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Abstract

Recent advances in cancer neuroscience necessitate the systematic analysis of neural influences in
cancer as potential therapeutic targets in oncology. Here, we outline recommendations for future
preclinical and translational research in this field.

Research over the past 10 years has revealed a key role for peripheral neurons in cancer
progression®. Neural influences in cancer should be regarded as a bi-directional relationship
between cancer cells and nerves (Figure 1), as both have been shown to enhance their mutual
growth or outgrowth. These interactions can be summarized as follows:

Nerves as promoters of tumor growth

Nerves and glia are recruited into growing tumors, where they provide the cancer tissue with
growth factors and neurotransmitters, reduce the rate of cell death, and/or contribute to
cancer stem cell expansion®. However, specific autonomous neural influences may differ
between cancer types. For example, cholinergic tumor-promotion has been observed in
gastric and prostate cancers, but cholinergic growth-inhibition has been reported in
pancreatic and breast cancers®. In hematologic malignancies, adrenergic signals can mitigate
tumor progression?.

Cancer-induced neural invasion

Cancer-induced neuritogenesis is accompanied by the frequent presence of cancer cells in
the multi-layered sheaths of nerves, a process termed neural invasion3 4. The severity of
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neural invasion can be scored histologically and is an independent prognostic factor for
worsened overall survival in several cancers including pancreatic cancer, carcinoma of the
esophagogastric junction or head and neck cancers? °.

Nerves as modulators of immune responses

Neurons are pleiotropic regulators of immune cells and participate in immunomodulatory
neural circuits®. Emerging evidence suggests that both the parasympathetic and sympathetic
circuits modulate inflammatory responses under tumor conditions®. Parasympathetic and
sympathetic signals can further reduce or augment the expression of inhibitory immune
checkpoint proteins (e.g. PD1, PDL1), for example in breast cancer’.

Nerves as promoters of cancer pain

Increased pain in cancer is associated with poor prognosis® &, which can be exacerbated by
emotional or physical stress. Optimized pain management has been shown to be associated
with improvement of the overall survival of the cancer patients®. Nociceptive nerve fiber
activation by cancer-secreted mediators [e.g., TNFa, NGF, GM-CSF] results in pro-
inflammatory neuropeptides released from peripheral nerve endings, activation of the body’s
immune system, and thus has a protective effect against cancer progression. Conversely,
many types of cancer cells express receptors for neuropeptides with proliferative effects on
cancer cells [e.g., RAMP1, NK1R], suggesting a pro-tumorigenic effect of neuropeptides?.

Nerves as mediators of effects on tumor stromal cells

Mesenchymal cells, such as cancer-associated fibroblasts, and endothelial cells are
responsive to neural signals as they express adrenergic receptors such as Adrb21. For
instance, blockade of beta-adrenergic receptor signaling was shown to favorably attenuate
desmoplasia and metastasis in orthotopic mouse models of breast cancer’. Adrenergic
signals were also shown to be necessary for the maintenance of a glycolytic state in
endothelial cells during angiogenesis in the prostate cancer tissuel, but also for
lymphangiogenesis in different cancers®. Thus, nerves can act on stromal cells in the tumor
microenvironment and influence tumors also indirectly.

Recommendations and best practice

Successful clinical translation of cancer neuroscience findings depends on our ability to
identify the druggable components of the interaction of cancer cells with neurons and to
rapidly test the impact of targeting these components in preclinical studies using human-like
models. However, despite the advances in the cancer neuroscience field over the last few
years, our knowledge of the specific cellular and molecular interactions of neuronal and
cancer cells and the extent of neuron- and glia-specific molecular alterations in different
cancer types remains scarce. Therefore, focusing on understanding the underlying biology
and improving discovery of potential therapeutic targets relating to cancer neuroscience
should be a priority (Figure 2). To that end, we recommend the following strategies:
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1) Better in vitro and in vivo models:

In in vitro cancer neuroscience studies neurons are frequently co-cultured with cancer cells,
often without other cells of the tumor microenvironment#. Emulating the in vivo conditions
would require including additional cell types such as glia/Schwann cells, immune cells and
cancer-associated fibroblasts* 9, as well as cancer cells grown in a 3D tumor
microenvironment setting, such as tumor organoids®. Such conditions can be generated by
adding the natural components of the tumor extracellular matrix (ECM) into the 3D culture
environment, e.g. the specifically enriched collagen subtypes and growth factors, and the
specific stromal cell subclasses®.

