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SUMMARY

The nervous system governs both ontogeny and oncology. Regulating organogenesis during development,
maintaining homeostasis, and promoting plasticity throughout life, the nervous system plays parallel roles in
the regulation of cancers. Foundational discoveries have elucidated direct paracrine and electrochemical
communication between neurons and cancer cells, as well as indirect interactions through neural effects
on the immune system and stromal cells in the tumor microenvironment in a wide range of malignancies. Ner-
vous system-cancer interactions can regulate oncogenesis, growth, invasion and metastatic spread, treat-
ment resistance, stimulation of tumor-promoting inflammation, and impairment of anti-cancer immunity.

Progress in cancer neuroscience may create an important new pillar of cancer therapy.

INTRODUCTION

As the nervous system governs such wide-ranging functions of
the human body in health and disease, it is somewhat surpris-
ing that it took so long to fully appreciate its central involve-
ment in cancer. Both the central nervous system (CNS) and
the peripheral nervous system (PNS) regulate physiological
functions and pathophysiological processes. Based on
converging evidence, it is increasingly understood today that
CNS activity and PNS activity regulate development, organo-
genesis, homeostasis, plasticity, regeneration, and immune
function in diverse tissues (for review, see Boilly et al.” and Ku-
mar and Brockes®). As cancer formation, growth, and progres-
sion subvert and repurpose mechanisms of development and
regeneration, the nervous system may be implicated in all as-
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pects of cancer pathophysiology. Reciprocally, cancer and
cancer therapies can influence and remodel the nervous sys-
tem, contributing to pathological feedback loops that not
only yield neurological dysfunction but can also drive malig-
nancy. These new insights have culminated in the emergence
of cancer neuroscience as a new discipline® that focuses on
defining and therapeutically targeting nervous system-cancer
interactions, both in the local tumor microenvironment and
systemically.

In this review, we will provide an update on the current state
and future directions of cancer neuroscience. We identify impor-
tant unanswered questions and current roadblocks, specifying
ways to overcome these obstacles through the implementation
of cross-disciplinary development of technologies, knowledge,
and scholarly infrastructure. Reciprocal interactions of cancers
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Figure 1. Mechanisms of nervous system-cancer interactions
The nervous system (gray) and cancer (red) interact in at least six ways.

(A) Electrochemical interactions, including bona fide neuron-to-cancer synapses.
(B) Paracrine interactions from neurons/nerves to cancer cells, directly or through signaling with cells in the tumor microenvironment (green stromal cell and red
blood vessel shown). In turn, cancer cells often secrete signaling molecules such as synaptogenic factors or axonogenic factors that locally remodel the nervous

system to augment nervous system-cancer interactions.

(C) Systemic nervous system-cancer interactions, e.g., circulating neurotransmitters or neuropeptides that can influence cancer pathogenesis directly or indi-
rectly such as through altered immune system (blue) function. Reciprocally, cancers can influence the nervous system at a distance through circulating factors or

altered afferent neural signals.

(D) Three-way interactions between neurons or nerves, cancer cells, and immune cells can modulate anti-cancer immunity and pro-cancer inflammation.
(E) Cancer cells may leverage cell-intrinsic signaling and other processes classically associated with neural cells. For example, autocrine neurotrophin signaling is

illustrated.

(F) Cancer therapies (chemotherapy, green) can profoundly alter nervous system function, including impaired function of various types of peripheral nerves and

impaired cognitive function.

with the nervous system are discussed, with new multidisci-
plinary research subfields like “neuro-immuno-oncology” out-
lined. Importantly, a roadmap for clinical translation is laid out
for the implementation of neuroscience-instructed cancer thera-
pies. We make the case that cancer neuroscience (Figure 1) can
stimulate both fields: cancer research and clinical oncology, as
well as neuroscience and neuro-medicine, with synergy at the
intersection of these disciplines.

