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Abstract

The contribution of nerves to the pathogenesis of malignancies has emerged as an important
component of the tumour microenvironment. Recent studies have shown that peripheral nerves
(sympathetic, parasympathetic, and sensory) interact with tumour and stromal cells to promote the
initiation and progression of a variety of solid and haematological malignancies. Furthermore, new
evidence suggests that cancers may reactivate nerve-dependent developmental and regenerative
processes to promote their growth and survival. Here, we review emerging concepts and discuss
the therapeutic implications of manipulating nerves and neural signalling for the prevention and
treatment of cancer.

Table of Contents Summary

This Review discusses the role that nerves play in the initiation and progression of cancers
focussing on the evidence that tumours may reactivate nerve-mediated developmental and
regenerative pathways to promote their own growth and survival.

INTRODUCTION

A network of autonomic and sensory nerves in the periphery, termed the peripheral nervous
system (PNS), helps coordinate the molecular, cellular, and organ level processes that enable
the body to maintain homeostatic control. These coordinated systems continuously adjust
internal variables including blood pressure, pH, and metabolism, among many others, in
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order to adapt to internal and external pressures. Similarly, tumours must regulate these
processes to ensure their survivall. A growing body of evidence suggests that just as healthy
tissues recruit and maintain innervation [G] by the PNS, tumours co-opt neural programs to
promote their growth and progression?=>,

Within the PNS, the autonomic nervous system (ANS), so called because it is classically
considered to be outside of conscious controlS, is further divided into the sympathetic
nervous system [G] (SNS) and parasympathetic nervous system [G] (PSNS). On the cellular
level, nerves in the SNS and PSNS are organized as two neurons in series; the first
originating in the spinal cord or brain stem (central nervous system; CNS) and the second in
a ganglion [G] in the periphery. These two neurons in series are known as pre-ganglionic
and post-ganglionic, respectively. While anatomically defined by their origin, sympathetic
and parasympathetic nerves are similar in that their post-ganglionic cell bodies reside
outside of the CNS and sit in relative proximity to the glands and organs that they innervate
(Figure 1). Thus, these post-ganglionic nerves are influenced by the microenvironment that
they innervate, and in turn can rapidly respond to changes in the tumour microenvironment
(TME). Since the neuronal cell bodies are in close proximity to the TME, their response to
stimuli is not limited to the classical release of preformed neurotransmitters, but extends to
altering transcription, translation, and cytoskeletal dynamics. Emerging studies suggest that
sensory nerves, classically considered to act as information relays to the CNS, similarly
interact with and influence the TME’-11. However, it is important to note that as the
autonomic neuronal cell bodies are located near to—but outside—the organs that they
innervate, their genetic material is often not captured by tumour profiling studies and
therefore, their contributions to the TME may be underappreciated in such studies.

Since the 16™ century, it has been observed that nerves and blood vessels travel in tandem?2,
and that both structures are necessary for organ maintenance. As tumours require these same
structures for growth and survival, it was thus reasoned that transection of these structures
may provide cancer control. Almost two centuries ago, this hypothesis was tested for the
first time when surgeons attempted to treat tumours of the lip by transecting the trigeminal
nerve and its accompanying vessels3. While transection of nerves and vessels achieved
symptomatic control (reduced ulceration and pain), all four patients in the study ultimately
required surgical removal of the tumour for cure. However, it has only been in the past
decade that the molecular mechanisms and contributions of nerves to the TME have been
elucidated. This is largely due to technological advances that have enabled precise imaging
and manipulation of neuronal input to the TME to study its effects on cancer initiation and
progression. Similarly, these tools have helped to elucidate how tumours reactivate
developmental neurogenic pathways common to organogenesis. Driven by evidence from
clinical studies, novel translational therapeutic techniques are under development to target
the interactions between nerves and the TME for the treatment of cancer. In this Review, we
provide an overview of recent insights into the roles nerves play in regulating the TME, and
how the TME regulates the recruitment of nerves to promote cancer development and
progression. We also discuss potential therapeutic implications for the development of novel
cancer treatments.
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Innervation of cancer

Denervation

In the same way as increased blood vessel formation is necessary for tumour growth, an
increase in vascular density is one of the first histological changes observed in neoplastic
tissues. Moreover, as cancer progresses from pre-neoplastic lesions to overt cancer, nerve
density nearly doubles compared with age-matched non-neoplastic tissue controls14,
Furthermore, an increase in nerve density has been found to correlate consistently with more
aggressive disease, including for cancers of the prostate, colon and rectum, head and neck,
breast, pancreas, stomach, and lung3>14-19, A variety of tools have been employed to
explore the mechanistic importance of cancer innervation to disease initiation and
progression.

studies

Like wires providing current to a circuit, nerves can be thought of as providing regulatory
input to tissues. Therefore, loss of nerves (known as denervation), terminates this
communication enabling investigation of the role of neural innervation on its target tissue.
While conceptually simple, specific targeting of the nerves innervating a tissue of interest
requires intimate understanding of neuroanatomy, as transecting a major nerve before it
gives rise to its tissue-specific branch can cause major morbidity and mortality20. A variety
of techniques have been developed to trace the innervation pattern of tissues (Table 1), most
of which rely on the retrograde axonal transport of injected dyes or infection with
fluorescent protein-expressing neurotropic viruses?:22, Thus, using these innervation maps
(Figure 1), researchers have been able to study the contributions of nerves to cancer
initiation, progression, and metastasis. Nevertheless, it is notable that construction of these
innervation maps is based on studies in normal (wild type) organs, not in the setting of
cancer. As such, further studies are needed to ascertain precise innervation maps of cancer
tissues.

Among the organs of the body, innervation of the prostate is one of the best studied due to its
anatomically distinct (and thus easily manipulated) SNS and PSNS inputs. In the rodent, all
sympathetic innervation comes from bilateral paired hypogastric nerves, and all
parasympathetic innervation derives from bilateral paired pelvic nerves?3. Transection of the
hypogastric nerves was found to arrest age-related gland growth, and disrupt glandular
epithelial morphology2425, suggesting that these nerves provide necessary trophic factors
for maintaining tissue homeostasis. To test whether sympathetic nerves have a similar effect
in prostate cancer, surgical transection of the bilateral hypogastric nerves was found to cause
tumour regression in an orthotopic human PC-3 xenograft mouse model, and inhibition of
tumour growth in an autochthonous transgenic Hi-MY C prostate cancer model (in which
mice express MYC specifically in the prostate)®. Similarly, sympathectomy [G] of the
tongue by bilateral removal of the superior cervical ganglia, inhibited tumour growth and
invasion in a carcinogen-induced mouse model of squamous cell carcinomal8, and
transection of the epigastric nerve to the rat inguinal (groin) mammary gland (anatomically
similar to the thoracic mammary gland found in both rodents shown in Figure 1 and
humans) as well as intratumoural genetic depletion of sympathetic nerves (achieved by
intratumoral injection of a viral vector carrying diphtheria toxin antigen under the
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sympathetic-specific tyrosine hydroxylase (TH) promoter) inhibited orthotopic breast cancer
growth826. Furthermore, denervation by surgical ganglionectomy [G] of the celiac and
superior mesenteric ganglia was found to improve the efficacy of chemotherapy in a
transgenic mouse model of pancreatic cancer; however the effect of ganglionectomy alone
on cancer progression was not assessed?.

