chen, W.-B.; Zhen, X.-H.; et al. GPR177 in A-Fiber Sensory Neurons Drives
Diabetic Neuropathic Pain via WNT-Mediated TRPV1 Activation. Sci Transl Med 2022,
14, eabh2557, doi:10.1126/scitranslmed.abh2557.

226. Lu, Y.; Zhang, J.; Zeng, F.; Wang, P.; Guo, X.; Wang, H.; Qin, Z.; Tao, T.
Human PMSCs-Derived Small Extracellular Vesicles Alleviate Neuropathic Pain
through miR-26a-5p/Wnt5a in SNI Mice Model. Journal of Neuroinflammation 2022,
19,221, doi:10.1186/s12974-022-02578-9.

227. Tang, J.; Ji, Q.; Jin, L.; Tian, M.; Zhang, L.D.; Liu, X.Y. Secreted Frizzled-
Related Protein 1 Regulates the Progression of Neuropathic Pain in Mice Following
Spinal Nerve Ligation. J Cell Physiol 2018, 233, 5815-5822, doi1:10.1002/jcp.26358.

228. Zhang, Q.; Zhu, D.; Li, Q. LncRNA CRNDE Exacerbates Neuropathic Pain
in Chronic Constriction Injury-Induced(CCI) Rats through Regulating miR-146a-
Sp/WNTS5A Pathway. Bioengineered 2021, 12, 7348-7359,
doi:10.1080/21655979.2021.1972901.

103



229, Li, Y.-S.; Xi, Y.; Li, X.-J.; Leng, C.-L.; Jia, M.-M.; Zhang, W.K.; Tang, H.-B.
Up-Regulation of the Biosynthesis and Release of Substance P through Wnt/B-Catenin
Signaling Pathway in Rat Dorsal Root Ganglion Cells. PLoS One 2015, 10, 0129701,
doi:10.1371/journal.pone.0129701.

230. Bai, X.; Huang, Y.; Huang, W.; Zhang, Y.; Zhang, K.; Li, Y.; Ouyang, H.
Wnt3a/YTHDF1 Regulated Oxaliplatin-Induced Neuropathic Pain Via TNF-a/IL-18
Expression in the Spinal Cord. Cell Mol Neurobiol 2023, 43, 1583-1594,
doi:10.1007/s10571-022-01267-8.

231. Zhang, Z.-L.; Yu, G.; Peng, J.; Wang, H.-B.; Li, Y.-L.; Liang, X.-N.; Su, R.-
B.; Gong, Z.-H. Wntl/B-Catenin Signaling Upregulates Spinal VGLUT2 Expression to
Control Neuropathic Pain in Mice. Neuropharmacology 2020, 164, 107869,
doi:10.1016/j.neuropharm.2019.107869.

232. Zhang, Y.-K.; Huang, Z.-J.; Liu, S.; Liu, Y.-P.; Song, A.A.; Song, X.-J. WNT
Signaling Underlies the Pathogenesis of Neuropathic Pain in Rodents. J Clin Invest 2013,
123, 2268-2286, doi:10.1172/JC165364.

233. Wang, S.; Dai, Y. Roles of AMPK and Its Downstream Signals in Pain
Regulation. Life (Basel) 2021, 11, 836, doi:10.3390/1ife11080836.

234, Wang, S.; Kobayashi, K.; Kogure, Y.; Yamanaka, H.; Yamamoto, S.; Yagi, H.;
Noguchi, K.; Dai, Y. Negative Regulation of TRPA1 by AMPK in Primary Sensory
Neurons as a Potential Mechanism of Painful Diabetic Neuropathy. Diabetes 2018, 67,
98-109, doi:10.2337/db17-0503.

235. Lu, G.; Xiao, S.; Meng, F.; Zhang, L.; Chang, Y.; Zhao, J.; Gao, N.; Su, W.;
Guo, X.; Liu, Y.; et al. AMPK Activation Attenuates Central Sensitization in a Recurrent
Nitroglycerin-Induced Chronic Migraine Mouse Model by Promoting Microglial M2-
Type Polarization. J Headache Pain 2024, 25, 29, doi:10.1186/s10194-024-01739-w.

236. Chen, M.; Shin, M.; Ware, T.B.; Donvito, G.; Muchhala, K.H.; Mischel, R.;
Mustafa, M.A.; Serbulea, V.; Upchurch, C.M.; Leitinger, N.; et al. Endocannabinoid
Biosynthetic Enzymes Regulate Pain Response via LKB1-AMPK Signaling. Proc Natl
Acad Sci U S 42023, 120, 2304900120, doi:10.1073/pnas.2304900120.

237. Xiao, P.-Y.; Chen, J.-Y.; Zeng, Q.; Huang, Z.; Huang, B.-X.; Yu, J.; Liao, S.-
J. UNCS5B Overexpression Alleviates Peripheral Neuropathic Pain by Stimulating
Netrin-1-Dependent Autophagic Flux in Schwann Cells. Mol Neurobiol 2022, 59, 5041—
5055, doi:10.1007/s12035-022-02861-z.

238. Bai, J.; Geng, B.; Wang, X.; Wang, S.; Yi, Q.; Tang, Y.; Xia, Y. Exercise
Facilitates the M1-to-M2 Polarization of Microglia by Enhancing Autophagy via the
BDNF/AKT/mTOR Pathway in Neuropathic Pain. Pain Physician 2022, 25, E1137—-
E1151.

239, Li, T.; Liu, T.; Chen, X.; Li, L.; Feng, M.; Zhang, Y.; Wan, L.; Zhang, C.; Yao,
W. Microglia Induce the Transformation of A1/A2 Reactive Astrocytes via the
CXCR7/PI3K/Akt Pathway in Chronic Post-Surgical Pain. J Neuroinflammation 2020,
17,211, doi:10.1186/s12974-020-01891-5.

104



240. Wei, J.; Su, W.; Zhao, Y.; Wei, Z.; Hua, Y.; Xue, P.; Zhu, X.; Chen, Y.; Chen,
G. Maresin 1 Promotes Nerve Regeneration and Alleviates Neuropathic Pain after Nerve
Injury. J Neuroinflammation 2022, 19, 32, doi:10.1186/s12974-022-02405-1.

241. Wong, C.; Barkai, O.; Wang, F.; Perez, C.T.; Lev, S.; Cai, W.; Tansley, S.;
Yousefpour, N.; Hooshmandi, M.; Lister, K.C.; et al. mTORC2 Mediates Structural
Plasticity in Distal Nociceptive Endings That Contributes to Pain Hypersensitivity
Following Inflammation. J Clin Invest 2022, 132, €152635, doi:10.1172/JC1152635.

242, Qiao, L.; Tang, Q.; An, Z.; Qi, J. Minocycline Relieves Neuropathic Pain in
Rats with Spinal Cord Injury via Activation of Autophagy and Suppression of
PI3K/Akt/mTOR Pathway. Journal of Pharmacological Sciences 2023, 153, 12-21,
doi:10.1016/].jphs.2023.06.002.

243, Duan, B.; Liu, D.-S.; Huang, Y.; Zeng, W.-Z.; Wang, X.; Yu, H.; Zhu, M.X_;
Chen, Z.-Y.; Xu, T.-L. PI3-Kinase/Akt Pathway-Regulated Membrane Insertion of Acid-
Sensing lon Channel 1a Underlies BDNF-Induced Pain Hypersensitivity. J Neurosci
2012, 32, 6351-6363, doi:10.1523/INEUROSCI.4479-11.2012.

244, Zhong, Z.; Chen, A.; Fa, Z.; Ding, Z.; Xiao, L.; Wu, G.; Wang, Q.; Zhang, R.
Bone Marrow Mesenchymal Stem Cells Upregulate PI3K/AKT Pathway and down-
Regulate NF-xB Pathway by Secreting Glial Cell-Derived Neurotrophic Factors to
Regulate Microglial Polarization and Alleviate Deafferentation Pain in Rats. Neurobiol
Dis 2020, /43, 104945, doi:10.1016/j.nbd.2020.104945.

245, He, L.; Han, G.; Wu, S.; Du, S.; Zhang, Y.; Liu, W.; Jiang, B.; Zhang, L.; Xia,
S.; Jia, S.; et al. Toll-like Receptor 7 Contributes to Neuropathic Pain by Activating NF-
kB in Primary Sensory Neurons. Brain Behav Immun 2020, 87, 840-851,
doi:10.1016/5.bbi.2020.03.019.

246. Kaltschmidt, B.; Kaltschmidt, C. NF-kappaB in the Nervous System. Cold
Spring Harb Perspect Biol 2009, 1, a001271, doi:10.1101/cshperspect.a001271.

247. Hartung, J.E.; Eskew, O.; Wong, T.; Tchivileva, L.LE.; Oladosu, F.A.;
O’Buckley, S.C.; Nackley, A.G. Nuclear Factor-Kappa B Regulates Pain and COMT
Expression in a Rodent Model of Inflammation. Brain Behav Immun 2015, 50, 196202,
doi:10.1016/5.bbi.2015.07.014.

248. Scholz, J.; Woolf, C.J. Can We Conquer Pain? Nat Neurosci 2002, 5 Supp!,
1062-1067, doi:10.1038/nn942.

249, Zhang, Q.; Wang, J.; Duan, M.-T.; Han, S.-P.; Zeng, X.-Y.; Wang, J.-Y. NF-
kB, ERK, P38 MAPK and JNK Contribute to the Initiation and/or Maintenance of
Mechanical Allodynia Induced by Tumor Necrosis Factor-Alpha in the Red Nucleus.
Brain Research Bulletin 2013, 99, 132—139, doi:10.1016/j.brainresbull.2013.10.008.

250. Ahmad, A.H.; Ismail, Z. C-Fos and Its Consequences in Pain. Malays J Med
Sci 2002, 9, 3-8.

251. Corvello, C.M.; Metz, R.; Bravo, R.; Armelin, M.C. Expression and
Characterization of Mouse cFos Protein Using the Baculovirus Expression System:

105



Ability to Form Functional AP-1 Complex with Coexpressed cJun Protein. Cell Mol Biol
Res 1995, 41, 527-535.

252. Dubner, R.; Ruda, M.A. Activity-Dependent Neuronal Plasticity Following
Tissue Injury and Inflammation. Trends Neurosci 1992, 15, 96—-103, doi:10.1016/0166-
2236(92)90019-5.