Impact of the nervous system on tissue development,
homeostasis, and plasticity

Neuronal activity influences organ development, homeostasis,
plasticity, and regeneration—both in the CNS and throughout
the entire body. The cellular and molecular basis for neuronal ac-
tivity-dependent regulation of physiology in health has the po-
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tential to provide insights into how the nervous system might
similarly influence tumor biology. Given how instructive under-
standing development of the brain itself has been for the study
of cancer neuroscience, we begin with an in-depth discussion
of nervous system development to explore foundational con-
cepts mirrored in cancer pathogenesis discussed later.
Central nervous system

Development of the CNS involves coordinated neuronogenesis
and gliogenesis from neural stem and precursor cells; diversifi-
cation of these neurons, astrocytes, and oligodendrocytes;
migration of new cells to the appropriate location; and neural cir-
cuit assembly (for review, see Silbereis et al.*). Functional neural
circuit development requires axonal outgrowth and pathfinding,
establishment of synapses, and refinement of these connections
between neurons. Astrocytes promote synaptogenesis, develop
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Neuron-glial interactions promote
myelin development and plasticity

Neuron-glioma interactions promote
glioma initiation, growth and invasion

i

Figure 2. Parallel mechanisms of glial plas-
ticity and glial malignancy

Left: neuron (gray) to oligodendroglial (blue) in-
teractions involve neuron-to-oligodendrocyte pre-
cursor cell synapses and paracrine (red circles)
signaling, e.g., BDNF-TrkB signaling, during
development and throughout life. Neuronal activity
can promote the proliferation of oligodendrocyte
precursor cells, generation of new oligodendro-
cytes, and adaptive changes to myelination that
tune neural circuit function. Such plasticity of
myelin contributes to healthy cognitive function
throughout life. Right: neuron to glioma (green) in-
teractions involve neuron-to-glioma synapses and
paracrine signaling, e.g., BDNF-TrkB signaling.
Glioma hijacking of mechanisms that normally
support myelin development, homeostasis, and
plasticity instead contribute to glial cancer initiation,
growth, and invasion.

a gap junction-coupled network throughout the brain, and
engage with synapses to support synaptic function, while oligo-
dendrocytes myelinate axons to provide metabolic support® and
enable fast saltatory conduction of action potentials.®

Electrical activity influences all aspects of nervous system
development (for review, see Spitzer’). During early stages of
neurodevelopment, synchronous waves of electrical activity
and consequent voltage-dependent calcium transients occur
in developing neural tissues and regulate both cellular and syn-
aptic patterning. In the nascent brain, gap junctions couple neu-
ral stem cells in the germinal zone, allowing membrane depolar-
ization-induced calcium transients to propagate synchronously
through the germinal zone, regulating stem cell proliferation.®
Early in neurodevelopment, neurotransmitters are secreted
from a variety of cell types in a non-synaptic manner to promote
the generation of neurons.® Electrical activity also regulates the
migration of these newly generated neurons'® and influences
axonal pathfinding and axonal targeting.''~"®

In the developing nervous system, gap-junctional coupling oc-
curs between migrating neuroblasts,'* neurons in the prenatal
and early postnatal neocortex,’'® and between neurons in
numerous additional neuroanatomical locations. Such coupling,
together with mechanisms of cell depolarization such as non-
synaptic glutamate secretion and “pacemaker” neurons,'’ en-
ables synchronized calcium transients to spread through devel-
oping CNS structures such as the nascent neocortex.'® Recent
work has suggested that a small, distinct subpopulation of single
neurons arborizes throughout the entire brain to provide a spe-
cific periodic signal coordinating brain development.’® Such
experience-independent, coordinated waves of activity promote
the assembly of functional neural circuits that are later refined in
an experience-dependent manner.?%’

Neurotransmitter signaling regulates brain organogenesis and
later serves as the backbone of synaptic communication between
neurons. The formation of new neurons from stem and progenitor
cells, as well as their integration into neuronal circuits, is driven by
neurotransmitters during development (for review, see Ojeda and
Avila®®) and in neurogenic regions of the adult brain.° This
signaling is fine-tuned and can be spatially and temporally hetero-

geneous: for example, during development, the neurotransmitter
GABA (which is an inhibitory neurotransmitter in later life) is chiefly
excitatory (depolarizing) due to developmental expression pat-
terns of chloride transporters and is implicated in many processes
of neural development, including neuronal proliferation, migration,
differentiation, and preliminary circuit-building in the CNS (for re-
view, see Ojeda and Avila?®), while inhibiting the generation of
neuronal progenies from embryonic stem cells and peripheral
neural crest cells during early embryogenesis.”®