To disrupt specific neural input to an organ without the permanent effect of surgical
transection, several chemical techniques have been developed to temporarily inhibit neural
signalling by diverse mechanisms (Table 1). One commonly used denervation technique is
chemical poisoning of adrenergic nerve [G] terminals with the dopamine mimetic 6-OH
dopamine (60HDA). Since this drug is polar, it does not cross the blood-brain barrier of
adult mice, and thus does not affect the CNS or adrenal glands?’. While neonatal 50OHDA
administration results in permanent sympathectomy, its effects are temporary in the adult, as
the adrenergic nerve terminals regrow after several weeks28:29, In both transgenic and
orthotopic mouse models of breast cancer, chronic chemical sympathectomy with 60HDA
decreases intratumoral noradrenaline [G] and inhibits tumour growth39. Similar inhibitory
effects on tumour growth were reported after 6OHDA sympathectomy in orthotopic and
transgenic mouse models of melanoma and prostate cancer?>3L, Interestingly gene
expression analysis from laser microdissection of prostate stroma revealed similar gene
expression patterns from both surgically, as well as chemically denervated prostates,
indicating that the two approaches produce equivalent results32,

While prostate cancer derives from glandular epithelium, which is heavily innervated by
adrenergic nerves33, pancreatic cancer largely derives from ductal epithelium in the exocrine
[G] portion of the pancreas, which receives considerable sensory and adrenergic innervation,
with some contribution from cholinergic innervation as well3435, In contrast to adrenergic
innervation that is equally distributed throughout the pancreas, sensory innervation is
greatest at the head (within the exocrine portion) of the pancreas3®, which derives in equal
parts from the vagus nerve and celiac ganglia36. The head of the pancreas is also where the
majority of pancreatic cancers occurs3’. Using chemical denervation of sensory nerves
(Table 1), three groups independently demonstrated that neonatal depletion of sensory
nerves reduces initiation of pancreatic intraepithelial neoplasia (PanIN) precursor lesions
and inhibits progression from the PanIN stage to pancreatic ductal adenocarcinoma (PDAC)
in autochthonous transgenic mouse models of pancreatic cancer that faithfully reproduce
human diseasel0.11:38_ Similar to the pro-tumorigenic contributions of sensory nerves to
pancreatic cancer progression, depletion of the sensory neuropeptide substance P was also
shown to reduce metastasis in an orthotopic mouse model of breast cancer’. Interestingly the
majority of breast cancers derive from the ductal epithelium39, thus further implicating
sensory nerves in ductal carcinomas.

In addition to its large sensory component in the abdomen, the vagus nerve also provides
parasympathetic innervation to the pancreas*?. Parasympathetic cholinergic nerves mainly
innervate the stroma and glandular epithelium within the pancreas®>41. In contrast to
chemical denervation of the sensory component of the vagus nerve (using resiniferatoxin or
capsaicin), surgical transection of the vagus nerve (which severs both parasympathetic and
sensory axons in this mixed nerve) was independently shown by two groups to accelerate
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pancreatic cancer progression from the PanIN stage to PDAC#243, Both groups found that
vagotomy increased pancreatic inflammation and recruitment of tumour-associated
macrophages (TAMs), two interrelated, well known pro-tumorigenic factors38:44.45 \which
suggests changes in the composition of the TME that we will discuss in detail below.

By contrast to the cancer inducing effects of vagotomy in pancreatic cancer, transection of
the vagus nerve in gastric cancer has been shown to have an anti-tumorigenic effect3.
Greater than 95% of gastric cancers are adenocarcinomas, deriving from the gastric
glandular epithelium*. The gastric secretory epithelium is highly innervated by cholinergic
nerves that derive from ganglia embedded within the stomach wall (the myenteric plexus),
which in turn are regulated by the vagus nerve36. Using several different transgenic
autochthonous mouse models of gastric cancer, it was found that parasympathetic
denervation by vagotomy with pyloroplasty [G] (as denervation inhibits gastric emptying) or
by gastric injection of the botulinum neurotoxin [G], inhibited progression from the
preneoplastic stage to adenocarcinoma when performed early, as well as prevented disease
progression and improved mouse survival when performed in later disease stages®.
Furthermore, denervation by chemical destruction of the myenteric plexus was found to
inhibit tumour growth in a carcinogen-induced autochthonous model of gastric cancer®’.

Modulation of neurotransmitters and cognate receptors in cancer

Just as denervation has largely been found to have an inhibitory effect on cancer initiation
and progression, increased nerve signalling has been suggested to promote cancer
progression. Early histological studies demonstrated that continuous electrical stimulation of
the superior cervical ganglion, which provides adrenergic innervation to the salivary glands,
induced glandular hyperplasia*84°. While long-term electrode stimulation is damaging to
nerves, other strategies have been used to chronically increase adrenergic activity. A recent
study employed genetic engineering to induce expression of long-acting bacterial sodium
channels in intratumoral adrenergic nerves. Expression of these long-acting channels
increased adrenergic nerve activity and intratumoral levels of the adrenergic
neurotransmitter noradrenaline, resulting in accelerated growth of orthotopic and
carcinogen-induced breast tumours in mice28.

Chronic stress is associated with an increased incidence of cancer®®, portends worse clinical
outcomes®?, and increases in circulating as well as intratumoral catecholamine [G] levels,
especially noradrenaline22:53, Pre-clinical models of malignancy have shown that increased
adrenergic activity through stress promotes progression of a variety of cancers including
ovarian, prostate, breast, and pancreatic1853-55, |n addition, chronic stress models (such as
the physical restraint stress model [G]) increases systemic as well as intratumoral levels of
catecholamines®°3. The adrenal glands (specifically the adrenal medulla), are considered
sympathetic ganglia (Figure 1), and are responsible for endocrine production of
catecholamines, mainly adrenaline (epinephrine). While adrenalectomy in unstressed mice
with cancer does not influence tumour growth or cancer progression?®, removal of the
bilateral adrenal glands in chronically stressed mice reduced tumour development in a
transgenic autochthonous pancreatic cancer model?. These data suggest that adrenal derived
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catecholamines play a role in cancer initiation, but further studies are needed to assess their
role in cancer progression and metastasis.

Sympathetic adrenergic nerves release noradrenaline that signals through a.- and p-
adrenergic receptors [G] on target cells. Several studies have shown that administration of -
adrenergic agonists recapitulates the pro-tumorigenic and pro-metastatic effects of stress. In
a transgenic model of breast cancer, chronic administration of the non-selective p-adrenergic
agonist isoproterenol reproduced the effects of stress causing increased lymph node
metastasis and lymphatic vascular density, but interestingly did not affect primary tumour
growth®®. Conversely, the study also showed that adrenergic inhibition with the non-
selective B-blocker propranolol inhibited lymph node metastasis and lymphangiogenesis
[G]. Similar results were also seen in orthotopic mouse models of metastatic breast
cancer®6:57_ Increased adrenergic activity was also found to promote pancreatic disease
progression from the pre-neoplastic PanIN stage to adenocarcinoma in transgenic mouse
models of pancreatic cancer?. Similarly, chronic treatment with isoproterenol accelerated
disease progression, and treatment with the antagonist propranolol inhibited disease
progression®18. In transgenic mouse models of prostate cancer, pharmacological inhibition
of the p2-adrenergic receptor, embryonic deletion of the gene encoding the B2-adrenergic
receptor Adrb2and Adrb3, or genetic deletion of Adrb2in adult endothelial cells inhibited
cancer progressionZ54, further suggesting that B-adrenergic receptors in the TME mediate
the pro-tumorigenic effects of adrenergic nerves.