Similarly, mouse modelling of cancer does not always fully recapitulate the human disease,
which holds particularly true in cancer neuroscience studies. For example, although Kras-
based mouse pancreatic cancer models exhibit invasion of nerves, they do not reflect the
typical configuration of the adhesive neural invasion observed in human pancreatic cancer®.
Development of mouse models that emulate human cancer types more faithfully should be a
priority for this field in the coming years. The molecular signature behind the severely
neuropathic-neuroplastic phenotypes of human cancers can be exploited for genetic
manipulation in mice and for the generation of such human-like, novel mouse models.
Additionally, humanized patient-derived xenografts (PDXs) should be tested for their ability
to induce a similar extent of neuritogenesis and neural invasion in a mouse host. Moreover,
other species such as porcine models may offer advantages for recapitulating human
pathophysiology over mouse models, since pigs exhibit several similarities to humans with
regard to organ anatomy, size and physiology.

When modelling cancer neurobiology there is a need for organ- and site-specific, inducible
targeting of neurons and glia. This can be achieved by 1) precise stereotactic injection of
shRNA-expressing viral vectors into selected regions of the central and peripheral nervous
system?0, and 2) optogenetic or chemogenetic activation or inactivation of central and
peripheral neurons1?, including enteric neural circuits. Similarly, ex vivo preparations can be
isolated for subsequent electrophysiological recording of neuronal activity in the presence of
a peripheral solid tumor (e.g., colon-pelvic nerve-L6 DRG ex vivo preparation!?).
Furthermore, current single-cell transcriptomic and proteomic analyses increasingly reveal
markers of such cell subpopulations, which could be used to generate targeted, inducible
genetic knockin, knockout or dual recombinase mouse lines for mechanistic studies.

2) Cancer neuroscience omics studies:

Although bulk tissue analyses may mask the contribution of specific neuronal or glial
subclasses and the contributing molecules, identification of novel therapeutic targets based
on neuron-cancer interactions could be achieved by exploring the single-cell landscapes in
different tumor types!2. Even though single-cell datasets analyzing the neuronal or glial
component of human or mouse tumor samples are scarce, the emergence of such studies for
other tumor-associated cell types raise the expectation that such efforts will also materialize
in the cancer neuroscience field. For solid cancers, the bioinformatic dissection of the
transcriptomic, proteomic, and epigenetic landscape and signature of neuronal cell
subclasses, glia cells and cancer cell subgroups should be a priority. Moreover, the molecular
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alterations that are induced specifically by adherent or physically interacting cells (PIC), can
be deciphered via PIC-seq, a method that allows the bioinformatic deconvolution of
interacting cells and that could yield important insights for the molecular interactions
between neurons and cancer cells2,

3) Imaging at microscopic resolution and at the molecular level:

Imaging techniques such as time-lapse microscopy and histology have greatly contributed to
our understanding of the interaction of cancer cells, neurons and glia cells13. More advanced
approaches such as fluorescence molecular tomography systems together with molecule-
specific fluorescent tracers or intravital microscopy could help to elucidate the contribution
of specific neuro-glial mediators to cancer progression!2. Furthermore, high-resolution
imaging technologies such as electron microscopy or atomic force microscopy will be
required to resolve the interaction of neurites and glial projections with cancer cell
protrusions. Tissue clearing methods with light sheet microscopy can help obtain 3D maps
of the neural anatomy of tumors or ogans in animal models as well as patient specimens.
This is particularly important for visualizing neuron interactions with the tumor front, which
may guide future clinical efforts for improved local tumor control, for example through
locally ablative drugs, radiotherapy, or precision surgery. Advanced imaging of the bone
marrow remains challenging, but would be especially useful in hematologic cancers. Using
reporter mice that highlight specific nerve subtypes (e.g. sensory or sympathetic nerves)
could further enhance the application and readouts of cancer neuroscience imaging
approaches .