Cellular plasticity in the CNS does not end at the time of birth or
during childhood. As is the case during development, neuronal
activity also governs ongoing cellular plasticity throughout life.
Neuronal activity and neurotransmitter signaling robustly regu-
late the proliferation of neural precursor cells, including oligoden-
drocyte precursor cells (Figure 2),>* and neural stem cells in the
subventricular zone?*?° and hippocampus.?”+*® Neuronal activ-
ity drives one of the most important features of plasticity and
adaptation in the adult brain: ongoing generation and remodeling
of myelin®*2%(Figure 2), which contributes to motor function,**
motor learning,®’ attention and short-term memory,*> memory
consolidation,**** and social function.>>*® In health, adaptive
myelination appears to be highly and specifically regulated,
with precise circuit-specific and neuron subtype-specific®**’
activity-regulated changes in myelin that tune circuit dynamics
to promote coordinated circuit function. 33363

Neurons communicate with neural stem cells and progenitor
cells by activity-dependent paracrine factors such as brain-
derived neurotrophic factor (BDNF)*? and by synaptic communi-
cation (Figure 2). Synaptic signaling is well established for
oligodendrocyte precursor cells (OPCs), which receive synaptic
input via glutamatergic (calcium-permeable AMPA receptor-
mediated) and GABAergic (GABA, receptor-mediated) neuron-
to-glial synapses.“®*! Such neuron-to-OPC synapses are unidi-
rectional, with the OPC always in the postsynaptic position, and
can be of a transient nature,’® which is compatible with rapid
migration of OPCs. Synaptic input to OPCs is extensive,
involving both short-range and long-range inputs,*® although
the role that such neuron-to-OPC synapses may play in activ-
ity-regulated myelination remains incompletely understood.
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Beyond development and plasticity, glutamatergic neuronal
activity also promotes myelin regeneration after a demyelinating
injury.***> GABAergic signaling to OPCs is involved in resistance
to and adaptive repair of hypoxia-induced dysmyelination.*®
Remarkably, new evidence suggests that following injury, not
only neurons from the PNS but also those from the CNS can
revert to an embryonic-like growth state that allows axonal
regeneration.*” Together, this speaks for a remarkable ability
of the CNS to self-repair damage, at least to a certain extent,
by neuronal activity-regulated mechanisms.

Neural activity is also an important regulator for vascular ho-
meostatic physiological processes in the CNS. One example is
the neural auto-regulation of cerebral blood flow in the brain,
called neurovascular coupling, which allows regional blood
flow to increase to quickly supply oxygen and nutrients accord-
ing to demand*?; this process involves neurons, astrocytes and
vascular cells, and includes direct neurotransmitter signaling.*
Neuronal activity also directly regulates the blood-brain barrier
by modulating endothelial gene expression and the functions
of efflux transporters.>®
Peripheral nervous system
Innervation similarly regulates tissue development, organogen-
esis, and regeneration outside the CNS, throughout the entire
body (for reviews, see Boilly et al." and Kumar and Brockes®).
The CNS controls a myriad of non-neural cells and bodily func-
tions, either by hormone secretion into the systemic circulation
or in a more region-specific manner via the PNS, which connects
the CNS to all organs via sympathethic (adrenergic), parasympa-
thetic (cholinergic), motor, and/or sensory nerve fibers.

The role of nerves in development is increasingly appreciated,
with organogenesis depending on proper innervation. A strong
dependence on functional nerves and undisturbed nerve growth
is long known to be indispensable for limb regeneration in
amphibia and reptiles.”’ In mammals, a similar dependency of
organogenesis on innervation has been reported. For the
example of the salivary gland, parasympathetic innervation is
crucial for glandular organogenesis.® Likewise, heart regenera-
tion in neonatal mice is impaired by denervation,®® and heart
organogenesis depends on sympathetic nervous system
signaling.®* It is an exciting question to address whether synap-
ses, or synapse-like structures, exist between neurons and
certain non-neuronal cells throughout the body. The answer to
this question also has great implications for cancer neuroscience
and would help elucidate neuron-tumor interactions in the light of
neurodevelopmental processes.