Increased parasympathetic activity has similarly been shown to have pro-tumorigenic
effects. Parasympathetic nerves, as well as a small subset of specialized chemosensory cells
such as gastrointestinal tuft epithelial cells8, release acetylcholine that signals through
nicotinic receptors [G] and muscarinic receptors [G] on target cells. Gastric cancers
upregulate expression of the muscarinic acetylcholine receptor 3 (M3R)3. In transgenic and
carcinogen-induced models of gastric cancer, genetic deletion of M3R in gastric epithelial
cells or pharmacological inhibition slowed tumour growth and progression39. In transgenic
and orthotopic xenograft models of prostate cancer, stimulation of the M1R with the agonist
carbachol stimulated lymph node metastasis, whereas pharmacological inhibition or genetic
deletion of M1R prevented metastasis®. In pancreatic cancer, removal of parasympathetic
(and sensory) input by transection of the vagus nerve accelerates cancer progression#2:43,
Furthermore, stimulation of cholinergic signalling with the non-selective muscarinic agonist
bethanechol, inhibits pancreatic cancer progression in transgenic and orthotopic xenograft
models, whereas global genetic deletion of MR stimulates progression®3. A similar
inhibitory role for cholinergic nerves was recently demonstrated in both human xenograft
and transgenic mouse models of breast cancer?6. Using intratumoral injection of an adeno-
associated virus (AAV) vector to express long-acting bacterial sodium channels in tumour
cholinergic nerves, the activity of these nerves was constitutively increased and found to
slow tumour growth. As the mammary gland is a derivative of the skin, it has been shown to
have a similar innervation pattern as skin, receiving sensory and sympathetic fibres, but no
parasympathetic input as demonstrated by retrograde tracing studies, and little evidence of
cholinergic fibres in immunohistochemical studies®%-62. While further retrograde nerve
tracing studies are needed in breast tumours, it is possible that cholinergic differentiation of
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adrenergic nerves occurs, as has been observed in sweat glands of the skin63. Interestingly, it
was found that disease recurrence in patients with breast cancer was positively correlated
with tumoral adrenergic nerve density and inversely correlated with cholinergic nerve
density in the original tumour specimenZ®.

Taken together, these results suggest that while adrenergic and sensory signals exert pro-
tumorigenic effects, cholinergic signals exhibit tissue-dependent effects. However, the
molecular mechanisms that underlie the context-dependent effects of parasympathetic
signals are not well understood. This lacuna stems in part from the lack of tools to
specifically target parasympathetic nerves (Table 1). However, cell-specific deletion of
muscarinic receptors, as was carried out in gastric cancer mouse models®®, will help tease
out the contributions of tumour epithelial cells versus stromal cells in mediating cholinergic
signals in the TME. Further understanding of the signalling events downstream of the p-
adrenergic receptor (such as p2-adrenergic receptor mediated CAMP activation of CAMP
response element-binding protein (CREB)) and muscarinic receptor subtypes (such as M1R
activation of the PI3K-MAPK pathway, and M3R activation of downstream WNT
signalling)#3:5% will likely help explain the tissue specific effects of autonomic signalling in
various cancers64.

Nerves in haematological malignancies and CNS tumours

In addition to regulating solid tumours outside of the CNS, which are largely derived from
epithelial cells, nerves play a role in other types of malignancy. The haematopoietic stem
and progenitor cells (HSPCs) from which blood cancers arise, are regulated by distinct
microenvironments known as niches, such as the bone marrow, which are innervated by
adrenergic nerves85-67. During normal ageing, there is loss of adrenergic nerve density in
the bone marrow, which alters the niche and leads to a decline in HSPC function66:67. In
mouse models of acute myeloid leukaemia (AML), the loss of adrenergic nerves promotes
malignancy due to reduced B-adrenergic signalling in the niche88. Similarly, neuropathy [G]
occurs in myeloproliferative neoplasms, and this loss of adrenergic nerves and Schwann
cells [G] promotes malignancy through a reduction of niche cells, and can be partially
restored with B3-adrenergic receptor agonists®®. Thus, while adrenergic signals in the TME
of epithelial cancers promote tumour growth and progression, these same signals in the bone
marrow niche are protective against aberrant proliferation and expansion of HSPCs, further
underlying the complexity and tissue-specific as well as context-dependent roles of nerves in
the microenvironment.

A comparable phenomenon of nerve mediated cancer growth has been observed in primary
and metastatic tumours of the CNS. Unlike the periphery, the CNS exhibits an extremely
high density of nerves accounting for approximately half of all cells in the brain?® 7, While
neurons communicate with each other via synaptic transmission, several recent studies have
shown that gliomas (brain tumours derived from glial cells) can also form a microtube
network of excitatory synapses with glutamatergic nerves in the brain driving tumour
growth’273, Similarly, a recent study found that breast cancer metastases in the brain form
excitatory synapses with glutamatergic nerves fuelling their growth through tumour-
expressed metabotropic glutamate receptors known as N-methyl-D-aspartate receptors
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(NMDARSs)”4. Interestingly, tumour-expressed NMDARSs have also been implicated in the
aggressiveness of several tumours outside the CNS, including pancreatic and ovarian
cancers’>. While subtypes of sensory neurons in the periphery secrete glutamate’®, it was
shown that pancreatic tumours produce their own glutamate thus signalling in an autocrine
manner’®. Taken together, these data suggest that autonomic (adrenergic, cholinergic, and
sensory peptidergic [G]) signalling influences epithelial-derived tumours in the periphery,
whereas glutamatergic signalling in the CNS regulates primary and metastatic tumours in the
brain.

REACTIVATION OF NERVE-MEDIATED PATHWAYS

To better understand the mechanisms by which nerves interact with the TME to drive cancer,
insights can be gained from the impact of nerves on development and regeneration (Figure
2). During gland development, epithelial organs undergo a spatial and temporal patterning
known as lobulation. This process has been shown to be heavily reliant on the recruitment
and growth of nerves’’-82 (Figure 2A and 2D). As a model system, morphogenesis of the
embryonic submandibular gland has been the best studied, owing to its ability to be cultured
ex vivo. Like many glands, the submandibular salivary gland maximizes space and surface
area through a series of branching ducts and acini to produce the necessary volume of
secretory fluid for daily function83. To achieve the morphogenic patterning of epithelial cells
within the mature interconnected network of ducts and acini, the embryonic epithelial
mesenchyme secretes neurotrophic growth factors (neurotrophins) that recruit nerves. These
include nerve growth factor (NGF), its high-affinity receptor (tropomyosin receptor kinase A
(TRKA)) and low-affinity p75 neurotrophin receptor (p75NTR), and the glial cell line derived
neurotrophic factor (GDNF) neurturin and its receptor GDNF family receptor a.2
(GFRa2)7784, The epithelial end-buds and ducts secrete neurturin, which causes
unidirectional axonal outgrowth from the parasympathetic submandibular ganglion by way
of neuronally-expressed GFRa2’. These parasympathetic nerves in turn release
acetylcholine that signals through muscarinic receptors in SRY-box 2 (SOX2)* epithelial
progenitors inducing acinar bud [G] branching and maturation, and release vasoactive
intestinal peptide (VIP) that induces tubulogenesis (duct formation in cycling luminal
epithelial cells) (Figure 2D)77-79.85,

Adrenergic nerves similarly play an important role in gland development. During the late
prenatal period, adrenergic nerves begin to innervate the salivary glands, and the
development of these nerves parallels the maturation of the glandular acini and patterning of
the vasculature*®80 (Figure 2D). This innervation is necessary for organogenesis as
sympathectomy, or genetic deletion of the major adrenergic neurotrophin NGF, inhibits
gland formation86-87, NGF is critical for the initiation and maintenance of gland innervation.
However, when organ patterning is complete, NGF levels drop off and axonogenesis
correspondingly decreases®®. Gland-derived NGF signals in a retrograde manner, binding to
its cognate TRKA receptor on the neuronal pre-synaptic membrane, which is then
incorporated into endosomes that travel from the distal axon back to the neuronal cell body
and dendrites, influencing gene expression and axonogenesis®%:90 (Figure 2A). In the
developing pancreas, the onset of adrenergic innervation is associated with a rapid phase of
glandular growth and maturation, and genetic deletion of NGF or adrenergic nerve-specific
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deletion of TRKA leads to incomplete adrenergic innervation of the pancreas and disruption
of glandular architecture, also phenocopied by sympathectomy®187.91, |n addition to the
NGF and GDNF family of neurotrophins, brain-derived neurotrophic factor (BDNF) and its
cognate receptor TRKB are involved in glandular innervation (Figure 2A). During mammary
gland development, the mammary mesenchyme secretes high levels of BDNF which signals
through TRKB receptors on sensory neurons, recruiting these nerves to establish innervation
of the ductal tree82. In this study, embryonic deletion of BDNF or TRKB, sensory neuron-
specific deletion of TRKB, or genetic TRKB inactivation were all sufficient to inhibit
mammary gland innervation.