253. Mori, T.; Miyamoto, T.; Yoshida, H.; Asakawa, M.; Kawasumi, M.;
Kobayashi, T.; Morioka, H.; Chiba, K.; Toyama, Y.; Yoshimura, A. IL-1p and TNFa-
Initiated IL-6-STAT3 Pathway Is Critical in Mediating Inflammatory Cytokines and
RANKL Expression in Inflammatory Arthritis. Int Immunol 2011, 23, 701-712,
doi:10.1093/intimm/dxr077.

254. Busch-Dienstfertig, M.; Gonzéalez-Rodriguez, S. IL-4, JAK-STAT Signaling,
and Pain. JAKSTAT 2013, 2, 27638, doi:10.4161/jkst.27638.

255. Simon, L.S.; Taylor, P.C.; Choy, E.H.; Sebba, A.; Quebe, A.; Knopp, K.L.;
Porreca, F. The Jak/STAT Pathway: A Focus on Pain in Rheumatoid Arthritis. Semin
Arthritis Rheum 2021, 51, 278-284, doi:10.1016/j.semarthrit.2020.10.008.

256. Souza Monteiro de Araujo, D.; Nassini, R.; Geppetti, P.; De Logu, F. TRPA1
as a Therapeutic Target for Nociceptive Pain. Expert Opin Ther Targets 2020, 24, 997—
1008, doi:10.1080/14728222.2020.1815191.

257. Fitzcharles, M.-A.; Cohen, S.P.; Clauw, D.J.; Littlejohn, G.; Usui, C.; Hiuser,
W. Nociplastic Pain: Towards an Understanding of Prevalent Pain Conditions. Lancet
2021, 397, 2098-2110, doi:10.1016/S0140-6736(21)00392-5.

258. Treede, R.-D.; Rief, W.; Barke, A.; Aziz, Q.; Bennett, M.1.; Benoliel, R.;
Cohen, M.; Evers, S.; Finnerup, N.B.; First, M.B.; et al. Chronic Pain as a Symptom or
a Disease: The IASP Classification of Chronic Pain for the International Classification
of Diseases (ICD-11). Pain 2019, 160, 19-27, doi:10.1097/1.pain.0000000000001384.

259. Hausteiner-Wiehle, C.; Henningsen, P. Nociplastic Pain Is Functional Pain.
Lancet 2022, 399, 1603-1604, doi:10.1016/S0140-6736(21)02500-9.

260. IASP Announces Revised Definition of Pain. International Association for
the Study of Pain (IASP).

261. Colloca, L.; Ludman, T.; Bouhassira, D.; Baron, R.; Dickenson, A.H.;
Yarnitsky, D.; Freeman, R.; Truini, A.; Attal, N.; Finnerup, N.B.; et al. Neuropathic Pain.
Nat Rev Dis Primers 2017, 3, 1-19, doi:10.1038/nrdp.2017.2.

262. Wiften, PJ.; Knaggs, R.; Derry, S.; Cole, P.; Phillips, T.; Moore, R.A.
Paracetamol (Acetaminophen) with or without Codeine or Dihydrocodeine for
Neuropathic Pain in Adults. Cochrane Database Syst Rev 2016, 12, CD012227,
doi:10.1002/14651858.CD012227.pub2.

263. Andrew, R.; Derry, S.; Taylor, R.S.; Straube, S.; Phillips, C.J. The Costs and
Consequences of Adequately Managed Chronic Non-Cancer Pain and Chronic
Neuropathic Pain. Pain Pract 2014, 14, 79-94, doi:10.1111/papr.12050.

106



264. von Hehn, C.A.; Baron, R.; Woolf, C.J. Deconstructing the Neuropathic Pain
Phenotype to Reveal Neural Mechanisms. Neuron 2012, 73, 638-652,
doi:10.1016/j.neuron.2012.02.008.

265. Torrance, N.; Smith, B.H.; Bennett, M.I.; Lee, A.J. The Epidemiology of
Chronic Pain of Predominantly Neuropathic Origin. Results from a General Population
Survey. J Pain 2006, 7, 281-289, doi:10.1016/.jpain.2005.11.008.

266. Bouhassira, D.; Lantéri-Minet, M.; Attal, N.; Laurent, B.; Touboul, C.
Prevalence of Chronic Pain with Neuropathic Characteristics in the General Population.
Pain 2008, 136, 380-387, doi:10.1016/j.pain.2007.08.013.

267. Zhang, F.; Aravanis, A.M.; Adamantidis, A.; de Lecea, L.; Deisseroth, K.
Circuit-Breakers: Optical Technologies for Probing Neural Signals and Systems. Nat Rev
Neurosci 2007, 8, 577-581, doi:10.1038/nrn2192.

268. Szok, D.; Tajti, J.; Nyari, A.; Vécsei, L. Therapeutic Approaches for
Peripheral and Central Neuropathic Pain. Behav Neurol 2019, 2019, 8685954,
doi:10.1155/2019/8685954.

269. Bonezzi, C.; Costantini, A.; Cruccu, G.; Fornasari, D.M.M.; Guardamagna,
V.; Palmieri, V.; Polati, E.; Zini, P.; Dickenson, A.H. Capsaicin 8% Dermal Patch in
Clinical Practice: An Expert Opinion. Expert Opin Pharmacother 2020, 21, 1377-1387,
doi:10.1080/14656566.2020.1759550.

270. Saarto, T.; Wiffen, P.J. Antidepressants for Neuropathic Pain. Cochrane
Database Syst Rev 2007, 2007, CD005454, doi:10.1002/14651858.CD005454.pub2.

271. Dworkin, R.H.; O’Connor, A.B.; Audette, J.; Baron, R.; Gourlay, G.K;
Haanpdia, M.L.; Kent, J.L.; Krane, E.J.; Lebel, A.A.; Levy, R.M.; et al
Recommendations for the Pharmacological Management of Neuropathic Pain: An
Overview and Literature Update. Mayo Clin Proc 2010, &85, S3-14,
doi:10.4065/mcp.2009.0649.

272. Chong, M.S.; Bajwa, Z.H. Diagnosis and Treatment of Neuropathic Pain. J
Pain Symptom Manage 2003, 25, S4-S11, doi:10.1016/s0885-3924(03)00064-2.

273. Truini, A.; Aleksovska, K.; Anderson, C.C.; Attal, N.; Baron, R.; Bennett,
D.L.; Bouhassira, D.; Cruccu, G.; Eisenberg, E.; Enax-Krumova, E.; et al. Joint European
Academy of Neurology-European Pain Federation-Neuropathic Pain Special Interest

Group of the International Association for the Study of Pain Guidelines on Neuropathic
Pain Assessment. Eur J Neurol 2023, 30, 2177-2196, doi:10.1111/ene.15831.

274. Schlereth, T. Guideline “Diagnosis and Non Interventional Therapy of
Neuropathic Pain” of the German Society of Neurology (Deutsche Gesellschaft Fiir
Neurologie). Neurol Res Pract 2020, 2, 16, doi:10.1186/s42466-020-00063-3.

275. Amir, R.; Kocsis, J.D.; Devor, M. Multiple Interacting Sites of Ectopic Spike
Electrogenesis in Primary Sensory Neurons. J Neurosci 2005, 25, 2576-2585,
doi:10.1523/INEUROSCI.4118-04.2005.

276. Lim, TK.Y.; Shi, X.Q.; Martin, H.C.; Huang, H.; Luheshi, G.; Rivest, S.;
Zhang, J. Blood-Nerve Barrier Dysfunction Contributes to the Generation of
107



Neuropathic Pain and Allows Targeting of Injured Nerves for Pain Relief. PAIN 2014,
155,954, doi:10.1016/j.pain.2014.01.026.

2717. Finnerup, N.B.; Kuner, R.; Jensen, T.S. Neuropathic Pain: From Mechanisms
to Treatment. Physiol Rev 2021, 101, 259-301, doi:10.1152/physrev.00045.2019.

278. Maguire, MLF.; Latter, J.A.; Mahajan, R.; Beggs, F.D.; Duffy, J.P. A Study
Exploring the Role of Intercostal Nerve Damage in Chronic Pain after Thoracic Surgery.
Eur J Cardiothorac Surg 2006, 29, 873—-879, doi:10.1016/j.ejcts.2006.03.031.

279. Goswami, R.; Anastakis, D.J.; Katz, J.; Davis, K.D. A Longitudinal Study of
Pain, Personality, and Brain Plasticity Following Peripheral Nerve Injury. Pain 2016,
157, 729-739, doi:10.1097/j.pain.0000000000000430.

280. Baron, R.; Binder, A.; Wasner, G. Neuropathic Pain: Diagnosis,
Pathophysiological Mechanisms, and Treatment. Lancet Neurol 2010, 9, 807-819,
doi:10.1016/S1474-4422(10)70143-5.

281. Orstavik, K.; Jerum, E. Microneurographic Findings of Relevance to Pain in
Patients with Erythromelalgia and Patients with Diabetic Neuropathy. Neurosci Lett
2010, 470, 180—184, doi:10.1016/j.neulet.2009.05.061.

282. Ostergaard, L.; Finnerup, N.B.; Terkelsen, A.J.; Olesen, R.A.; Drasbek, K.R.;
Knudsen, L.; Jespersen, S.N.; Frystyk, J.; Charles, M.; Thomsen, R.W.; et al. The Effects
of Capillary Dysfunction on Oxygen and Glucose Extraction in Diabetic Neuropathy.
Diabetologia 2015, 58, 666—677, doi:10.1007/s00125-014-3461-z.

283. Burke, D.; Fullen, B.M.; Stokes, D.; Lennon, O. Neuropathic Pain Prevalence
Following Spinal Cord Injury: A Systematic Review and Meta-Analysis. Eur J Pain
2017, 21, 29-44, doi:10.1002/ejp.905.

284. Andersen, G.; Vestergaard, K.; Ingeman-Nielsen, M.; Jensen, T.S. Incidence
of Central Post-Stroke Pain. Pain 1995, 61, 187-193, d0i:10.1016/0304-3959(94)00144-
4,

285. Vardeh, D.; Mannion, R.J.; Woolf, C.J. Toward a Mechanism-Based
Approach to Pain Diagnosis. J Pain 2016, 17, T50-69, doi:10.1016/j.jpain.2016.03.001.