The innervation of tissue stem cell niches also regulates the
functions of various cell types, both during development and in
mature tissue, as demonstrated for the skin,*>~°" gastrointestinal
tract,”® and bone marrow.”® Additionally, Schwann cells, the
chief glial cell type of the PNS, are involved in maintenance of he-
matopoietic stem cells in the bone marrow niche.®°

The nervous system contributes to tissue regeneration
throughout the entire body. Injured adult organs do not regen-
erate after denervation, while restoring the function of cholin-
ergic signaling in salivary gland tissue improves epithelial regen-
eration.® Likewise, epidermis regeneration during wound
healing depends on nerve-derived sonic hedgehog signaling, al-
lowing hair follicle stem cells to become epidermal stem cells.*®
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As discussed in detail below, the nervous system is also involved
in the regulation of multiple functions of the immune system (for
review, see Schiller et al.®?). Moreover, nerves control blood ves-
sels in the periphery: during development and tissue repair,
blood vessels and nerves use similar signals and principles to
differentiate, grow, and navigate toward their target. The release
of sympathetic neurotransmitters has been implicated in the for-
mation of new blood vessels during these processes.®® Further-
more, sympathetic innervations of the vessels can affect the
extravasation of immune cells from the blood vessels to the local
tissue by modulating their expression of adhesion molecules,®*
thereby affecting the local immune response.

In summary, the CNS and PNS are not only involved in cogni-
tive functions, movement, and sensation, but they also govern
the generation, adaptation, plasticity, and repair of tissues and
organs. Local (paracrine) and systemic neural factors, classical
synaptic contacts between neurons, as well as bona fide synap-
tic contacts to cells that are not mature neurons are involved in
this complex, multilayered system of governance. This explains
why neural-cancer interactions are so intriguing to study, since
all of the “non-canonical” biological functions of neuronal activ-
ity described above are highly relevant for cancer as well: i.e., or-
gano(/tumoro)genesis; growth by activation of developmental
programs; invasion and colonization; control of a permissive
microenvironment, including blood vessels and the immune sys-
tem; and resilience and self-repair capabilities.

CNS cancer neuroscience

Paracrine signaling in brain tumor growth and initiation
As described above, neuronal activity controls vast and varied
physiological functions. In parallel, nervous system activity and
neural mechanisms can control brain tumor initiation, growth, in-
vasion, and metastatic colonization of the brain. The idea that
neurons may play a key role in brain tumor biology was first sug-
gested by histological co-localization studies in 1938,°° and appli-
cation of the tools of modern neuroscience to study glioma
biology has now demonstrated clearly that neuronal activity can
drive brain cancer growth®® (Figure 2). Mechanisms of activity-
regulated paracrine signaling were first appreciated with the dis-
covery that neuronal activity-dependent paracrine signaling of
neuroligin-3 (NLGN3), BDNF, and GRP78°°°® promote glioma
proliferation and growth. Recent data show how even CNS tumor
initiation can be driven by neuronal activity.®” In addition to pro-
moting glioma growth, NLGNS3 regulates the initiation of optic gli-
omas in a cancer predisposition syndrome.®” Activity-dependent
shedding of NLGNS3 is mediated by the metalloprotease ADAM10,
and the growth of high-grade and low-grade gliomas were signif-
icantly decreased with ADAM 10 inhibitors in mouse models.®”"%°
Recently, IGF-1 was identified as another neuronal activity-regu-
lated paracrine signaling molecule, which mediates olfactory sen-
sory experience-dependent initiation of olfactory bulb high-grade
glioma.’® Together, these discoveries suggest that circuit-spe-
cific neuronal activity-dependent paracrine signaling differentially
influences the neurobiology of distinct brain tumor types.
Synaptic connections between neurons and brain

tumor cells

Brain tumor cells can structurally and electrically integrate into
neural circuits. Accordingly, tumor cells from various adult and
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pediatric glioma types form bona fide glutamatergic synapses
with neurons (Figure 1A), driving tumor growth”"+"2 and brain in-
vasion.”® These synaptic connections consistently form unidi-
rectionally from neurons on the presynaptic side to glioma cells
on the postsynaptic side, inducing excitatory postsynaptic cur-
rents (EPSCs) predominately mediated by calcium-permeable
AMPA receptors (AMPAR) in glioma cells.”"”> These EPSCs
are depolarizing, and direct optogenetic depolarization of glioma
cells increases glioma cell proliferation.”" Furthermore, inhibiting
AMPAR function genetically or pharmacologically with perampa-
nel, an FDA-approved anti-epileptic drug, reduces glioma cell
proliferation and invasion.”'~"® As discussed above, oligoden-
drocyte precursor cells (OPCs), a likely cell of origin for many
types of glioma, and immature neurons also receive synaptic
input, '°“° demonstrating that physiological correlates of malig-
nant synaptic contacts exist.