Akin to the contribution of nerves to organogenesis, nerves are also essential for limb
patterning and growth during development. In the developing embryo, some of the highest
NGF levels are found in the limb bud at its axillary site, expressed in the undifferentiated
mesenchyme adjacent to the apical ectodermal ridge (a thin epithelial layer necessary for
proper limb patterning)®8. Prior to limb differentiation and patterning, sensory nerves appear
in the mesenchyme of the limb bud9, and condensation of the mesenchyme (the initial step
in differentiation of the limb structure) is observed in close association (both in time and
space) with the arborisation of the innervating nerves93:94,

A similar involvement of nerves is seen in limb regeneration (Figure 2B and 2E). In
salamanders, regeneration of limb structures distal to the site of amputation is dependent on
the presence of nerves, as denervation of layers deeper than the level of amputation (i.e.
proximal to the amputation site) inhibits regeneration®®. These nerves signal to the overlying
epithelial and mesenchymal cells (the blastema) that pattern cell migration and control cell
proliferation® (Figure 2B and 2E). Nerves are not only important for vascular patterning
during organogenesis®”%8, but are also involved in vascular patterning during regeneration®°.
This phenomenon of vascular and epithelial patterning has been demonstrated in Xenopus
laevis following amputation of the forelimb and subsequent surgical rerouting of hind limb
innervation; the result was hyperinnervation at the amputated site, and accelerated
regeneration and patterning90. In this case, the dependence on nerves for regeneration is
based on a combination of the effects of nerve-derived neurotransmitters and growth factors,
such as the salamander specific secreted glycoprotein newt anterior gradient protein (nAG),
which does not have a functionally similar ortholog in mammals!®l. However, in mammals
(including humans) nerve-dependent regeneration of the digit tip occurs!02, and was found
to be reliant on WNT signalling (Figure 2B). Conditional WNT deletion in epithelial cells at
the digit tip reduced expression of neurotrophins and inhibited axonal regrowth and digit tip
regeneration in micel03, The dependence upon WNT for axonal patterning in regeneration is
a common pathway shared with organogenesis during embryonic development103-105, There
are also other conditions under which nerves support regeneration and these include
regeneration of the bone marrow following recovery from myeloablative therapy, which is
promoted by B-adrenergic signals1%8, and wound re-epithelialization, which requires
epithelial cell proliferation and vascular patterning, both of which can be disrupted by
denervation107-109,

During cancer initiation and the early stages of cancer progression, tumours reactivate nerve-
dependent pathways similar to those in development and regeneration to enable their
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continued growth and maintenance (Figure 2C and 2F). As we discussed in the previous
section, nerve density more than doubles during the pre-malignant stages of cancer210.14,
similar to the increased innervation observed during initiation of gland patterning during
organogenesis and blastema formation in regeneration. This increase in nerve density is
paralleled by an increase in neurotrophin production!9 (Figure 2C and 2F). In transgenic
mouse models of pancreatic cancer, a doubling in expression of neurotrophic factors
including NGF, GDNF, BDNF, and neurturin, as well as expression of their cognate
receptors (TRKA, GFRal, TRKB, and GFRa2, respectively) occurs during the pre-
neoplastic PanIN stagelll. In this study, neurotrophin levels continued to rise as disease
progressed to aggressive adenocarcinoma, reaching levels > 7-fold compared with age-
matched controls. In addition, mice with PDAC were found to have a 10-fold elevation in
nerve density compared with age-matched controls (one third of these nerves being
adrenergic)*. Furthermore, in this study, elevated Ngflevels were found in the epithelial
compartment of the pancreatic tumour. When the authors selectively overexpressed NGF in
the pancreatic epithelium using an inducible transgenic NGF knock-in model, there was an
increase in adrenergic nerve density and induction of PanIN in wild-type mice, with
acceleration of the progression from PanIN to PDAC in transgenic cancer models.
Conversely, reduction of NGF expression by genetic depletion using small interfering RNA
(siRNA), or by blockade with NGF antibodies, inhibits pancreatic cancer progression and
metastasis12113_ |n contrast to the epithelial expression of NGF in mouse PDAC,
neurotrophin levels in human PDAC specimens were elevated in the stromal compartment,
whereas their cognate receptors were elevated in the epithelial compartment*114, suggesting
that further research is needed to elucidate the source of neurotrophin production that
contributes to cancer.

Increased neurotrophin expression has been linked to poor clinical outcomes in a variety of
cancer types. In human prostate cancer specimens, increased expression of pro-NGF, the
precursor protein of NGF, was associated with more aggressive pathology and the majority
of NGF and BDNF was found in the stromal compartment of these tumours15.116,
Similarly, increased NGF was found in human breast cancer tissues, and elevated levels of
BDNF were found in human ovarian tumours and were associated with higher nerve density
and increased mortality!17.118 Mimicking these observations in humans, overexpression of
NGF in gastric epithelial cells increased innervation of the gastric mucosa and induced
gastric adenocarcinoma by 18 months of age in wild-type mice®®. Soluble WNT signalling
has also been shown to be both a key neurotrophic factor in the recruitment of nerves, which
guides digit tip regeneration as well as the recruitment of nerves in cancer3103, In clinical
gastric cancer specimens, elevated WNT levels correlated with both greater nerve density as
well as tumour stage®. Equally, gastric denervation in mouse models of gastric cancer
decreased WNT levels and tumour growth, further implicating embryonic and regenerative
pathways in cancer initiation and progression.

In organogenesis and regeneration, nerves provide several functions including stimulus for
epithelial proliferation, migration, and epithelial and stromal patterning. While
parasympathetic nerves regulate acinar cell expansion and patterned migration through M1R
signalling to SOX2* epithelial progenitor cells that exhibit stem cell like characteristics in
the developing salivary glands’®, certain cancers can co-opt nerves to activate similar
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pathways (Figure 2D and 2F). Prostate cancer derives from acinar epithelial cells, and recent
studies have shown that increased parasympathetic signals promote prostate cancer
metastasis through M1R signalling, and furthermore that mouse and human prostate tumours
exhibit increased expression of SOX2 in stem cell-like cancer cells, promoting androgen
resistance in advanced disease®119. Additional evidence that parasympathetic nerves
regulate putative cancer stem cells (CSCs) in tumours of glandular origin have come from
transgenic mouse models of cancer. For example, cholinergic nerves innervate gastric stem
cells positive for expression of the transcription factor MIST1 (also known as bHLHal5),
and conditional CArm3 deletion in these cells inhibits gastric tumour growth in vivo®?, As
parasympathetic nerves have an opposite effect in pancreatic cancer mouse models (i.e. they
suppress tumour growth), administration of the muscarinic receptor agonist bethanechol
suppressed pancreatic CSC numbers*3, However, further studies are needed to assess the
innervation of CSCs in various tumours to determine whether adrenergic innervation is
directly involved in CSC expansion (especially as during development adrenergic nerves
mainly associate with the stroma, and pattern vascular branching and aid in the development
of smooth muscle, while cholinergic nerves associate with the glandular epithelium to
pattern organ morphogenesis), and to characterize the autonomic nerve receptors expressed
by CSCs that mediate these effects.