286. Moore, K.A.; Kohno, T.; Karchewski, L.A.; Scholz, J.; Baba, H.; Woolf, C.J.
Partial Peripheral Nerve Injury Promotes a Selective Loss of GABAergic Inhibition in
the Superficial Dorsal Horn of the Spinal Cord. J Neurosci 2002, 22, 6724-6731,
doi:10.1523/INEUROSCI.22-15-06724.2002.

287. Hains, B.C.; Saab, C.Y.; Klein, J.P.; Craner, M.J.; Waxman, S.G. Altered
Sodium Channel Expression in Second-Order Spinal Sensory Neurons Contributes to
Pain after Peripheral Nerve Injury. J Neurosci 2004, 24, 4832-4839,
doi:10.1523/INEUROSCI.0300-04.2004.

288. Pacifico, P.; Menichella, D.M. Molecular Mechanisms of Neuropathic Pain.
Int Rev Neurobiol 2024, 179, 279-309, doi:10.1016/bs.irn.2024.10.002.

289. Lehmann, H.C.; Wunderlich, G.; Fink, G.R.; Sommer, C. Diagnosis of
Peripheral Neuropathy. Neurol Res Pract 2020, 2, 20, doi:10.1186/542466-020-00064-2.

108



290. Castelli, G.; Desai, K.M.; Cantone, R.E. Peripheral Neuropathy: Evaluation
and Differential Diagnosis. Am Fam Physician 2020, 102, 732—739.

291. Brace, E.J.; Essuman, K.; Mao, X.; Palucki, J.; Sasaki, Y.; Milbrandt, J.;
DiAntonio, A. Distinct Developmental and Degenerative Functions of SARM1 Require
NAD+ Hydrolase  Activity. PLoS  Genet 2022, 18, €1010246,
doi:10.1371/journal.pgen.1010246.

292. Calcutt, N.A.; Smith, D.R.; Frizzi, K.; Sabbir, M.G.; Chowdhury, S.K.R.;
Mixcoatl-Zecuatl, T.; Saleh, A.; Muttalib, N.; Van der Ploeg, R.; Ochoa, J.; et al.
Selective Antagonism of Muscarinic Receptors Is Neuroprotective in Peripheral
Neuropathy. J Clin Invest 2017, 127, 608622, doi:10.1172/JCI88321.

293, Sumner, C.J.; Sheth, S.; Griffin, J.W.; Cornblath, D.R.; Polydetkis, M. The
Spectrum of Neuropathy in Diabetes and Impaired Glucose Tolerance. Neurology 2003,
60, 108—111, doi:10.1212/wnl.60.1.108.

294, Conforti, L.; Gilley, J.; Coleman, M.P. Wallerian Degeneration: An Emerging
Axon Death Pathway Linking Injury and Disease. Nat Rev Neurosci 2014, 15, 394409,
doi:10.1038/nrn3680.

295. Mols, F.; Beijers, T.; Vreugdenhil, G.; van de Poll-Franse, L. Chemotherapy-
Induced Peripheral Neuropathy and Its Association with Quality of Life: A Systematic
Review. Support Care Cancer 2014, 22, 2261-2269, doi:10.1007/s00520-014-2255-7.

296. Starobova, H.; Vetter, 1. Pathophysiology of Chemotherapy-Induced
Peripheral Neuropathy. Front Mol Neurosci 2017, 10, 174,
doi:10.3389/fnmol.2017.00174.

297. Hershman, D.L.; Lacchetti, C.; Dworkin, R.H.; Lavoie Smith, E.M.; Bleeker,
J.; Cavaletti, G.; Chauhan, C.; Gavin, P.; Lavino, A.; Lustberg, M.B.; et al. Prevention
and Management of Chemotherapy-Induced Peripheral Neuropathy in Survivors of

Adult Cancers: American Society of Clinical Oncology Clinical Practice Guideline. J
Clin Oncol 2014, 32, 1941-1967, doi:10.1200/JC0O.2013.54.0914.

298. Marshall, T.F.; Zipp, G.P.; Battaglia, F.; Moss, R.; Bryan, S. Chemotherapy-
Induced-Peripheral Neuropathy, Gait and Fall Risk in Older Adults Following Cancer
Treatment. Journal of Cancer Research and Practice 2017, 4, 134-138,
doi:10.1016/j.jerpr.2017.03.005.

299, Hershman, D.L.; Weimer, L.H.; Wang, A.; Kranwinkel, G.; Brafman, L.;
Fuentes, D.; Awad, D.; Crew, K.D. Association between Patient Reported Outcomes and
Quantitative Sensory Tests for Measuring Long-Term Neurotoxicity in Breast Cancer

Survivors Treated with Adjuvant Paclitaxel Chemotherapy. Breast Cancer Res Treat
2011, 125, 767-774, doi:10.1007/s10549-010-1278-0.

300. Lyman, G.H. Impact of Chemotherapy Dose Intensity on Cancer Patient
Outcomes. J Natl Compr Canc Netw 2009, 7, 99-108, doi:10.6004/jnccn.2009.0009.
301. Smith, E.M.L.; Pang, H.; Ye, C.; Cirrincione, C.; Fleishman, S.; Paskett, E.D.;

Ahles, T.; Bressler, L.R.; Le-Lindqwister, N.; Fadul, C.E.; et al. Predictors of Duloxetine
Response in Patients with Oxaliplatin-Induced Painful Chemotherapy-Induced

109



Peripheral Neuropathy (CIPN): A Secondary Analysis of Randomised Controlled Trial -
CALGB/Alliance 170601. Eur J Cancer Care (Engl) 2017, 26, doi:10.1111/ecc.12421.

302. Hong, J.S.; Tian, J.; Wu, L.H. The Influence of Chemotherapy-Induced
Neurotoxicity on Psychological Distress and Sleep Disturbance in Cancer Patients. Curr
Oncol 2014, 21, 174-180, doi:10.3747/c0.21.1984.

303. Tanay, M. a. L.; Armes, J.; Ream, E. The Experience of Chemotherapy-
Induced Peripheral Neuropathy in Adult Cancer Patients: A Qualitative Thematic
Synthesis. Eur J Cancer Care (Engl) 2017, 26, doi:10.1111/ecc.12443.

304. Chen, X.; Gan, Y.; Au, N.P.B.; Ma, C.H.E. Current Understanding of the
Molecular Mechanisms of Chemotherapy-Induced Peripheral Neuropathy. Front. Mol.
Neurosci. 2024, 17, doi:10.3389/famol.2024.1345811.

305. Himes, R.H.; Kersey, R.N.; Heller-Bettinger, 1.; Samson, F.E. Action of the
Vinca Alkaloids Vincristine, Vinblastine, and Desacetyl Vinblastine Amide on
Microtubules in Vitro. Cancer Res 1976, 36, 3798-3802.

306. Black, M.M. Taxol Interferes with the Interaction of Microtubule-Associated
Proteins with Microtubules in Cultured Neurons. J Neurosci 1987, 7, 3695-3702,
doi:10.1523/JNEUROSCI.07-11-03695.1987.

307. Windebank, A.J.; Grisold, W. Chemotherapy-Induced Neuropathy. Journal of
the Peripheral Nervous System 2008, 13,27-46, doi:10.1111/j.1529-8027.2008.00156.x.

308. Au, N.P.B.; Fang, Y,; Xi, N.; Lai, K.W.C.; Ma, C.H.E. Probing for
Chemotherapy-Induced Peripheral Neuropathy in Live Dorsal Root Ganglion Neurons
with Atomic Force Microscopy. Nanomedicine 2014, 10, 1323-1333,
doi:10.1016/j.nano0.2014.03.002.

309. Chine, V.B.; Au, N.P.B.; Kumar, G.; Ma, C.H.E. Targeting Axon Integrity to
Prevent Chemotherapy-Induced Peripheral Neuropathy. Mol Neurobiol 2019, 56, 3244—
3259, doi:10.1007/s12035-018-1301-8.

310. Pero, M.E.; Meregalli, C.; Qu, X.; Shin, G.J.; Kumar, A.; Shorey, M.; Rolls,
M.M.; Tanji, K.; Brannagan, T.H.; Alberti, P.; et al. Pathogenic Role of Delta 2 Tubulin
in Bortezomib-Induced Peripheral Neuropathy. Proceedings of the National Academy of
Sciences 2021, 118, 2012685118, doi:10.1073/pnas.2012685118.

311. Gornstein, E.L.; Schwarz, T.L. Neurotoxic Mechanisms of Paclitaxel Are
Local to the Distal Axon and Independent of Transport Defects. Exp Neurol 2017, 288,
153-166, doi:10.1016/j.expneurol.2016.11.015.

312. Thomas, S.; Enders, J.; Kaiser, A.; Rovenstine, L.; Heslop, L.; Hauser, W.;
Chadwick, A.; Wright, D. Abnormal Intraepidermal Nerve Fiber Density in Disease: A
Scoping Review. Front Neurol 2023, 14, 1161077, doi:10.3389/tneur.2023.1161077.

313. Millecamps, S.; Julien, J.-P. Axonal Transport Deficits and
Neurodegenerative  Diseases. Nat Rev  Neurosci 2013, 14, 161-176,
doi:10.1038/nrn3380.

110



314. Tourtellotte, W.G. Axon Transport and Neuropathy: Relevant Perspectives on
the Etiopathogenesis of Familial Dysautonomia. Am J Pathol 2016, 186, 489499,
doi:10.1016/j.ajpath.2015.10.022.

315. Kann, O.; Kovacs, R. Mitochondria and Neuronal Activity. American Journal
of Physiology-Cell Physiology 2007, 292, C641-C657, doi:10.1152/ajpcell.00222.2006.

316. Misgeld, T.; Schwarz, T.L. Mitostasis in Neurons: Maintaining Mitochondria
in an Extended Cellular Architecture. Neuwron 2017, 96, 651-666,
doi:10.1016/j.neuron.2017.09.055.

317. Mandal, A.; Drerup, C.M. Axonal Transport and Mitochondrial Function in
Neurons. Front Cell Neurosci 2019, 13, 373, doi:10.3389/fncel.2019.00373.

318. Saxton, W.M.; Hollenbeck, P.J. The Axonal Transport of Mitochondria. J Cell
Sci 2012, 125, 2095-2104, doi:10.1242/jcs.053850.