4) Understanding the embryology and organ regeneration mechanisms:

Given the remarkable parallels between the molecular and morphological mechanisms of
regeneration and reactive neuro-glial alterations during carcinogenesis, the analysis of
cancer neuroscience in each organ should start with the study of the corresponding
embryology?. In particular, the differences in the embryological development of anatomic
segments of organs may provide clues for the differential cancer presentation and extent of
neural influences in tumors at different locations. Studying the contribution to tumor
development and progression of molecular cues such as axon guidance molecules, which are
usually activated only during organogenesis or regeneration?, is a promising research route.

5) Identification of functional neuronal types involved in different aspects of nerve cancer
interactions:

The nerves that innervate and regulate solid cancers and, in the case of hematologic
malignancies, the bone marrow are complex and can contain autonomic motor axons arising
from either pre- or post- ganglionic neurons, as well as sensory axons arising from vagal or
spinal sensory ganglia. Identification of these different populations is critical as each type
of neuron has the potential to communicate with developing tumors through the release of
different neurotransmitters and neuromodulators, such as neuropeptides, and as different
cancers may exhibit a different spatial distribution of neurites. In addition, different types of
neurons express immunomodulatory genes, such as TLR receptors, interleukins and their
receptors, that contribute to the immune status of peripheral tissue in which tumors resideS.
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6) Pain studies:

Neurobiology and pain mechanisms discovered in animal models often do not translate to
patients. For example, neurokinin-1 or NMDA receptor antagonism showed great promise as
analgesics in animal models, yet failed in human clinical trials and produced many side
effects!4. Therefore, when studying pain in the context of cancer neuroscience it would also
be important to perform reverse translational studies, to confirm the effectiveness of drugs
approved in humans also in terms of pain in animals'4. This approach would help determine
how well the animal models match the patient’s pain experience with a view to retaining
only those models that recapitulate the human situation. It is also important to evaluate pain
and nociceptive sensory neuron activity for the duration of the disease. Lack of patient-
reported pain or nociceptive behaviour early in cancer does not necessarily mean that
nociceptive sensory neurons are not active. Rather, endogenous opioid signalling mediated
by the immune system® may mask pain signalling in early stages. Subsequent exhaustion of
this immune-mediated anti-nociception effect may result in spontaneous breakthrough
cancer pain, often with a neuropathic pain component, in later stages of cancer progression.

7) Neuro-immune interactions in cancer:

Neuro-immune communication regulates homeostasis as well as responses to non-cancerous
pathologies®. Neurons express receptors for immune cell-derived mediators, such as
cytokines and histamines, and also release neurotransmitters and cytokines that can act
directly on immune cells. These shared signalling pathways indicate that effects on tumor
growth and response to therapy that were previously attributed specifically to either nerves
or immune cells may be the result of tri-directional cell communication®. It would be
important to identify and study the immune cell types that interact with cancer and neuronal
cells in this manner at high spatial and temporal resolution. Some techniques that can be
applied in the context of cancer neuroscience research are 1) automated multiplex
immunofluorescence staining of tumor samples, 2) fluorescence-activated cell sorting
(FACS) for subsequent single-cell omics analyses, and 3) machine learning approaches for
the correlation of immune cell subclasses based on their proximity to neuronal and glial
subclasses. The enhanced implementation in the cancer-neuron context of such state-of-the-
art techniques, which are current common tools in the field of immunology, should be a
major priority for advancing the cancer neuroscience field.