Innervation in development relies on the combination of neural migration (to establish intra-
glandular parasympathetic ganglia) and axonogenesis. A recent study has now found
increased numbers of doublecortin-expressing cells (a marker associated with neural
progenitors as well as the axonal growth cone of migrating central and peripheral
neurons!20:121) in transgenic mouse prostate tumours!?2. This finding suggests neural
progenitors may travel through the bloodstream from the brain to seed the prostate. Whether
a similar process occurs in other tumour types or in human cancers requires further
investigation. However, many additional questions arise from this observation such as how
do progenitors cross the blood-brain barrier, what are the signalling cues to direct them from
the brain to the prostate tumour, and whether these progenitors differentiate into bona fide
functional autonomic nerves. As prostate cancer cells can also express doublecortinl23, in-
depth studies will be required to determine the origin (through neurogenesis or
axonogenesis) of newly formed axons in tumours.

NEURAL REGULATION OF THE TME

Recent advances in genetic engineering and imaging have enabled a greater mechanistic
understanding of the molecular basis of neural regulation in cancer. Initial /n vitro
experiments suggested that neurotransmitters signalled directly to tumour cells, promoting
cell proliferation, survival, and migration as reviewed previouslyl24. It is of note that direct
innervation of the epithelial compartment (that is, the cells from which solid tumours derive)
may indeed play a role in cancer initiation and progression as shown for gastric cancer®.
However, in some tissues such as the prostate, epithelial cells are histologically separated
from nerves by a barrier of smooth muscle, whereas in others such as the salivary glands,
epithelial cells may receive direct innervation. Thus, epithelial specific conditional
knockouts of autonomic and sensory receptors (Adrb2, Adrb3, Chrm1, Chrm3and the gene
encoding the substance P receptor, NkZr (also known as 7acri)) in autochthonous cancer
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mouse models will provide insight into the contribution of the epithelial compartment to
nerve-mediated regulation of cancer. Nevertheless, histological studies indicate that nerves
run through the stromal compartment and directly innervate stromal structures3®125.126 |
vivo animal studies suggest that there is a dynamic interaction in the TME among nerves,
the stroma, and epithelial compartment. For instance, our group has shown that adrenergic
nerves indirectly regulate tumour cell proliferation by modulating angiogenesis and thus
nutrient availability to the tumour2. In this section, we will discuss the impact of nerves on
individual components of the TME (Figure 3).

Angiogenesis and lymphangiogenesis

Angiogenesis, the formation of new blood vessels from the existing vasculature, is necessary
for tumour growth!27. In the stromal component of tissues, adrenergic nerves closely
associate with the vasculature (mainly arterioles [G] and capillaries), sharing patterning cues
including the same axon guidance molecules!28:129, Our recent study found that adrenergic
nerves regulate the initiation and patterning of angiogenesis in the early stages of prostate
cancer through a mechanism termed the angiometabolic switch? (Figure 3). Endothelial cells
normally rely on a glycolytic metabolic program for directed cell migration necessary for
angiogenesis during development and in cancer!3%.131 |n the TME of a mouse model of
prostate cancer, endothelial cells were found to exhibit increased Adrb2 expression, and
sympathectomy or conditional endothelial cell-specific deletion of Adrb2 inhibited
angiogenesis by shifting endothelial cell metabolism from glycolysis to oxidative
phosphorylation through upregulation of cytochrome c oxidase assembly factor 6 (Coa6), a
protein involved in the electron transport chain?. Similar to the vasculature, the lymphatic
system is highly innervated by adrenergic nerves, as the flow of lymph and egress of
lymphocytes are regulated by these nerves'32:133, |n orthotopic and transgenic models of
breast cancer, lymphangiogenesis and lymphatic remodelling were dependent on adrenergic
signalling through lymphatic endothelial Adrb2, which promoted metastasis®®. Akin to its
effects on tumour angiogenesis, sympathetic denervation has been shown to decrease
lymphatic vessel formation, which correlated with reduced cancer aggressiveness<6.

Immunity and inflammation

Within the TME, autonomic nerve fibres innervate the tissue resident immune network. In
the spleen, adrenergic innervation was found to stimulate acetylcholine production from p2-
adrenergic receptor-expressing T cells in the white pulp?34. T cell-derived acetylcholine in
turn inhibits tumour necrosis factor (TNF) production in nicotinic acetylcholine receptor
(nAChR)-expressing macrophages!3°. While this neuro-immune circuit, termed the
inflammatory reflex, is responsible for immune suppression under conditions of stress,
autonomic innervation also directly influences immune cell recruitment and fate in the TME.

Tumour lymphocyte infiltration and activation are key components of the anti-tumour
immune response of the host36. Elevated stress has been linked to increased lymphocyte
activation through production of proinflammatory cytokines such as interleukin-6 (1L-6)137.
Ovarian tumours resected from stressed patients compared to non-stressed age and stage-
matched patients, exhibit increased intratumoral norepinephrine and IL-6 levels38. /n vitro
studies showed that norepinephrine activated ovarian tumour cell expression of the
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proinflammatory cytokines 1L-6 and 1L-8 through p2-adrenergic receptor signalling138.139,
However, highly innervated tissues such as the pancreas and prostate exhibit low levels of
activated T helper 1 (Ty1) cells!36:140-142 Interestingly, adrenergic nerves contribute to this
immunosuppressive environment in several ways (Figure 3). The lymphatic system, which is
responsible for lymphocyte trafficking, is highly innervated by adrenergic nerves and p2-
adrenergic receptor signalling in the lymph nodes decreases tissue lymphocyte infiltration by
inhibiting T cell egress43. Furthermore, norepinephrine-induced signalling via the p2-
adrenergic receptor on CD8* T cells inhibits their activation by altering lymphocyte glucose
metabolism, decreasing glycolytic functionl44. Similarly, increased adrenergic signalling in
the periphery after stroke was found to induce immune phenotype switching (reduced
production of pro-inflammatory Ty1-type cytokines and increased production of
immunosuppressive T2-type cytokines), this immunosuppression was reversed by chemical
sympathectomy or administration of B-blockers4°. In breast cancer, adrenergic nerves
closely associate with immune checkpoint-expressing (programmed cell death 1 (PD1)), and
forkhead box P3 (FOXP3)-expressing tumour-infiltrating lymphocytes (TILs) of the TMEZS,
As these TILs also express p2-adrenergic receptor, sympathetic denervation or
pharmacological inhibition of the B-adrenergic receptor was able to reduce the expression of
PD1 and FOXP3 in TILs as well as PD1 ligand 1 (PDL1) expression in the tumour tissue
itself. Myeloid derived suppressor cells (MDSCs) also express p2-adrenergic receptors, and
in an orthotopic mouse model of breast cancer Aadrb2 knockout in MDSCs slowed tumour
growth, reduced expression of PDL1, and decreased serum levels of immunosuppressive
cytokines46. These observations, and the fact that cancers with a robust response to
immunotherapy appear to have a high infiltration of Tl cells'36, suggest that denervation or
abrogation of adrenergic signals may provide novel approaches to improve immunotherapy
responses of highly innervated cancers!4’.