3109. Cheng, X.-T.; Huang, N.; Sheng, Z.-H. Programming Axonal Mitochondrial
Maintenance and Bioenergetics in Neurodegeneration and Regeneration. Neuron 2022,
110, 1899-1923, doi:10.1016/j.neuron.2022.03.015.

320. Doyle, T.M.; Salvemini, D. Mini-Review: Mitochondrial Dysfunction and
Chemotherapy-Induced Neuropathic Pain. Neurosci Lett 2021, 760, 136087,
doi:10.1016/j.neulet.2021.136087.

321. Dasari, S.; Tchounwou, P.B. Cisplatin in Cancer Therapy: Molecular
Mechanisms of Action. Eur J  Pharmacol 2014, 740, 364-378,
doi:10.1016/j.ejphar.2014.07.025.

322. Podratz, J.L.; Knight, A.M.; Ta, L.E.; Staff, N.P.; Gass, J.M.; Genelin, K.;
Schlattau, A.; Lathroum, L.; Windebank, A.J. Cisplatin Induced Mitochondrial DNA
Damage in Dorsal Root Ganglion Neurons. Neurobiol Dis 2011, 41, 661-668,
doi:10.1016/.nbd.2010.11.017.

323. Duggett, N.A.; Griffiths, L.A.; Flatters, S.J.L. Paclitaxel-Induced Painful
Neuropathy Is Associated with Changes in Mitochondrial Bioenergetics, Glycolysis, and
an Energy Deficit in Dorsal Root Ganglia Neurons. Pain 2017, 158, 1499-1508,
do0i:10.1097/5.pain.0000000000000939.

324, Staff, N.P.; Podratz, J.L.; Grassner, L.; Bader, M.; Paz, J.; Knight, A M.;
Loprinzi, C.L.; Trushina, E.; Windebank, A.J. Bortezomib Alters Microtubule
Polymerization and Axonal Transport in Rat Dorsal Root Ganglion Neurons.
Neurotoxicology 2013, 39, 124-131, doi:10.1016/j.neuro.2013.09.001.

325. Chine, V.B.; Au, N.P.B.; Ma, C.H.E. Therapeutic Benefits of Maintaining
Mitochondrial Integrity and Calcium Homeostasis by Forced Expression of Hsp27 in
Chemotherapy-Induced Peripheral Neuropathy. Neurobiol Dis 2019, 130, 104492,
doi:10.1016/j.nbd.2019.104492.

326. Yam, M.F.; Loh, Y.C.; Tan, C.S.; Khadijah Adam, S.; Abdul Manan, N.; Basir,
R. General Pathways of Pain Sensation and the Major Neurotransmitters Involved in
Pain Regulation. Int J Mol Sci 2018, 19, 2164, doi:10.3390/ijms19082164.

111



327. Sun, W.; Yang, S.; Wu, S.; Ba, X.; Xiong, D.; Xiao, L.; Hao, Y. Transcriptome
Analysis Reveals Dysregulation of Inflammatory and Neuronal Function in Dorsal Root
Ganglion of Paclitaxel-Induced Peripheral Neuropathy Rats. Mol Pain 2023, 19,
17448069221106167, doi:10.1177/17448069221106167.

328. Kim, H.K.; Lee, S.-Y.; Koike, N.; Kim, E.; Wirianto, M.; Burish, M.J.; Yagita,
K.; Lee, HK.; Chen, Z.; Chung, J.M.; et al. Circadian Regulation of Chemotherapy-
Induced Peripheral Neuropathic Pain and the Underlying Transcriptomic Landscape. Sci
Rep 2020, 10, 13844, doi:10.1038/s41598-020-70757-w.

329. Megat, S.; Ray, P.R.; Moy, J.K.; Lou, T.-F.; Barragan-Iglesias, P.; Li, Y.;
Pradhan, G.; Wanghzou, A.; Ahmad, A.; Burton, M.D.; et al. Nociceptor Translational
Profiling Reveals the Ragulator-Rag GTPase Complex as a Critical Generator of
Neuropathic Pain. J Neurosci 2019, 39, 393—411, doi:10.1523/INEUROSCI.2661-
18.2018.

330. Housley, S.N.; Nardelli, P.; Carrasco, D.I.; Rotterman, T.M.; Pfahl, E.;
Matyunina, L.V.; McDonald, J.F.; Cope, T.C. Cancer Exacerbates Chemotherapy-
Induced Sensory Neuropathy. Cancer Res 2020, 80, 2940-2955, doi:10.1158/0008-
5472.CAN-19-2331.

331. Li, Y.; North, R.Y.; Rhines, L.D.; Tatsui, C.E.; Rao, G.; Edwards, D.D;
Cassidy, R.M.; Harrison, D.S.; Johansson, C.A.; Zhang, H.; et al. DRG Voltage-Gated
Sodium Channel 1.7 Is Upregulated in Paclitaxel-Induced Neuropathy in Rats and in
Humans with  Neuropathic Pain. J Newrosci 2018, 38, 1124-1136,
doi:10.1523/INEUROSCI.0899-17.2017.

332. Akin, E.J.; Alsaloum, M.; Higerd, G.P.; Liu, S.; Zhao, P.; Dib-Hajj, F.B.;
Waxman, S.G.; Dib-Hajj, S.D. Paclitaxel Increases Axonal Localization and Vesicular
Trafficking of Nav1.7. Brain 2021, 144, 17271737, doi:10.1093/brain/awab113.

333, Wang, X.; Zhang, B.; Li, X.; Liu, X.; Wang, S.; Xie, Y.; Pi, J.; Yang, Z.; Li,
J.; Jia, Q.; et al. Mechanisms Underlying Gastrodin Alleviating Vincristine-Induced
Peripheral =~ Neuropathic  Pain.  Front  Pharmacol 2021, 12, 744663,
doi:10.3389/fphar.2021.744663.

334, Fu, B.; Zhu, R. Analgesia Effect of Lentivirus-siSCN9A Infected Neurons in
Vincristine Induced Neuropathic Pain Rats. Bioengineered 2021, 12, 12498-12508,
doi:10.1080/21655979.2021.2008696.

335. Baker, C.A.; Tyagi, S.; Higerd-Rusli, G.P.; Liu, S.; Zhao, P.; Dib-Hajj, F.B.;
Waxman, S.G.; Dib-Hajj, S.D. Paclitaxel Effects on Axonal Localization and Vesicular
Trafficking of NaV1.8. Front. Mol. Neurosci. 2023, 16,
doi:10.3389/fhmol.2023.1130123.

336. Sittl, R.; Lampert, A.; Huth, T.; Schuy, E.T.; Link, A.S.; Fleckenstein, J.;
Alzheimer, C.; Grafe, P.; Carr, R.W. Anticancer Drug Oxaliplatin Induces Acute Cooling-
Aggravated Neuropathy via Sodium Channel Subtype Na(V)1.6-Resurgent and
Persistent Current. Proc Natl Acad Sci U S A 2012, 109, 6704-6709,
doi:10.1073/pnas.1118058109.

112



337. Deuis, J.R.; Zimmermann, K.; Romanovsky, A.A.; Possani, L.D.; Cabot, P.J.;
Lewis, R.J.; Vetter, I. An Animal Model of Oxaliplatin-Induced Cold Allodynia Reveals
a Crucial Role for Navl.6 in Peripheral Pain Pathways. Pain 2013, 154, 1749-1757,
doi:10.1016/j.pain.2013.05.032.

338. Rasband, M.N.; Park, E.-W.; Vanderah, T.W.; Lai, J.; Porreca, F.; Trimmer, J.S.
Distinct Potassium Channels on Pain-Sensing Neurons. Proc Natl Acad Sci U S 4 2001,
98, 13373—-13378, doi:10.1073/pnas.231376298.

339, Zhao, X.; Tang, Z.; Zhang, H.; Atianjoh, F.E.; Zhao, J.-Y.; Liang, L.; Wang,
W.; Guan, X.; Kao, S.-C.; Tiwari, V.; et al. A Long Noncoding RNA Contributes to
Neuropathic Pain by Silencing Kcna2 in Primary Afferent Neurons. Nat Neurosci 2013,
16, 1024-1031, doi:10.1038/nn.3438.

340. Acosta, C.; Djouhri, L.; Watkins, R.; Berry, C.; Bromage, K.; Lawson, S.N.
TREK2 Expressed Selectively in IB4-Binding C-Fiber Nociceptors Hyperpolarizes
Their Membrane Potentials and Limits Spontaneous Pain. J Neurosci 2014, 34, 1494—
1509, doi:10.1523/INEUROSCI.4528-13.2014.

341. Descoeur, J.; Pereira, V.; Pizzoccaro, A.; Francois, A.; Ling, B.; Maftre, V.;
Couette, B.; Busserolles, J.; Courteix, C.; Noel, J.; et al. Oxaliplatin-Induced Cold
Hypersensitivity Is Due to Remodelling of Ion Channel Expression in Nociceptors.
EMBO Mol Med 2011, 3, 266278, doi:10.1002/emmm.201100134.

342. Zhang, H.; Dougherty, P.M. Enhanced Excitability of Primary Sensory
Neurons and Altered Gene Expression of Neuronal Ion Channels in Dorsal Root
Ganglion in Paclitaxel-Induced Peripheral Neuropathy. Anesthesiology 2014, 120, 1463—
1475, doi:10.1097/ALN.0000000000000176.

343, Wu, Z.; Toro, G.; Xu, G.; Dang, D.; Prater, C.; Yang, Q. Paclitaxel Inhibits
KCNQ Channels in Primary Sensory Neurons to Initiate the Development of Painful
Peripheral Neuropathy. Cells 2022, 11, 4067, doi:10.3390/cells11244067.

344, McGivern, J.G. Targeting N-Type and T-Type Calcium Channels for the
Treatment of Pain. Drug Discov Today 2006, 11, 245-253, doi:10.1016/S1359-
6446(05)03662-7.

345. Ohsawa, M.; Otake, S.; Murakami, T.; Yamamoto, S.; Makino, T.; Ono, H.
Gabapentin Prevents Oxaliplatin-Induced Mechanical Hyperalgesia in Mice. J
Pharmacol Sci 2014, 125,292-299, doi:10.1254/jphs.140581p.