Distinct from direct, bona fide synaptic interactions, indirect,
perisynaptic contacts —reminiscent of the position an astrocyte
normally assumes in a tripartite synapse—were found in breast
cancer brain metastases’* as well as adult glioblastoma.”” In
breast cancer brain metastatic disease, glutamatergic signaling
via these perisynaptic structures promotes tumor growth
through NMDA receptors on the breast cancer cells.”*

Linking paracrine and synaptic mechanisms, NLGN3 induces
a synaptogenic gene expression profile in glioma cells, which
suggested it may act as an upstream regulator of malignant syn-
aptogenesis.®® Indeed, fewer neuron-to-glioma synapses form
in the absence of NLGN3 in the tumor microenvironment.”" Para-
crine BDNF signaling also promotes synaptic connectivity be-
tween neurons and glioma cells, as well as regulates the strength
of malignant synapses.®® Similar to the plasticity at physiological
synapses that supports learning and memory in the healthy
brain, glioma cell surface AMPA receptor trafficking is increased
by BDNF, highlighting a postsynaptic mechanism of malignant
synaptic plasticity.?® In turn, this mechanism amplifies gluta-
mate-induced inward currents in glioma cells and subsequently
increases calcium transients. In patient-derived glioma cells, ge-
netic or pharmacological inhibition of NTRK2 (BDNF receptor
TrkB) consistently reduces glioma cell responsiveness to gluta-
mate, decreases neuron-to-glioma synaptic connections, and
reduces neuronal activity-induced glioma proliferation.®®
Accordingly, pharmacological targeting of TrkB signaling in gli-
oma inhibits tumor growth in mouse models without TrkB fu-
sions,® highlighting a potentially broader indication for Trk inhib-
itors than only for gliomas expressing Trk fusions.

Brain tumor-induced modifications of the neuronal
environment

Several mechanisms have been identified by which gliomas
influence their neuronal microenvironment. Seizures caused
by neuronal hyperexcitability are frequent in gliomas and brain
metastases. Several paracrine factors and aberrantly increased
neuronal synaptogenesis contribute to glioma-induced neu-
ronal hyperexcitability. Paracrine glutamate secretion via the
xc-cystine-glutamate transporter system increases neuronal
hyperexcitability as well as glioma growth in models of adult glio-
blastoma.”® In the tumor microenvironment of IDH-WT adult glio-
blastoma, loss of GABAergic interneurons also contributes to
circuit hyperexcitability,”® as does glioma-induced alterations
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in neuronal chloride transporter expression, changing the effects
of GABA from inhibitory to excitatory.”® Another interesting
mechanism promoting neuronal hyperexcitability is the ability
of glioma cells to promote synaptogenesis, mirroring a physio-
logical role of astrocytes.”” In gliomas with specific point muta-
tions of the enzyme PIK3CA, glioma cells secrete glypican-3
that drives aberrant synaptogenesis and associated neuronal
hyperexcitability in mouse models,”® indicating that distinct
genomic characteristics of glioma can differentially affect
the neuronal tumor microenvironment. Furthermore, glioma-
secreted thrombospondin-1, another synaptogenic factor, pro-
motes increased functional neuronal connectivity between the
tumor and the brain; such functional connectivity of the tumor
was strongly associated with decreased survival in humans
with glioblastoma.”®

Taken together, these data highlight a positive feedback loop
between neuronal hyperexcitability, neuron-glioma interactions,
and brain tumor progression. This concept is strengthened by
recent clinical data linking preferentially active brain regions to
glioma occurrence.®°
Tumor-autonomous neurodevelopmental and neural
mechanisms in brain cancer biology
In addition to neuron-tumor networks, brain tumor cells them-
selves show multiple neural and neurodevelopmental features,
including network structures (Figure 1E). Ultra-long, neurite-like
membrane protrusions called tumor microtubes (TMs) are used
by glioma cells to scan the brain microenvironment,®' invade
into the brain,”*#""%%and colonize it by invasion and cell divi-
sion.®" Over time, TMs interconnect single glioma cells to a func-
tional, communicating multicellular network.”>®" TMs and the
multicellular networks they generate are consistently found in
human gliomas investigated so far, including astrocytomas
grade 2-4 (which includes grade 4 glioblastomas), and K27M-
mutated midline gliomas.”""%%'~85 As mentioned, many similar-
ities exist between TMs and neural protrusions. A subpopulation
of invasive TMs exhibits tips resembling the growth cones of
neurites, neuronal processes during neurodevelopment that
are essential for neuronal migratory pathfinding and network
building.®®? In addition, invasion-related features of TMs such
as branching, protrusion, and retraction mimic mechanisms of
neurite pathfinding.”® Several molecular drivers of TM growth
are also involved in neurite outgrowth and neurodevelopment,
such as GAP-43 and TTYH1.5"83