TNF is a major chemoattractant for cells of the innate immune system such as macrophages.
Vagal stimulation activates post-synaptic adrenergic nerves in the celiac ganglion that
innervates the spleen, causing inhibition of TNF release from splenic macrophages, and
vagotomy removes this immunosuppression thereby elevating systemic TNF levels134.148,
Although the spleen lacks cholinergic innervation, adrenergic nerves can signal to splenic T-
cells expressing p2-adrenergic receptor to secrete acetylcholine in response to
norepinephrine stimulation!34. Acetylcholine in turn stimulates nicotinic acetylcholine
receptors on splenic macrophages inhibiting TNF releasel48. In transgenic models of
pancreatic cancer, vagotomy substantially increased TNF levels, leading to increased TAM
recruitment#243, In an orthotopic model of breast cancer, increased adrenergic signalling
under conditions of stress increased the number of intratumoral TAMs®. These TAMs,
which expressed f2-adrenergic receptor, were similarly recruited to the tumour after
administration of the p2-adrenergic receptor agonist isoproterenol, and administration of the
antagonist propranolol inhibited TAM recruitment and metastasis. Similarly, in prostate and
pancreatic cancer a nerve-dependent increase in TAMs was observed as cancer progressed,
whereas macrophage depletion inhibited tumour growth18:42:43:45.149 Therefore, the
sympathetic and parasympathetic nervous systems appear to have opposite regulatory effects
on TAM recruitment. While parasympathetic signals appear to suppress TNF release and
TAM recruitment, stress and elevated sympathetic signals increase TAM recruitment and
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TNF release promoting tumour growth. Taken together, these data further suggest that the
neuro-immune connection is an essential regulatory component of the TME where the
separate branches of the autonomic nervous system act in opposition to each other, thus
providing a delicate balance that is perturbed in cancer.

Fibroblasts and the Extracellular Matrix

Changes in the three-dimensional structure and composition of the TME greatly influence
tumour progression and metastasis (Figure 3). For instance, in many tumours the dense
extracellular matrix (ECM) deposited as part of the desmoplastic reaction acts as a physical
and chemical barrier to immune-cell infiltration, creating an immune-privileged
environment150, At the same time, changes in the composition of the ECM, towards a type |
collagen-rich environment, acts as an angiogenic superpolymer, aiding in the migration of
neo-vasculature and nerves'®1-154_ Additionally, whereas the increased density of the ECM
helps prevent immune entry during the early stages of cancer, ECM degradation by matrix
metalloproteases (MMPSs) enables cancer cell migration and dissemination during the late
metastatic stages of disease progression1%°.

Cancer-associated fibroblasts (CAFs) are a major component of the TME and are largely
responsible for ECM production and remodelling1>0, Under inflammatory conditions such
as cirrhosis of the liver, there is elevated adrenergic signallingX%6. In response to elevated
norepinephrine in the liver, there is increased fibroblast proliferation and production of type
I collagen?®’. In more advanced stages of disease, collagen remodelling is essential for
cancer dissemination. In an orthotopic mouse model of PDAC, increased adrenergic
signalling caused by stress enhanced MMP expression > 100-fold in the stromal
compartment, increasing metastasis, while p-adrenergic receptor blockade with propranolol
inhibited both phenotypes!®8. Similarly, in an orthotopic mouse model of breast cancer,
adrenergic signalling in the stroma increased collagen remodelling through stromal
adrenergic receptors thereby enhancing metastasis, whereas norepinephrine depletion
inhibited this process!®. In addition, nerves themselves provide a structural conduit for cell
migration in a process called perineural invasion that is associated to varying degrees with
cancer metastasis (Box1).

TARGETING TUMOUR INNERVATION

As neural signalling is intimately involved in cancer initiation and progression,
therapeutically targeting these pathways has become an area of great clinical interest160,
Reports dating from the early 19th century of surgical denervation for cancer control were
imprecise, involving transection of large nerve trunks containing mixed motor and
autonomic nerve fibres, resulting in disfigurement and major side effects!3. With advances
in surgical techniques and greater understanding of the autonomic neuroanatomy, more
precise denervation procedures were developed. For instance, intraoperative chemical
denervation of the pancreatic bed termed splanchnicectomy for uncontrollable pain in
unresectable pancreatic cancer, showed survival benefit in randomized placebo-controlled
clinical trials1®1, However, as the authors demonstrated, chemical denervation was not
permanent, and innervation and eventual progression occurred with time. While temporary
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denervation of orthotopic prostate cancer in mice with Botulinum toxin was found to be
effective, in so long as the mice received scheduled repeat injections32, human trials were
not met with similar success (NCT01520441)162, The frequency, dosage, and duration of
temporary denervation treatments still require further study. However, the effect of surgical
denervation in the clinical setting has only been studied in a few instances. In the treatment
of gastric cancer, those patients who received vagotomy in addition to gastrectomy [G],
displayed a reduced recurrence of gastric cancer compared with those who received
gastrectomy alone3. This suggests that denervation can serve as an adjunct therapy to
increase the success of surgical management of cancer.

Pharmacological inhibition of neural signalling has emerged as a promising therapeutic
target in anticancer therapy. As discussed earlier in this Review, pre-clinical data suggests
that adrenergic nerves signal to the TME in large part through p-adrenergic receptors. p-
adrenergic antagonists or blockers are some of the best studied agents targeting adrenergic
signalling. Use of this class of drug, originally developed to treat cardiac disorders, has been
found in retrospective studies to reduce the risk of, and mortality from, multiple types of
solid tumour including pancreatic, breast, prostate and ovarian cancer as well as
melanomal8163-166 Additionally, B-blockers were found to augment the efficacy of
chemotherapeutic agents in pre-clinical cancer models, and their incidental use prior to
standard of care therapies in patients with newly diagnosed cancer have similarly been
associated with improved outcomes as shown in epidemiological studies*166-168 Several
lines of evidence suggest that B-blockers may even have immediate therapeutic benefit in the
perioperative setting. Catecholamines are elevated during the perioperative period, which is
thought to be due in part to surgical manipulation of the tumour or tissue as well as the stress
of surgery169-171 Several seminal studies have shown that perioperative B-blocker use
reduced in-hospital cardiac complications after major noncardiac surgeryl72:173, Within the
patient group who received B-blockers, those who underwent surgery for tumour resection
were found to have lower rates of cancer recurrence and greater disease-free survival than
control patients who did not receive B-blockers1’4175; although in some studies this
association did not reach statistical significancel’6-177 Additionally, the roles of
catecholamine-blocking anaesthetics, combined B-adrenergic receptor and prostaglandin
inhibition, and stress-related immunosuppression on cancer outcomes in the perioperative
period, have been extensively studied and reviewed elsewherel?8,

Inhibiting the neurotrophin signalling pathways that contribute to nerve recruitment is
another emerging area of clinical interest. Current clinical trials have mainly focused on
NGF and its cognate TRKA receptor. While targeting TRKA signalling in cancer in
preclinical studies in rodents showed promising results, clinical trials have had mixed
results. In theory, targeting TRKA in adults should inhibit nerve infiltration while exerting
minimal effects on established nerves as sensory and sympathetic neurons lose NGF trophic
dependence in adulthood1®. Although small molecule receptor tyrosine kinase inhibitors
that target the TRKA receptor have improved survival in malignancies where the cancer
itself expresses aberrant TRKA fusion receptors, they have not been shown to impact
survival or progression in solid tumours with low rates of TRK chromosomal
rearrangements?89-183 |n addition, as these small molecules have affinity for other receptor
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tyrosine kinases, they have been shown to have a variety of off-target side-effects184,
Targeting NGF itself with NGF antibodies is well tolerated with minimal neuronal or
cognitive side effects in humans. While the NGF antibody tanezumab was found to
effectively decrease pain owing to bone metastases (NCT00830180)185186 jts effect on
cancer progression has yet to be assessed.