346. Yamamoto, K.; Chiba, N.; Chiba, T.; Kambe, T.; Abe, K.; Kawakami, K.;
Utsunomiya, I.; Taguchi, K. Transient Receptor Potential Ankyrin 1 That Is Induced in
Dorsal Root Ganglion Neurons Contributes to Acute Cold Hypersensitivity after
Oxaliplatin =~ Administration. Mol Pain 2015, 11, s12990-015-0072—-0078,
doi:10.1186/s12990-015-0072-8.

347. Patapoutian, A.; Tate, S.; Woolf, C.J. Transient Receptor Potential Channels:
Targeting Pain at the Source. Nat Rev Drug Discov 2009, 8, 55—68, doi:10.1038/nrd2757.

113



348. Gauchan, P.; Andoh, T.; Kato, A.; Kuraishi, Y. Involvement of Increased
Expression of Transient Receptor Potential Melastatin 8 in Oxaliplatin-Induced Cold
Allodynia in Mice. Neurosci Lett 2009, 458, 93-95, doi:10.1016/j.neulet.2009.04.029.

349, Zhou, H.-Y.; Chen, S.-R.; Pan, H.-L. Targeting N-Methyl-D-Aspartate
Receptors for Treatment of Neuropathic Pain. Expert Rev Clin Pharmacol 2011, 4, 379—
388.

350. Bae, E.H.; Greenwald, M.K.; Schwartz, A.G. Chemotherapy-Induced
Peripheral Neuropathy: Mechanisms and Therapeutic Avenues. Neurotherapeutics 2021,
18, 2384-2396, doi:10.1007/s13311-021-01142-2.

351. Huang, Z.-Z.; Li, D.; Ou-Yang, H.-D.; Liu, C.-C.; Liu, X.-G.; Ma, C.; Wei,
J.-Y.; Liu, Y.; Xin, W.-J. Cerebrospinal Fluid Oxaliplatin Contributes to the Acute Pain
Induced by Systemic Administration of Oxaliplatin. Anesthesiology 2016, 124, 1109—
1121, doi:10.1097/ALN.0000000000001084.

352. Makker, P.G.S.; Duffy, S.S.; Lees, J.G.; Perera, C.J.; Tonkin, R.S.; Butovsky,
O.; Park, S.B.; Goldstein, D.; Moalem-Taylor, G. Characterisation of Immune and
Neuroinflammatory Changes Associated with Chemotherapy-Induced Peripheral
Neuropathy. PLoS One 2017, 12, 0170814, doi:10.1371/journal.pone.0170814.

353. Di Cesare Mannelli, L.; Micheli, L.; Cervetto, C.; Toti, A.; Lucarini, E.;
Parisio, C.; Marcoli, M.; Ghelardini, C. Neuronal Alarmin IL-1a Evokes Astrocyte-
Mediated Protective Signals: Effectiveness in Chemotherapy-Induced Neuropathic Pain.
Neurobiol Dis 2022, 168, 105716, doi:10.1016/j.nbd.2022.105716.

354. Konig, C.; Morch, E.; Eitner, A.; Moller, C.; Turnquist, B.; Schaible, H.-G.;
Ebersberger, A. Involvement of Spinal IL-6 Trans-Signaling in the Induction of
Hyperexcitability of Deep Dorsal Horn Neurons by Spinal Tumor Necrosis Factor-
Alpha. J Neurosci 2016, 36, 9782-9791, doi:10.1523/JNEUROSCI.4159-15.2016.

355. Zhuo, M. Molecular Mechanisms of Pain in the Anterior Cingulate Cortex.
Journal of Neuroscience Research 2006, 84, 927-933, doi:10.1002/jnr.21003.

356. Cao, J.; Liu, X; Liu, J.-X.; Zhao, S.; Guo, Y.-X.; Wang, G.-Y.; Wang, X.-L.
Inhibition of Glutamatergic Neurons in Layer II/IIl of the Medial Prefrontal Cortex
Alleviates Paclitaxel-Induced Neuropathic Pain and Anxiety. Eur J Pharmacol 2022,
936, 175351, doi:10.1016/j.ejphar.2022.175351.

357. Li, X.-Y.; Ko, H.-G.; Chen, T.; Descalzi, G.; Koga, K.; Wang, H.; Kim, S.S.;
Shang, Y.; Kwak, C.; Park, S.-W.; et al. Alleviating Neuropathic Pain Hypersensitivity
by Inhibiting PKMzeta in the Anterior Cingulate Cortex. Science 2010, 330, 1400—-1404,
doi:10.1126/science.1191792.

358. Lin, B.; Wang, Y.; Zhang, P.; Yuan, Y.; Zhang, Y.; Chen, G. Gut Microbiota
Regulates Neuropathic Pain: Potential Mechanisms and Therapeutic Strategy. J
Headache Pain 2020, 21, 103, doi:10.1186/s10194-020-01170-x.

359. Pane, K.; Boccella, S.; Guida, F.; Franzese, M.; Maione, S.; Salvatore, M.
Role of Gut Microbiota in Neuropathy and Neuropathic Pain States: A Systematic
Preclinical Review. Neurobiol Dis 2022, 170, 105773, doi:10.1016/j.nbd.2022.105773.

114



360. Brandon-Mong, G.-J.; Shaw, G.T.-W.; Chen, W.-H.; Chen, C.-C.; Wang, D. A
Network Approach to Investigating the Key Microbes and Stability of Gut Microbial
Communities in a Mouse Neuropathic Pain Model. BMC Microbiol 2020, 20, 295,
doi:10.1186/s12866-020-01981-7.

361. Chen, P.; Wang, C.; Ren, Y.-N.; Ye, Z.-].; Jiang, C.; Wu, Z.-B. Alterations in
the Gut Microbiota and Metabolite Profiles in the Context of Neuropathic Pain. Mol
Brain 2021, 14, 50, doi:10.1186/s13041-021-00765-y.

362. Ding, W.; You, Z.; Chen, Q.; Yang, L.; Doheny, J.; Zhou, X.; Li, N.; Wang,
S.; Hu, K.; Chen, L.; et al. Gut Microbiota Influences Neuropathic Pain Through
Modulating Proinflammatory and Anti-Inflammatory T Cells. Anesth Analg 2021, 132,
1146-1155, doi:10.1213/ANE.0000000000005155.

363. Podvin, S.; Yaksh, T.; Hook, V. The Emerging Role of Spinal Dynorphin in
Chronic Pain: A Therapeutic Perspective. Annu Rev Pharmacol Toxicol 2016, 56, 511—
533, doi:10.1146/annurev-pharmtox-010715-103042.

364. Gardell, L.R.; Ibrahim, M.; Wang, R.; Wang, Z.; Ossipov, M.H.; Malan, T.P,;
Porreca, F.; Lai, J. Mouse Strains That Lack Spinal Dynorphin Upregulation after
Peripheral Nerve Injury Do Not Develop Neuropathic Pain. Neuroscience 2004, 123, 43—
52, doi:10.1016/j.neuroscience.2003.08.021.

365. Ramakrishna, C.; Corleto, J.; Ruegger, P.M.; Logan, G.D.; Peacock, B.B.;
Mendonca, S.; Yamaki, S.; Adamson, T.; Ermel, R.; McKemy, D.; et al. Dominant Role
of the Gut Microbiota in Chemotherapy Induced Neuropathic Pain. Sci Rep 2019, 9,
20324, doi:10.1038/s41598-019-56832-x.

366. Qiao, C.-M.; Huang, W.-Y.; Zhou, Y.; Quan, W.; Niu, G.-Y.; Li, T.; Zhang,
M.-X.; Wu, J.; Zhao, L.-P.; Zhao, W.-].; et al. Akkermansia Muciniphila Is Beneficial to
a Mouse Model of Parkinson’s Disease, via Alleviated Neuroinflammation and Promoted
Neurogenesis, with Involvement of SCFAs. Brain Sciences 2024, 14, 238,
doi:10.3390/brainsci14030238.

367. Yilmaz, O.; Okullu, S.O.; Catakci, M.; Elmas, M.A.; Pinheiro, Y.; Arbak, S.;
Demir, E.; Schaefer, K.H.; Kolgazi, M. Akkermansia Muciniphila Improves Chronic
Colitis-Induced Enteric Neuroinflammation in Mice. Neurogastroenterology & Motility
2024, 36, 14745, doi:10.1111/nmo.14745.

368. Garvey, M. The Association between Dysbiosis and Neurological Conditions
Often Manifesting with Chronic Pain. Biomedicines 2023, 11, 748,
doi:10.3390/biomedicines11030748.

369. Kang, Z.; Lu, M.; Jiang, M.; Zhou, D.; Huang, H. Proteobacteria Acts as a
Pathogenic Risk-Factor for Chronic Abdominal Pain and Diarrhea in Post-
Cholecystectomy Syndrome Patients: A Gut Microbiome Metabolomics Study. Med Sci
Monit 2019, 25, 7312-7320, doi:10.12659/MSM.915984.

370. Shen, S.; Lim, G.; You, Z.; Ding, W.; Huang, P.; Ran, C.; Doheny, J.; Caravan,
P.; Tate, S.; Hu, K_; et al. Gut Microbiota Is Critical for the Induction of Chemotherapy-
Induced Pain. Nat Neurosci 2017, 20, 1213-1216, doi:10.1038/nn.4606.

115



371. Cuozzo, M.; Castelli, V.; Avagliano, C.; Cimini, A.; d’Angelo, M.; Cristiano,
C.; Russo, R. Effects of Chronic Oral Probiotic Treatment in Paclitaxel-Induced
Neuropathic Pain. Biomedicines 2021, 9, 346, doi:10.3390/biomedicines9040346.

372. Siau, C.; Xiao, W.; Bennett, G.J. Paclitaxel- and Vincristine-Evoked Painful
Peripheral Neuropathies: Loss of Epidermal Innervation and Activation of Langerhans
Cells. Exp Neurol 2006, 201, 507-514, doi:10.1016/j.expneurol.2006.05.007.

373. Wang, X.-M.; Lehky, T.J.; Brell, J.M.; Dorsey, S.G. Discovering Cytokines
as Targets for Chemotherapy-Induced Painful Peripheral Neuropathy. Cytokine 2012, 59,
3-9, do0i:10.1016/j.cyt0.2012.03.027.