Translating preclinical findings to the clinic

As outlined in the previous sections, to identify therapeutic targets relating to cancer
neuroscience it is essential to first understand the underlying biology of cancer-neuron
cellular and molecular interactions. Druggable targets are likely to be identified by
deciphering the molecular signatures of interacting neurons and cancer cells derived from
human specimens. Moreover, neural invasion is present in most solid cancers, meaning that
translationally relevant mediators of cancer-neuronal interactions could be extracted from
high-resolution imaging and omics analyses. Further insight into therapeutically relevant
processes and molecules will be gained by studying the neuronally-influenced tumor
microenvironment. Complementing research on human specimens with preclinical in vitro
and animal models that recapitulate the human disease fatithfully is also essential. The
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proposed multidisciplinary fundamental research approaches using human-like preclinical
models will hopefully reveal molecules sufficiently influential in nerve-cancer interactions
to test in early-phase human clinical trials. However, when designing interventional clinical
trials using inhibitory or modulatory agents relating to cancer neuroscience, it is essential to
consider their potential adverse effects on the nervous system. For example, the tropomyaosin
receptor kinase (Trk) receptors TrkA, TrkB, and TrkC are critical for growth and
differentiation of neuronal subclasses, but also found to be highly active in human solid
cancers such as pancreatic or lung cancer®. As such, Trk inhibtiors were reported to cause
several central nervous system side effects such as ataxia and tremorl>. Although both the
peripheral and central nervous systems are protected from non-selective exposure to
components of the blood stream through the blood-nerve and the blood-brain barriers, the
ability of compounds to cross these barriers is very difficult to predict. For targets that are
identified to be profoundly altered in their expression or activity within specific areas of the
central nervous system, one potential non-pharmacological way to achieve translation may
be neuromodulation, for example by transcranial magnetic stimulation of central cerebral or
spinal areas. The ability of such techniques to influence cancer progression awaits testing in
preclinical and clinical trials.

Cancer neuroscience stands at the intersection of several disciplines. As such, beyond
guiding researchers towards adopting robust preclinical and translational research practices,
research teams working at this interface need to be well-versed in the principles of
neuroscience, oncology and — given its increasingly important role in giving rise to
neuritogenesis, cancer progression and pain — also in immunology. In addition to building
multidisciplinary teams and fostering collaborations between experts in these distinct areas,
the curricula of graduate and clinician-scientist training programs should consider cancer
neuroscience educational tracks with a view to integrating items from these three fields. This
educational approach together with the multidisciplinary preclinical research strategies listed
above, should ensure that the field continues to develop and to yield actionable findings for
successful cancer therapies.
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Figure 1. Neural Influencesin Cancer.
Nerves have been shown to impact multiple aspects of tumorigenesis. They can enhance the

growth of primary or metastatic cancer cells directly through secereted factors and their
receptors e.g. nerve growth factor (NGF), Artemin, glial-cell-line-derived neurotrophic
factor (GDNF), fractalkine, neurturin (Nrtn), tropomyosin kinase receptors (Trk), stromalcell
derived factor-1 (SDF-1), hepatocyte growth factor (HGF), periostin, integrin subclasses,
focal adhesion kinase (FAK) or indirectly by promoting tumor-associated, pro-tumorigenic
inflammation involving myeloid-derived suppressor cells (MDSC), natural killer (NK) cells.
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Nerves are also major modulators of the stroma, in which vascular or lymphatic endothelial
cells, or cancer-associated fibroblasts are responsive to neural signals e.g. norepinephrine
(NE), acetylcholine (Ach) and 5-HT, owing to their expression of neurotransmitter receptors
such as GABA receptors. Pain is the most unpleasant symptom associated with cancer, and
cancer-secreted neuropeptides such as calcitonin-generelated peptide (CGRP) and
neuropeptide Y (NPY) overstimulate the damaged peripheral nerve endings to cause
neuropathic pain.
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Figure 2. Areas of futureresearch focus for the cancer neurosciencefield.
The following areas of research should be increasingly addressed in future cancer

neuroscience studies: 1) Improved target discovery through advanced in vivo and in vitro
models, for example by increased application of porcine models which show major
similarities to human anatomy and pathophysiology; or of organoids owing to their 3D
growing ability; 2) OMICs studies that apply genomic, epigenomic, proteomic,
metabolomics, FACS, deep and machine learning approaches to cancer cells, neuronal and
glial and cell subclasses and also other tumor microenvironment cell types such as immune
cells, to uncover the molecular signatures pertinent to neuroglial activation in the cancer
microenvironment; and 3) transfer of knowledge of molecular actors such growth factor
receptors, proteases, adherence molecules from embryology and early development to
cancer neuroscience research. These research tracks will likely permit the identification of
therapeutic targets that can be tested and hopefully integrated into current and evolving
oncological treatment regimens in the future.
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