CONCLUSIONS AND FUTURE DIRECTIONS

In this Review, we have presented evidence that the reactivation of developmental and
regenerative pathways to recruit nerves is an essential component to the establishment and
progression of cancer. The contributions of different autonomic and sensory nerve
populations vary by tumour type and are dependent on the native tissue type from which the
malignancy arises as well as its native innervation pattern. Despite the recent advances in
genetic engineering as well as imaging technologies that have enabled advances in the study
of neural contributions to the TME, many questions remain unanswered. For instance, it has
been established that there is an increase in nerve density during the early stages of cancer
paralleled by a rise in neurotrophin levels, but what is yet to be elucidated is which cells in
the TME are the source of the neurotrophins and what is the nature of the stimuli that
initiates the neurotrophin production. Additionally, studies have demonstrated that
developing nerves compete for NGF and only the fittest nerves survivel8”. Therefore, what
is unique about the surviving nerves and how can we specifically target these pathways
without affecting established neuronal circuits elsewhere in the body? While inhibition of
nerve signalling pathways has dramatic effects on preventing cancer progression in pre-
clinical models, translation of the techniques and technologies to manipulate nerves are still
at the earliest stages and will require multidisciplinary collaboration to bring viable nerve-
based therapies to the clinic. Emerging technologies such as electroceuticals [G] may bridge
this gap and provide minimally invasive tools that enable granular control of neural
signalling to inhibit malignancy promoting nerves, while stimulating those that inhibit
progression. Along the same lines, as autonomic neuronal phenotypes have been shown to
be plastic®-191 manipulating molecules that determine neuronal fate such as leukaemia
inhibitory factor (LIF) and BDNF to push adrenergic nerves toward a cholinergic phenotype
may provide additional minimally invasive therapeutic options. Taken together, these data
suggest that the recruitment of nerves is an emerging hallmark of cancer, and that multiple
surgical, pharmacological, and genetic approaches to influence their signalling in the TME is
a promising novel therapeutic strategy in the treatment of cancer.
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receiving neural input or synapse from a nerve or cluster of nerves.

Sympathetic nervous system (SNS)

a division of the autonomic nervous system that originates in the thoracic and lumbar
portions of the spinal cord, travels to a paravertebral or intra-abdominal or intra-pelvic
ganglion where it synapses with a postganglionic nerve that commonly uses noradrenaline as
its main neurotransmitter.

Par asympathetic nervous system (PSNS)

a division of the autonomic nervous system that originates in the brain stem and sacral
portions of the spinal cord, travels to ganglia located in proximity to the organ that it will
innervate, where it synapses with a postganglionic nerve that commonly uses acetylcholine
as its main neurotransmitter.

Ganglion
a cluster of nerve cell bodies found in the autonomic and sensory nervous systems.

Sympathectomy
the removal of sympathetic innervation to a target organ by mechanical, chemical, genetic,
or other means.

Ganglionectomy
a form of denervation in which a cluster of nerve cell bodies known as a ganglion, is
removed.

Adrenergic nerve
a postganglionic sympathetic nerve that produces the neurotransmitter noradrenaline.

Noradrenaline
also known as norepinephrine. A neurotransmitter of the catecholamine family often
released by sympathetic nerves.

Exocrine
referring to a family of glands that release their contents onto an epithelial surface (eg. sweat
glands, salivary glands and glands of the gastrointestinal and genitourinary tracts).

Pyloroplasty
a surgery to widen the lower part of the stomach in order to facilitate the emptying of gastric
contents into the duodenum.

Botulinum neurotoxin
a neurotoxic protease that cleaves synaptic proteins preventing acetylcholine release from
nerve terminals.

Catecholamine
a monoamine neurotransmitter derived from tyrosine (includes noradrenaline).

Physical restraint stress model
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a commonly used laboratory model to induce stress, involving immobilizing an animal in a
small space such as a plastic tube.

B-adrenergic receptors
G-protein coupled transmembrane receptors for noradrenaline and adrenaline.

Lymphangiogenesis
the formation of new lymphatic vessels from pre-existing lymphatic vessels.

Nicotinic receptors
lon channel transmembrane receptors that allow cation diffusion upon acetylcholine binding.

Muscarinic receptors
G-protein coupled transmembrane receptors for acetylcholine.

Neuropathy
nerve damage or dysfunction usually resulting from an underlying disease process..

Schwann cells
cells that ensheath axons of peripheral nerves, helping protect axons and forming the myelin
sheath in myelinated axons.

Peptidergic
pertaining to a neuron that expresses short peptide chain neurotransmitters (neuropeptides).

Acinar bud
an epithelial budding during organogenesis that will later form a functional secretory unit in
the mature organ known as an acinus..

Arterioles
small diameter branches of an artery in tissue microcirculation that further segment to form
capillaries.

Gastrectomy
surgical removal of part or the entirety of the stomach, often performed to treat cancer.

Electroceuticals
a class of therapeutic agents that target nerve signalling by altering their firing patterns, such
as with the use of implantable electrodes.
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Box 1:

Perineural invasion (PNI), the histological presence of malignant cells in neural tissue of
large nerves (not isolated individual axons) of the peripheral nervous system is a finding
in many solid tumours. Presence of PNI is thought to correlate with advanced aggressive
disease and even as a potential route of metastasis2?3. However, PNI has also been
observed in benign diseases of the breast and prostate204.205,

Retrospective studies have shown that PNI has mixed prognostic significance in cancer
depending on the tissue type from which the tumour derives. For instance, PNI in head
and neck cancers (an area that is anatomically close to many major nerves) portends a
worse prognosis2%, whereas PNI in prostate cancer (when accounting for confounders,
such as age and disease stage) did not 207-209,

Mechanistically, neural regulation of cancer and PNI are distinct processes with separate
aetiologies. Whereas neural innervation of cancer involves the recruitment of autonomic
and sensory axons into the tumour microenvironment that influence tumour progression,
PNI involves tumour cell invasion of large nerve bundles. Emerging evidence suggests
that macrophages in the innermost connective tissue layer of nerve bundles, termed the
endoneurium, secrete chemokines that recruit tumour cells aiding PNI293. However, our
understanding of PNI remains limited by the lack of autochthonous models that
accurately model the complex interactions between tumour, nerve bundles, and stroma.
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Figure 1. Autonomic innervation of major primary sites of cancer formation in the mouse:
anatomical targetsfor pre- and post-ganglionic surgical denervation.

This schematic depicts pre- and post-ganglionic innervation by the parasympathetic nervous
system (PSNS), in purple, and the sympathetic nervous system (SNS), in green, of several
well-studied organs where nerves have been implicated in disease progression. Anatomical
landmarks are highlighted to indicate where pre- and post-ganglionic denervation of
exocrine glands can occur. SNS outflow is depicted originating in the thoracic and lumbar
regions of the spinal cord. The cell bodies of these preganglionic nerves (depicted by dotted
lines) either project to the paravertebral sympathetic chain (the column of ganglia depicted
just outside the spinal column) including the superior cervical and stellate ganglia, or project
to distant ganglia including the celiac and hypogastric (pelvic) ganglia. Postganglionic
nerves are depicted by solid lines. The salivary glands are a collection of three bilateral
glands found in the mandibular region and consist of (1) the parotid gland, (2) the sublingual
gland, and (3) the submaxillary gland. PSNS outflow is depicted originating in the brainstem
and sacral region of the spinal cord. As depicted for the SNS, dotted lines represent
preganglionic nerves, and solid lines represent postganglionic nerves.*, indicates sensory
nuclei (nodose ganglion) whose projections are carried by the vagus nerve, along with
parasympathetic fibers.
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Figure 2. Reactivation of nerve-mediated developmental and regener ative pathwaysin cancer.
Nerve recruitment phase (ato c). During development, the epithelial, mesenchymal, and