374. Boyette-Davis, J.; Xin, W.; Zhang, H.; Dougherty, P.M. Intraepidermal Nerve
Fiber Loss Corresponds to the Development of Taxol-Induced Hyperalgesia and Can Be
Prevented by Treatment with Minocycline. Pain 2011, 152, 308-313,
doi:10.1016/j.pain.2010.10.030.

375. Garrido-Mesa, N.; Zarzuelo, A.; Galvez, J. Minocycline: Far beyond an
Antibiotic. Br J Pharmacol 2013, 169, 337-352, doi:10.1111/bph.12139.

376. Sakamoto, A.; Andoh, T.; Kuraishi, Y. Involvement of Mast Cells and
Proteinase-Activated Receptor 2 in Oxaliplatin-Induced Mechanical Allodynia in Mice.
Pharmacol Res 2016, 105, 84-92, doi:10.1016/j.phrs.2016.01.008.

377. Fumagalli, G.; Monza, L.; Cavaletti, G.; Rigolio, R.; Meregalli, C.
Neuroinflammatory Process Involved in Different Preclinical Models of Chemotherapy-
Induced Peripheral Neuropathy. Front. Immunol. 2021, 11,
doi:10.3389/fimmu.2020.626687.

378. Peters, C.M.; Jimenez-Andrade, J.M.; Jonas, B.M.; Sevcik, M.A.; Koewler,
N.J.; Ghilardi, J.R.; Wong, G.Y.; Mantyh, P.W. Intravenous Paclitaxel Administration in
the Rat Induces a Peripheral Sensory Neuropathy Characterized by Macrophage
Infiltration and Injury to Sensory Neurons and Their Supporting Cells. Exp Neurol 2007,
203, 42-54, doi:10.1016/j.expneurol.2006.07.022.

379. Warwick, R.A.; Hanani, M. The Contribution of Satellite Glial Cells to
Chemotherapy-Induced Neuropathic Pain. Eur J Pain 2013, 17, 571-580,
doi:10.1002/5.1532-2149.2012.00219.x.

380. Illias, A.M.; Yu, K.-J.; Hwang, S.-H.; Solis, J.; Zhang, H.; Velasquez, J.F.;
Cata, J.P.; Dougherty, PM. Dorsal Root Ganglion Toll-like Receptor 4 Signaling
Contributes to Oxaliplatin-Induced Peripheral Neuropathy. PAIN 2022, 163, 923,
doi:10.1097/j.pain.0000000000002454.

381. Zhang, H.; Li, Y.; de Carvalho-Barbosa, M.; Kavelaars, A.; Heijnen, C.J.;
Albrecht, P.J.; Dougherty, P.M. Dorsal Root Ganglion Infiltration by Macrophages
Contributes to Paclitaxel Chemotherapy-Induced Peripheral Neuropathy. The Journal of
Pain 2016, 17, 775-786, doi:10.1016/j.jpain.2016.02.011.

382. Ledeboer, A.; Jekich, B.M.; Sloane, E.M.; Mahoney, J.H.; Langer, S.J.;
Milligan, E.D.; Martin, D.; Maier, S.F.; Johnson, K.W.; Leinwand, L.A.; et al. Intrathecal
Interleukin-10 Gene Therapy Attenuates Paclitaxel-Induced Mechanical Allodynia and

116



Proinflammatory Cytokine Expression in Dorsal Root Ganglia in Rats. Brain Behav
Immun 2007, 21, 686—698, doi:10.1016/5.bb1.2006.10.012.

383. Janes, K.; Wahlman, C.; Little, J.W.; Doyle, T.; Tosh, D.K.; Jacobson, K.A.;
Salvemini, D. Spinal Neuroimmune Activation Is Independent of T-Cell Infiltration and
Attenuated by A3 Adenosine Receptor Agonists in a Model of Oxaliplatin-Induced
Peripheral ~ Neuropathy. Brain  Behav  Immun 2015, 44, 91-99,
doi:10.1016/j.bbi.2014.08.010.

384. Pepino, L.; Malapert, P.; Saurin, A.J.; Moqrich, A.; Reynders, A. Formalin-
Evoked Pain Triggers Sex-Specific Behavior and Spinal Immune Response. Sci Rep
2023, 13,9515, doi:10.1038/s41598-023-36245-7.

385. Cowie, A.M.; Menzel, A.D.; O’Hara, C.; Lawlor, M.W.; Stucky, C.L. NOD-
like Receptor Protein 3 Inflammasome Drives Postoperative Mechanical Pain in a Sex-
Dependent Manner. Pain 2019, 160, 1794-1816,
do1:10.1097/5.pain.0000000000001555.

386. Green-Fulgham, S.M.; Ball, J.B.; Kwilasz, A.J.; Harland, M.E.; Frank, M.G;
Dragavon, J.M.; Grace, P.M.; Watkins, L.R. Interleukin-lbeta and Inflammasome
Expression in Spinal Cord Following Chronic Constriction Injury in Male and Female
Rats. Brain Behav Immun 2024, 115, 157-168, do0i:10.1016/;.bbi.2023.10.004.

387. Miao, J.; Zhou, X.; Ji, T.; Chen, G. NF-kB P65-Dependent Transcriptional
Regulation of Histone Deacetylase 2 Contributes to the Chronic Constriction Injury-
Induced Neuropathic Pain via the microRNA-183/TXNIP/NLRP3 Axis. J
Neuroinflammation 2020, 17,225, doi:10.1186/s12974-020-01901-6.

388. Chen, W.; Wang, X.; Sun, Q.; Zhang, Y.; Liu, J.; Hu, T.; Wu, W.; Wei, C.; Liu,
M.; Ding, Y.; et al. The Upregulation of NLRP3 Inflammasome in Dorsal Root Ganglion
by Ten-Eleven Translocation Methylcytosine Dioxygenase 2 (TET2) Contributed to
Diabetic Neuropathic Pain in Mice. J Neuroinflammation 2022, 19, 302,
doi:10.1186/s12974-022-02669-7.

389. Kodji, X.; Kee, Z.; McKenna, R.; de Sousa Valente, J.; Ravenscroft, H.;
McMillan, H.; Gamble, J.; Dombrowski, Y.; Moynagh, P.; Brough, D.; et al. Evidence
That a TRPA1-Mediated Murine Model of Temporomandibular Joint Pain Involves
NLRP3  Inflammasome  Activation.  Pharmaceuticals 2021, 14, 1073,
doi:10.3390/ph14111073.

390. Ruan, Y.; Ling, J.; Ye, F.; Cheng, N.; Wu, F.; Tang, Z.; Cheng, X.; Liu, H.
Paeoniflorin Alleviates CFA-Induced Inflammatory Pain by Inhibiting TRPV1 and
Succinate/SUCNRI1-HIF-1o/NLPR3 Pathway. [Int Immunopharmacol 2021, 101,
108364, doi:10.1016/j.intimp.2021.108364.

391. Lan, Z.; Chen, L.; Feng, J.; Xie, Z.; Liu, Z.; Wang, F.; Liu, P.; Yue, X.; Du,
L.; Zhao, Y.; et al. Mechanosensitive TRPV4 Is Required for Crystal-Induced
Inflammation. Ann Rheum Dis 2021, 80, 1604—1614, doi:10.1136/annrheumdis-2021-
220295.

392. Liu, Q.; Su, L.-Y.; Sun, C.; Jiao, L.; Miao, Y.; Xu, M.; Luo, R.; Zuo, X.; Zhou,
R.; Zheng, P.; et al. Melatonin Alleviates Morphine Analgesic Tolerance in Mice by
117



Decreasing NLRP3 Inflammasome Activation. Redox Biol 2020, 34, 101560,
doi:10.1016/j.redox.2020.101560.

393, Stratton, J.A.; Holmes, A.; Rosin, N.L.; Sinha, S.; Vohra, M.; Burma, N.E.;
Trang, T.; Midha, R.; Biernaskie, J. Macrophages Regulate Schwann Cell Maturation
after Nerve Injury. Cell Rep 2018, 24, 2561-2572.¢6, d0i:10.1016/j.celrep.2018.08.004.

394, Wu, W.-J.H.; Kim, M.; Chang, L.-C.; Assie, A.; Saldana-Morales, F.B.;
Zegarra-Ruiz, D.F.; Norwood, K.; Samuel, B.S.; Diehl, G.E. Interleukin-13 Secretion
Induced by Mucosa-Associated Gut Commensal Bacteria Promotes Intestinal Barrier
Repair. Gut Microbes 14, 2014772, doi:10.1080/19490976.2021.2014772.

395. Merle, N.S.; Church, S.E.; Fremeaux-Bacchi, V.; Roumenina, L.T.
Complement System Part I - Molecular Mechanisms of Activation and Regulation. Front
Immunol 2015, 6, 262, doi:10.3389/fimmu.2015.00262.

396. Merle, N.S.; Noe, R.; Halbwachs-Mecarelli, L.; Fremeaux-Bacchi, V.;
Roumenina, L.T. Complement System Part II: Role in Immunity. Front Immunol 2015,
6,257, doi:10.3389/fimmu.2015.00257.

397. Kolev, M.; Le Friec, G.; Kemper, C. Complement--Tapping into New Sites
and Effector Systems. Nat Rev Immunol 2014, 14, 811-820, doi:10.1038/nri3761.

398. Sundsmo, J.S.; Kolb, W.P.; Miiller-Eberhard, H.J. Leukocyte Complement:
Neoantigens of the Membrane Attack Complex on the Surface of Human Leukocytes
Prepared from Defibrinated Blood. J Immunol 1978, 120, 850—854.

399, Warwick, C.A.; Keyes, A.L.; Woodruff, T.M.; Usachev, Y.M. The
Complement Cascade in the Regulation of Neuroinflammation, Nociceptive
Sensitization, and Pain. J Biol Chem 2021, 297, 101085, doi:10.1016/j.jbc.2021.101085.

400. Noris, M.; Remuzzi, G. Overview of Complement Activation and Regulation.
Semin Nephrol 2013, 33, 479—492, doi:10.1016/j.semnephrol.2013.08.001.

401. Griffin, R.S.; Costigan, M.; Brenner, G.J.; Ma, C.H.E.; Scholz, J.; Moss, A.;
Allchorne, A.J.; Stahl, G.L.; Woolf, C.J. Complement Induction in Spinal Cord Microglia
Results in Anaphylatoxin C5a-Mediated Pain Hypersensitivity. J Neurosci 2007, 27,
8699-8708, doi:10.1523/INEUROSCI.2018-07.2007.