Using gap junctions (mainly connexin 43) and adherens junc-
tions between TMs, tumor cells interconnect with one another,
building the anatomical basis of the tumor-tumor network. The
network of tumor cells connected by gap junctions communi-
cates via intercellular calcium waves and exchanges small
molecules with one another, similar to physiological astrocyte
networks in the brain.”"#"%¢ Importantly, this functional tumor-
tumor network is a crucial factor for mediating therapeutic resis-
tance. TM network-integrated, gap junction-coupled tumor cells
were predominately resistant to radiotherapy and standard
chemotherapy with temozolomide. By contrast, unconnected
glioma cells were much more responsive to cytotoxic therapeu-
tic treatment, which was associated with decreased tumor
cellular homeostasis.?"#>#"¢ This resembles mechanisms of
normal brain astrocyte networks that can dilute toxic metabolites
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throughout their gap junction-coupled network.®® Furthermore,
tumor cell coupling via gap junctions and TMs does not only
occur with each other, but also with the astrocytic network of
the brain, which has also been demonstrated for cancer cell sur-
vival in the brain during metastasis.”*°

By contrast, glioblastoma cells not (yet) integrated into tumor-
tumor or tumor-astrocyte networks are the drivers of glioblas-
toma invasion.”> On a molecular level, this subpopulation
was enriched for OPC-like, neural progenitor (NPC)-like and
neuronal-like cell states. Interestingly, the invasive glioblastoma
cell subpopulation showed migration patterns resembling imma-
ture neurons during neurodevelopment. Furthermore, analogous
to immature neurons and OPCs receiving synaptic input, glioma
cell invasion as well as TM dynamics and TM genesis were
increased after neuronal stimulation.”

In summary, while glioma cells that are connected with one
another mediate therapeutic resistance, those that are not con-
nected with one another or with astrocytes drive brain invasion.
In other words, distinct neural features govern the various central
traits of malignancy of aggressive brain tumors.

It has recently been discovered that TM-connected glioblas-
toma cell networks are characterized by autonomous rhythmic
activity that is generated by pacemaker-like tumor cells.
Residing in the hubs of the functional tumor networks, autono-
mously rhythmic tumor cells effectively influence the other
network members via the generation of intercellular Ca?* waves
that travel throughout the network.®" In addition to neuron-to-gli-
oma synaptic signaling that also generates Ca®* activity,
including Ca®* waves in the glioma networks,”""? this periodic
activity is an alternative, tumor-autonomous mechanism of gli-
oma network activation. Importantly, glioblastoma growth and
cellular survival depended on this autonomous rhythmic activity,
possibly via frequency-specific upregulation of distinct tumor-
promoting intracellular pathways.®" Relevant for the field of can-
cer neuroscience, these findings show striking similarities to the
spontaneous periodic network activity driven by pacemaker-like
neuronal cells during neurodevelopment: regarding frequencies,
molecular mechanisms for pacemaking (Ca*-modulated potas-
sium conductance), importance for network development, coor-
dination of population activity, and plastic and even “self-repair-
ing” features of pacemaker-like behavior."” It will be interesting
to learn whether other tumor types show a similar pathobiologi-
cal mechanism by recapitulating this physiological neurodeve-
lopmental principle.

The complexity of interactions between various components
of tumors and the CNS (Figure 3) illustrates an important chal-
lenge for the future. In addition to the various neural mechanisms
governing brain cancer biology, research in ion channels ex-
pressed in tumor cells, neural-tumor co-regulation of the
blood-brain barrier, and tumor blood vessel biology, as well as
other lines of research will certainly extend our knowledge in
brain tumor cancer neuroscience.