stromal compartments of organs secrete neurotrophins to recruit the three types of peripheral
nerves (a). Neurotrophin binding to its cognate receptor on nerves leads to a signal that
travels in a retrograde manner to the soma, affecting gene expression and axonal growth
(inset). Similarly, in mammalian digit tip regeneration the stromal and mesenchymal
compartments secrete neurotrophins (in this case, WNT) to recruit sympathetic and sensory
nerves (b). In cancer, aberrantly mitotic malignant epithelial cells and the surrounding
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reactive stroma, release neurotrophins to recruit nerves necessary for their growth (c).
Nerve-mediated regulation of the growth phase (d to f). During organ patterning,
parasympathetic nerves initiate ductal epithelial cell (in beige) tubulogenesis (involving
mitosis and migration) through vasoactive intestinal peptide (VIP) signalling (upper inset);
parasympathetic nerves also regulate glandular or acinar epithelium (in purple) growth and
patterning through acetylcholine (ACh) signalling by activating SRY-box 2 (SOX2) through
a calcium-dependent pathway (lower left inset);,whereas sympathetic nerves pattern the
vasculature (lower right inset) (d). During digit tip regeneration, sympathetic and sensory
nerves provide mitotic and differentiation cues to the mesenchymal and overlying epithelial
cells (e). Similarly, in cancer, sympathetic nerves pattern the neovasculature supplying the
growing tumour, and parasympathetic nerves provide mitotic and migratory cues to tumour
cells, which in turn lead to growth expansion and formation of micrometastases, respectively
(f). BDNF, brain derived neurotrophic factor; GFRa2, glial cell line derived neurotrophic
factor family receptor a2; NA, noradrenaline; NGF, nerve growth factor; NK1R, neurokinin
1 receptor; SP, substance P; TRK, tropomyosin receptor kinase.
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Figure 3. Neural regulation of the tumour microenvironment.
Nerves interact with multiple stromal and malignant epithelial components to promote

tumour growth and dissemination. The tumour microenvironment (TME) is largely
immunosuppressive. Signalling from adrenergic nerves stimulates secretion of interleukin-8
(1L-8) from tumour cells, which then recruits tumour-associated macrophages (TAMs) that
contribute to angiogenesis and further immunosuppression. Adrenergic nerves also signal to
T cells through the p2-adrenergic receptor, suppressing metabolic activation by inhibiting
expression of the glucose transporter GLUT1, and thus maintaining them in an anergic state
(see inset). While immune-responsive T helper 1 (Tw1) cells can be recruited to the tumour,
they are often hindered from reaching it as increased adrenergic signalling to the lymphatic
endothelium constricts the efferent lymphatic channels, thus trapping these cells in nearby
lymph nodes.Angiogenesis, a key component of tumour development is intimately regulated
by nerves. Signalling through endothelial-expressed p2-adrenergic receptor suppresses
oxidative metabolism and promotes endothelial cell migration and vessel formation (see
inset). In addition, cancer associated fibroblasts (CAFs) remodel the extracellular matrix
through production of type I collagen in response to noradrenaline (NA) signalling (see
inset). As mentioned in Figure 2, parasympathetic signalling through tumour cell-expressed
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cholinergic receptors, promotes tumour cell migration and formation of micrometastases.
ACHh, acetylcholine; M1R, muscarinic acetylcholine receptor 1.
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Bacterium-derived protease that is taken up
by endocytosis in the axonal terminal, and
which selectively cleaves synaptic proteins
preventing acetylcholine release

Tool M echanism of action Application Ref
Mouseline
Aavillin-Cre Peripheral sensory nerve-specific Cre Enables specific deletion of genes in sensory nerves, 192,193
transgenic mouse recombinase (not expressed in CNS) or nerve depletion when crossed with DTA or DTR
knock-in mice
Ngrknock-in mouse Ngfgene preceded by a stop codon inserted When crossed to a Cre-expressing mouse strain (e.g.
into the ROSA26 locus epithelial or stromal expressed Cre), increases NGF 459
production and tissue innervation
Na, 1.8 Cre knock-in Express Cre recombinase from the Enables selective deletion of genes in nociceptive
mouse endogenous sodium channel Scni0alocus. nerves, or nociceptive neuron depletion when 194
crossed with DTA or DTR knock-in mice.
TrkAF592A o Trk knock-in alleles with modified kinase
TrkBF818A knock-in domains allowing pharmacological Temporal pharmacological inhibition of nerve 118195
mice inhibition with nanomolar concentrations of recruitment in the TME
the ligands INMPP1 or 1NaPP1
Trkb-CreERT2 Tamoxifen-inducible sensory nerve-specific Enables temporal control over gene expression
knock-in mouse Cre recombinase specifically in sensory nerves or nerve depletion 82
when crossed with DTA or DTR knock-in mice.
Neurotoxin
6-hydroxy dopamine Polar monoamine mimetic that is taken up in | When given neonatally, it induces permanent global 2,530,31
(60HDA) the periphery by post-synaptic adrenergic sympathectomy (as well as off-target CNS effects),
nerves causing free radical destruction of whereas in the adult, it only causes temporary
nerve terminals peripheral sympathectomy (as it is unable to cross
the BBB)
RTX A super agonist of sensory neuron-expressed | When given neonatally, it induces permanent global 10,196
calcium channel TRPV1, causing calcium- sensory denervation, whereas in the adult, it causes
mediated neuronal death temporary peripheral sensory denervation
Capsaicin TRPV1 agonist causing cytotoxicity at high Less potent than RTX requiring repeated injections 7,11,38,197
doses or incorporation into daily mouse feeds to induce
lasting sensory denervation.
Botulinum toxin 318,32,198

When injected into a tissue of interest causes
temporary denervation of cholinergic synapses

Surgical denervation

Replication inactivated viral vector that
stably and predictably integrates desired

Mechanical Mechanical transection of axonal process, or | Physical disruption of tissue innervation 3-5,89.16,18,43
neurectomy removal of ganglionic cell body

Genetic vector

AAV When injected peripherally in a tissue of interest, it

travels in a retrograde manner to an innervating

modulate neuronal firing via altering
intracellular levels of second messengers
such as cCAMP and calcium

- i Al ganglion with the neuronal cell type selectivity 26,199
S\zﬂ:ﬂ;&;:ﬁﬁ}gfggﬂ(r:oltr;f;ircrint;tlon Into neurons determined by an engineered promoter (e.g. tyrosine
hydroxylase for adrenergic specific expression)
Neuro modulation
Optogenetic ion Light activated microbial ion channels with When expressed in peripheral nerves /n vivo, it
channels high fidelity spatial and temporal activation enables precise spatiotemporal control of nerve 200
and inactivation firing and neurotransmitter release
Chemogenetic Engineered G-protein coupled receptors When expressed in nerves /in vivo, it enables
receptors activated by biologically inert drugs that temporal (and to a degree spatial) control of nerve
199,201

firing and neurotransmitter release
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channels (NaChBac)

channel with prolonged inactivation kinetics increased nerve firing and neurotransmitter release

Tool M echanism of action Application Ref
Mouseline
Long-acting ion \Voltage-gated prokaryotic sodium ion When expressed in nerves /n vivo, it enables 26.202

AAV, adeno-associated virus; BBB, blood-brain barrier; CNS, central nervous system; DTA, diphtheria toxin antigen; DTR, diphtheria toxin
receptor; NGF, nerve growth factor; RTX, resiniferatoxin; 77k, tropomyosin receptor kinase; TRPV1, transient receptor potential cation channel

subfamily V member 1.
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