402. O’Barr, S.A.; Caguioa, J.; Gruol, D.; Perkins, G.; Ember, J.A.; Hugli, T;
Cooper, N.R. Neuronal Expression of a Functional Receptor for the C5a Complement
Activation Fragment. J Immunol 2001, 166, 41544162,
doi:10.4049/jimmunol.166.6.4154.

403. Nabizadeh, J.A.; Manthey, H.D.; Panagides, N.; Steyn, F.J.; Lee, J.D.; Li,
X.X.; Akhir, FN.M.; Chen, W.; Boyle, G.M.; Taylor, S.M.; et al. C5a Receptors C5aR1
and C5aR2 Mediate Opposing Pathologies in a Mouse Model of Melanoma. FASEB J
2019, 33, 1106011071, doi:10.1096/£j.201800980RR.

404. Jang, J.H.; Clark, D.J.; Li, X.; Yorek, M.S.; Usachev, Y.M.; Brennan, T.J.
Nociceptive Sensitization by Complement C5a and C3a in Mouse. Pain 2010, 148, 343—
352, doi:10.1016/j.pain.2009.11.021.

118



405. Quadros, A.U.; Cunha, T.M. C5a and Pain Development: An Old Molecule, a
New Target. Pharmacol Res 2016, 112, 58—67, doi:10.1016/j.phrs.2016.02.004.

406. Giorgio, C.; Zippoli, M.; Cocchiaro, P.; Castelli, V.; Varrassi, G.; Aramini, A.;
Allegretti, M.; Brandolini, L.; Cesta, M.C. Emerging Role of C5 Complement Pathway
in Peripheral Neuropathies: Current Treatments and Future Perspectives. Biomedicines
2021, 9, 399, doi:10.3390/biomedicines9040399.

407. Ting, E.; Guerrero, A.T.G.; Cunha, T.M.; Verri, W.A.; Taylor, S.M.; Woodruff,
T.M.; Cunha, F.Q.; Ferreira, S.H. Role of Complement C5a in Mechanical Inflammatory
Hypernociception: Potential Use of C5a Receptor Antagonists to Control Inflammatory
Pain. Br J Pharmacol 2008, 153, 1043—1053, doi:10.1038/sj.bjp.0707640.

408. Xu, J.; Zhang, L.; Xie, M.; Li, Y.; Huang, P.; Saunders, T.L.; Fox, D.A.;
Rosenquist, R.; Lin, F. Role of Complement in a Rat Model of Paclitaxel-Induced
Peripheral Neuropathy. J Immunol 2018, 200, 40944101,
doi:10.4049/jimmunol.1701716.

409. Woodruff, T.M.; Nandakumar, K.S.; Tedesco, F. Inhibiting the C5-C5a
Receptor Axis. Mol Immunol 2011, 48, 1631-1642, doi:10.1016/j.molimm.2011.04.014.

410. Spera, M.C.; Cesta, M.C.; Zippoli, M.; Varrassi, G.; Allegretti, M. Emerging
Approaches for the Management of Chemotherapy-Induced Peripheral Neuropathy
(CIPN): Therapeutic Potential of the C5a/C5aR Axis. Pain Ther 2022, 11, 1113-1136,
doi:10.1007/s40122-022-00431-8.

411. Finnerup, N.B.; Attal, N.; Haroutounian, S.; McNicol, E.; Baron, R,
Dworkin, R.H.; Gilron, [.; Haanpdi, M.; Hansson, P.; Jensen, T.S.; et al.
Pharmacotherapy for Neuropathic Pain in Adults: A Systematic Review and Meta-
Analysis. Lancet Neurol 2015, 14, 162—173, doi:10.1016/S1474-4422(14)70251-0.

412. Kaley, T.J.; Deangelis, L.M. Therapy of Chemotherapy-Induced Peripheral
Neuropathy. Br J Haematol 2009, 145, 3—14, doi:10.1111/j.1365-2141.2008.07558.x.

413. Nagashima, M.; Ooshiro, M.; Moriyama, A.; Sugishita, Y.; Kadoya, K.; Sato,
A.; Kitahara, T.; Takagi, R.; Urita, T.; Yoshida, Y.; et al. Efficacy and Tolerability of
Controlled-Release Oxycodone for Oxaliplatin-Induced Peripheral Neuropathy and the
Extension of FOLFOX Therapy in Advanced Colorectal Cancer Patients. Support Care
Cancer 2014, 22, 1579-1584, doi:10.1007/s00520-014-2132-4.

414, Kim, B.-S.; Jin, J.-Y.; Kwon, J.H.; Woo, I.S.; Ko, Y.H.; Park, S.-Y.; Park, H.-
J.; Kang, J.H. Efficacy and Safety of Oxycodone/Naloxone as Add-on Therapy to
Gabapentin or Pregabalin for the Management of Chemotherapy-Induced Peripheral
Neuropathy in Korea. Asia Pac J Clin Oncol 2018, 1[4, e448—e454,
doi:10.1111/ajc0.12822.

415. Kamei, J.; Nozaki, C.; Saitoh, A. Effect of Mexiletine on Vincristine-Induced
Painful Neuropathy in Mice. Eur J Pharmacol 2006, 536, 123-127,
doi:10.1016/j.ejphar.2006.02.033.

119



416. Egashira, N.; Hirakawa, S.; Kawashiri, T.; Yano, T.; Ikesue, H.; Oishi, R.
Mexiletine Reverses Oxaliplatin-Induced Neuropathic Pain in Rats. J Pharmacol Sci
2010, /12,473-476, doi:10.1254/jphs.10012sc.

417. van den Heuvel, S.A.S.; van der Wal, S.E.l.; Smedes, L.A.; Radema, S.A.;
van Alfen, N.; Vissers, K.C.P.; Steegers, M.A.H. Intravenous Lidocaine: Old-School
Drug, New Purpose-Reduction of Intractable Pain in Patients with Chemotherapy
Induced Peripheral Neuropathy. Pain Res Manag 2017, 2017, 8053474,
doi:10.1155/2017/8053474.

418. Tsavaris, N.; Kopterides, P.; Kosmas, C.; Efthymiou, A.; Skopelitis, H.;
Dimitrakopoulos, A.; Pagouni, E.; Pikazis, D.; Zis, P.-V.; Koufos, C. Gabapentin
Monotherapy for the Treatment of Chemotherapy-Induced Neuropathic Pain: A Pilot
Study. Pain Med 2008, 9, 1209-1216, doi:10.1111/j.1526-4637.2007.00325.x.

419. Magnowska, M.; Izycka, N.; Kapota-Czyz, J.; Romata, A.; Lorek, J.;
Spaczynski, M.; Nowak-Markwitz, E. Effectiveness of Gabapentin Pharmacotherapy in
Chemotherapy-Induced Peripheral Neuropathy. Ginekol Pol 2018, §9, 200-204,
doi:10.5603/GP.a2018.0034.

420. Rao, R.D.; Michalak, J.C.; Sloan, J.A.; Loprinzi, C.L.; Soori, G.S;
Nikcevich, D.A.; Warner, D.O.; Novotny, P.; Kutteh, L.A.; Wong, G.Y.; et al. Efficacy of
Gabapentin in the Management of Chemotherapy-Induced Peripheral Neuropathy: A
Phase 3 Randomized, Double-Blind, Placebo-Controlled, Crossover Trial (NOOC3).
Cancer 2007, 110,2110-2118, doi:10.1002/cncr.23008.

421. Marks, D.M.; Shah, M.J.; Patkar, A.A.; Masand, P.S.; Park, G.-Y.; Pae, C.-U.
Serotonin-Norepinephrine Reuptake Inhibitors for Pain Control: Premise and Promise.
Curr Neuropharmacol 2009, 7, 331-336, doi:10.2174/157015909790031201.

422, Salehifar, E.; Janbabaei, G.; Hendouei, N.; Alipour, A.; Tabrizi, N.; Avan, R.
Comparison of the Efficacy and Safety of Pregabalin and Duloxetine in Taxane-Induced
Sensory Neuropathy: A Randomized Controlled Trial. Clin Drug Investig 2020, 40, 249—
257, doi:10.1007/s40261-019-00882-6.

423, Smith, E.M.L.; Pang, H.; Cirrincione, C.; Fleishman, S.; Paskett, E.D.; Ahles,
T.; Bressler, L.R.; Fadul, C.E.; Knox, C.; Le-Lindqwister, N.; et al. Effect of Duloxetine
on Pain, Function, and Quality of Life among Patients with Chemotherapy-Induced
Painful Peripheral Neuropathy: A Randomized Clinical Trial. JAMA 2013, 309, 1359—
1367, doi:10.1001/jama.2013.2813.

424, Harris, C.L. Expanding Horizons in Complement Drug Discovery:
Challenges and Emerging Strategies. Semin Immunopathol 2018, 40, 125-140,
doi:10.1007/s00281-017-0655-8.

425. Allegretti, M.; Bertini, R.; Bizzarri, C.; Beccari, A.; Mantovani, A.; Locati,
M. Allosteric Inhibitors of Chemoattractant Receptors: Opportunities and Pitfalls. Trends
Pharmacol Sci 2008, 29, 280-286, doi:10.1016/].tips.2008.03.005.

426. Liu, H.; Kim, H.R.; Deepak, R.N.V.K.; Wang, L.; Chung, K.Y.; Fan, H.; Wei,
Z.; Zhang, C. Orthosteric and Allosteric Action of the C5a Receptor Antagonists. Nat
Struct Mol Biol 2018, 25, 472-481, doi:10.1038/s41594-018-0067-z.

120



427. Kumar, V.; Lee, J.D.; Clark, R.J.; Noakes, P.G.; Taylor, S.M.; Woodruff, T.M.
Preclinical Pharmacokinetics of Complement C5a Receptor Antagonists PMX53 and
PMX205 in Mice. ACS Omega 2020, 5, 2345-2354, doi:10.1021/acsomega.9b03735.

428. Ko6hl, J. Drug Evaluation: The C5a Receptor Antagonist PMX-53. Curr Opin
Mol Ther 2006, 8, 529-538.

429. Jayne, D.R.W.; Merkel, P.A.; Schall, T.J.; Bekker, P., ADVOCATE Study
Group Avacopan for the Treatment of ANCA-Associated Vasculitis. N Engl J Med 2021,
384, 599-609, doi:10.1056/NEJMo0a2023386.