PNS cancer neuroscience

Beyond the CNS, a wealth of studies across various cancer
types has now demonstrated a fundamental role for the nervous
system in driving tumor pathogenesis in cancers outside of the
brain. As with gliomas, pathologists have appreciated the struc-
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tural relationship between neurons and malignant cells in the pe-
riphery for more than a hundred years,*? largely due to the histo-
pathological observances of perineural invasion (PNI)® that
suggest that the perineural niche may be functionally beneficial
to the tumor. PNI involves malignant cells surrounding or
invading into nerve tracts, and it has been associated with
aggressiveness and poor prognosis in a number of different can-
cers, including pancreatic, breast, and prostate cancers.’* ¢ As
with gliomas, cancer cells of various non-CNS tumors have been
found to display distinct neurodevelopmental features, at least
on the gene expression level.?”

Preclinical studies have demonstrated an important role for the
autonomic nervous system in the neural regulation of a wide range
of cancers. For instance, in prostate cancer, B-adrenergic
signaling (sympathetic) was found to be integral to tumor initiation,
while cholinergic signaling (parasympathetic) contributed to inva-
siveness and dissemination.”® In breast and ovarian cancer,
B-adrenergic signaling was found to accelerate cancer progres-
sion.?®'% |mportantly, much like their differing roles in various
tissues during normal development, different neuronal subpopu-
lations may play distinct roles dependent on tissue type. As an
example, cholinergic signaling has been shown to be either
growth-promoting in gastric cancer,'®""'%% or growth-inhibiting in
pancreatic cancer.'%® Even within specific tissues, careful atten-
tion must be given to identifying the specific contributions of
various neurotransmitters stemming from either parasympathetic
or sympathetic nerve activity. For instance, in breast cancer, ge-
netic manipulation of autonomic nerves revealed that sympathetic
nerves accelerated tumor progression and growth, whereas para-
sympathetic nerves had the opposite effect.” Similarly, in
pancreatic cancer, cholinergic signaling suppressed growth,'®
whereas adrenergic signaling promoted growth.'%

Sensory nerves have also been shown to play a role in cancer
pathogenesis. Basal cell carcinomas require hedgehog signals
from cutaneous mechanosensory sensory nerves for tumor for-
mation,®” and pancreatic cancers exhibit slowed growth with
the ablation of sensory neurons.'°® In the context of metastasis,
surgical denervation studies excluded a role for circulating cate-
cholamines in stress-induced metastasis in a mouse model of
breast cancer,'?” although sensory nerve innervation enhanced
triple-negative breast cancer invasion and metastatic spread.'?®
Thus, the specific impact of various neurotransmitters coming
from the activity of different branches of the nervous systems
on malignant tissues of all types must be carefully parsed (poten-
tially even on a single-cell/cellular subpopulation-specific level)
to better understand how manipulation of these neural circuits
may be harnessed for treatment.

In the NF1 cancer predisposition syndrome, children and
adults are prone to the development of benign peripheral nerve
sheath tumors (neurofibromas) that derive from preneoplastic
NF1-deficient Schwann cell precursors. These tumors are inti-
mately associated with nerves, raising the intriguing possibility
that neurons influence neurofibroma formation or growth. To
this end, Nf1-mutant dorsal root ganglion neurons, which extend
sensory axons to neurofibromas, exhibit greater action potential
firing rates relative to wild-type controls. These Nf7-mutant sen-
sory neurons also exhibit increased expression of collagen 1a2
that serves as a mitogen for NF7-deficient human and mouse
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Figure 3. Therapeutic opportunities at the intersection of neuroscience and cancer biology

Increased understanding of nervous system-cancer crosstalk is beginning to elucidate therapeutic targets for a variety of cancers. While these targets vary in a
tumor-specific manner, examples are shown here of the target structure or principle (green), a relevant molecular target (yellow), and of a drug or drug class that
may prove useful for therapy (orange). Please note that only examples are shown, and each target is not necessarily relevant for every tumor type; for instance,
targeting AMPAR-mediated synapses using the anti-seizure medication parampanel has to date only been demonstrated as a potential strategy for gliomas. Each
therapeutic strategy requires testing in prospective clinical trials, which has been initiated for several of these examples (see text).