430. Merkel, P.A.; Jayne, D.R.; Wang, C.; Hillson, J.; Bekker, P. Evaluation of the
Safety and Efficacy of Avacopan, a C5a Receptor Inhibitor, in Patients With
Antineutrophil Cytoplasmic Antibody-Associated Vasculitis Treated Concomitantly
With Rituximab or Cyclophosphamide/Azathioprine: Protocol for a Randomized,
Double-Blind, Active-Controlled, Phase 3 Trial. JMIR Res Protoc 2020, 9, ¢16664,
doi:10.2196/16664.

431. Robson, J.; Doll, H.; Suppiah, R.; Flossmann, O.; Harper, L.; Hoglund, P.;
Jayne, D.; Mahr, A.; Westman, K.; Lugmani, R. Glucocorticoid Treatment and Damage
in the Anti-Neutrophil Cytoplasm Antibody-Associated Vasculitides: Long-Term Data
from the European Vasculitis Study Group Trials. Rheumatology 2015, 54, 471-481,
doi:10.1093/rheumatology/keu366.

432, Ghouse, S.M.; Vadrevu, S.K.; Manne, S.; Reese, B.; Patel, J.; Patel, B.;
Silwal, A.; Lodhi, N.; Paterson, Y.; Srivastava, S.K.; et al. Therapeutic Targeting of
Vasculature in the Premetastatic and Metastatic Niches Reduces Lung Metastasis. J
Immunol 2020, 204, 990-1000, doi:10.4049/jimmunol.1901208.

433, Passeron, T.; Fontas, E.; Boye, T.; Richard, M.-A.; Delaporte, E.; Dereure, O.
Treatment of Bullous Pemphigoid with Avdoralimab: Multicenter, Randomized, Open-
Labeled Phase 2 Study. JID Innov 2024, 4, 100307, doi:10.1016/j.xjid1.2024.100307.

434, Fredslund, F.; Laursen, N.S.; Roversi, P.; Jenner, L.; Oliveira, C.L.P;
Pedersen, J.S.; Nunn, M.A.; Lea, S.M.; Discipio, R.; Sottrup-Jensen, L.; et al. Structure
of and Influence of a Tick Complement Inhibitor on Human Complement Component 5.
Nat Immunol 2008, 9, 753-760, doi:10.1038/ni.1625.

435. Moriconi, A.; Cunha, T.M.; Souza, G.R.; Lopes, A.H.; Cunha, F.Q.; Carneiro,
V.L.; Pinto, L.G.; Brandolini, L.; Aramini, A.; Bizzarri, C.; et al. Targeting the Minor
Pocket of C5aR for the Rational Design of an Oral Allosteric Inhibitor for Inflammatory
and Neuropathic Pain Relief. Proc Natl Acad Sci U S A 2014, 111, 16937-16942,
doi:10.1073/pnas.1417365111.

436. Sisignano, M.; Parnham, M.J.; Geisslinger, G. Drug Repurposing for the
Development of Novel Analgesics. Trends Pharmacol Sci 2016, 37, 172-183,
doi:10.1016/j.tips.2015.11.006.

437. Yamamoto, S.; Egashira, N. Drug Repositioning for the Prevention and
Treatment of Chemotherapy-Induced Peripheral Neuropathy: A Mechanism- and
Screening-Based Strategy. Front  Pharmacol 2021, 11, 607780,
doi:10.3389/fphar.2020.607780.

121



438. Chou, P-L.; Huang, Y.-P; Cheng, M.-H.; Rau, K.-M.; Fang, Y.-P.
Improvement of Paclitaxel-Associated Adverse Reactions (ADRs) via the Use of Nano-
Based Drug Delivery Systems: A Systematic Review and Network Meta-Analysis. Int J
Nanomedicine 2020, 15, 1731-1743, doi:10.2147/1JN.S231407.

439. Castells Guitart, M.C. Rapid Drug Desensitization for Hypersensitivity
Reactions to Chemotherapy and Monoclonal Antibodies in the 21st Century. J Investig
Allergol Clin Immunol 2014, 24, 72-79; quiz 2 p following 79.

440. Son, S.; Shim, D.-W.; Hwang, 1.; Park, J.-H.; Yu, J.-W. Chemotherapeutic
Agent Paclitaxel Mediates Priming of NLRP3 Inflammasome Activation. Front Immunol
2019, 70, 1108, doi:10.3389/fimmu.2019.01108.

441. Collins, T.S.; Lee, L.F.; Ting, J.P. Paclitaxel Up-Regulates Interleukin-8
Synthesis in Human Lung Carcinoma through an NF-kappaB- and AP-1-Dependent
Mechanism. Cancer Immunol Immunother 2000, 49, 78-84,
doi:10.1007/s002620050605.

442, Polomano, R.C.; Mannes, A.J.; Clark, U.S.; Bennett, G.J. A Painful Peripheral
Neuropathy in the Rat Produced by the Chemotherapeutic Drug, Paclitaxel. Pain 2001,
94, 293-304, doi:10.1016/S0304-3959(01)00363-3.

443, Brandolini, L.; Elisabetta, B.; Adelchi, R.P.; Roberto, R.; Loredana, C.;
Andrea, A.; Michele, d’Angelo; Vanessa, C.; Antonio, G.; Marcello, A.; et al. CXCR1/2
Pathways in Paclitaxel-Induced Neuropathic Pain. Oncotarget 2017, 8, 23188-23201,
doi:10.18632/oncotarget.15533.

444, Beato, C.; Beccari, A.R.; Cavazzoni, C.; Lorenzi, S.; Costantino, G. Use of
Experimental Design to Optimize Docking Performance: The Case of LiGenDock, the
Docking Module of LiGen, a New de Novo Design Program. J Chem Inf Model 2013,
53, 1503-1517, doi:10.1021/ci400079k.

445, Bertini, R.; Barcelos, L.; Beccari, A.; Cavalieri, B.; Moriconi, A.; Bizzarri,
C.; Di Benedetto, P.; Di Giacinto, C.; Gloaguen, I.; Galliera, E.; et al. Receptor Binding
Mode and Pharmacological Characterization of a Potent and Selective Dual
CXCRI1/CXCR2 Non-Competitive Allosteric Inhibitor.  British  Journal of
Pharmacology 2012, 165, 436454, doi:10.1111/5.1476-5381.2011.01566.x.

446. Brandolini, L.; Castelli, V.; Aramini, A.; Giorgio, C.; Bianchini, G.; Russo,
R.; De Caro, C.; d’Angelo, M.; Catanesi, M.; Benedetti, E.; et al. DF2726A, a New IL-
8 Signalling Inhibitor, Is Able to Counteract Chemotherapy-Induced Neuropathic Pain.
Sci Rep 2019, 9, 11729, doi:10.1038/s41598-019-48231-z.

447, Allegretti, M.; Cesta, M.C.; Zippoli, M.; Beccari, A.; Talarico, C.; Mantelli,
F.; Bucci, E.M.; Scorzolini, L.; Nicastri, E. Repurposing the Estrogen Receptor
Modulator Raloxifene to Treat SARS-CoV-2 Infection. Cell Death Differ 2022, 29, 156—
166, doi:10.1038/s41418-021-00844-6.

448. Koehl, J.; Kordowski, A.; Wu, D.; Hogan, S.P. Experimental Food-Induced
Anaphylaxis Is Driven by C5aR1 Actvivation on Mast Cells. The Journal of Immunology
2017, 198, 145.2, doi:10.4049/jimmunol.198.Supp.145.2.

122



449, Laumonnier, Y.; Wiese, A.V.; Figge, J.; Karsten, C. Regulation and Function
of Anaphylatoxins and Their Receptors in Allergic Asthma. Mol Immunol 2017, 84, 51—
56, d0i:10.1016/j.molimm.2016.11.013.

450. Guo, X.; Sun, H.; Dong, J.; Feng, Y.; Li, H.; Zhuang, R.; Wang, P.; Cai, W.;
Zhou, Y. Does Nab-Paclitaxel Have a Higher Incidence of Peripheral Neuropathy than
Solvent-Based Paclitaxel? Evidence from a Systematic Review and Meta-Analysis. Crit
Rev Oncol Hematol 2019, 139, 16-23, doi:10.1016/j.critrevonc.2019.04.021.

451. Ding, P.;; Li, L.; Li, L.; Lv, X.; Zhou, D.; Wang, Q.; Chen, J.; Yang, C.; Xu,
E.; Dai, W,; et al. C5aR1 Is a Master Regulator in Colorectal Tumorigenesis via Immune
Modulation. Theranostics 2020, 10, 8619-8632, doi:10.7150/thno.45058.

452, Ajona, D.; Ortiz-Espinosa, S.; Moreno, H.; Lozano, T.; Pajares, M.J;
Agorreta, J.; Bértolo, C.; Lasarte, J.J.; Vicent, S.; Hoehlig, K.; et al. A Combined PD-
1/C5a Blockade Synergistically Protects against Lung Cancer Growth and Metastasis.
Cancer Discov 2017, 7, 694-703, doi:10.1158/2159-8290.CD-16-1184.

453. Vanneman, M.; Dranoff, G. Combining Immunotherapy and Targeted
Therapies in Cancer Treatment. Nat Rev Cancer 2012, [2, 237-251,
doi:10.1038/nrc3237.

123



Tesi redatta con il sostegno finanziario del programma
FSE-REACT-EU, PON “Ricerca e Innovazione” 2014-2020 (D.M. 1061/2021)
Asse |V “Istruzione e ricerca per il recupero — REACT-EU”

Azione 1V.4 “Dottorati e Contratti di ricerca su tematiche dell'innovazione”

.

Q PON  REACT EU s

UNIONE EUROPEA Mot i o see DELLAQUILA
Forsda Sodiale furpes A i gl



	PhD thesis Francesco D'Egidio.pdf
	Frontespizio della tesi_a.a._2023_2024_PON - da firmare
	TESI PhD FRA - Copia per prendere frontespizio e indice
	TESI PhD FRANCESCO D'EGIDIO updated .pdf

	Ultima pagina tesi_INNOVAZIONE.pdf