Schwann cells, such that inhibition of their excitability with the
voltage-gated sodium channel blocker tetrodotoxin (TTX) or
the anti-seizure drug lamotrigine reduces collagen 1a2 produc-
tion as well as the growth of neurofibromas in Nf7-mutant mice
in vivo.%®

Additional mechanisms promoting nerve-cancer interactions
the tumor microenvironment include secreted neurotrophins
that may be released in both activity- and non-activity-depen-
dent manners from nerves or may be secreted from tumor cells.
These neurotrophins, known to play a vital role in axonogenesis
and nerve recruitment, have now been shown to critically modu-
late tumor growth outside of the brain (Figure 1). In pancreatic
cancers, glial-cell-line-derived neurotrophic factor (GDNF)'™
and artemin (ARTN)'"" secretion promotes PNI, while nerve
growth factor (NGF) has been shown to recruit sensory nerves
into the tumor microenvironment.’'""® Similar to gliomas,
BDNF/NTRK signaling has been implicated in promoting tumor
survival in multiple myeloma and ovarian cancers.''*'"> Neuro-
trophins are often upregulated by neural signaling through a

feedforward mechanism, with cholinergic signaling promoting
NGF expression in gastric cancer'®" and adrenergic signaling
promoting NGF expression in pancreatic cancer'®’; the NGF-
induced increased nerve ingrowth into the tumor microenviron-
ment further promotes tumor progression. Another avenue of
neuronal contributions to the microenvironment of extracranial
tumors includes metabolic support. Work by Zahalka and col-
leagues illustrated that B-adrenergic receptor signaling is critical
for an angio-metabolic switch that fuels prostate cancer
growth."'® In another example, pancreatic cancer cells increase
NGF production to promote axon recruitment as a means of
serine production to fuel metabolism.""”

As illustrated in the above examples, in addition to benefiting
from these secreted metabolites and neurotrophins, cancers
reciprocally affect the nervous system (Figure 1). Just as brain tu-
mors induce neuronal hyperexcitability, cancers outside of the
CNS can increase innervation of the local tumor microenviron-
ment by recruiting new nerve fibers via axonogenesis,''® often
driven by neurotrophin secretion. Another interesting example
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of tumor-induced modulation of the nervous system that in turn
fosters cancer progression has been suggested for prostate and
other cancers where peripheral tumors attract doublecortin-ex-
pressing NPCs that leave the brain and home to the tumor via
the blood stream, generating new neurons in the tumor which
has growth-stimulatory effects.'’® Remodeling of the neural
microenvironment is further evidenced in a recent study demon-
strating that tumor-associated neurons are reprogrammed to-
ward an adrenergic phenotype that can stimulate tumor progres-
sion in oral cancer.”® Together, these studies suggest that
whether through activity-dependent mechanisms, paracrine
signaling, or metabolic support, crosstalk between nerves and
malignant cells (Figures 1B and 1C) in several tissues represents
a novel angle to target malignant disease progression.

The ability of metastatic cells to leave the primary tumor and
establish metastases is a major cause of death and a serious
impediment to successful therapy. In brain metastases, these
non-brain-cell-derived cancers hijack mechanisms of neurode-
velopment (Figure 1E) for growth, as described above. Even
outside the context of specific brain metastases, ion channels
have been implicated in the overall metastatic process. Changes
in potassium channel expression were found to alter metastatic
breast cancer progression.’® Recent studies have also more
broadly suggested that a single ion channel, sodium leak chan-
nel, non-selective (NALCN), may regulate malignant cell dissem-
ination and metastasis in a number of cancers.'?" Investigating
the broader role of neural activity in driving the metastatic
cascade will also be critical as innervation of peripheral tumors
has been linked to invasion and dissemination from primary tu-
mors.”® For example, sympathetic neural signaling through
B-adrenergic receptors on breast cancer cells induced cytoskel-
etal changes and protease production that increased breast
cancer cell invasion.'?® Sympathetic/p-adrenergic signaling to
blood and lymphatic vessels in tumors contributes to metastatic
dissemination.®®'%® Together, these studies suggest that ion
channel and neurotransmitter signaling in malignant cells and
the tumor microenvironment may facilitate metastatic progres-
sion. Furthermore, a dietary-induced pro-regenerative state of
peripheral glial cells (Schwann cells) was related to increased tu-
mor innervation and metastatic potential.'?® In the future, studies
elucidating the interactions between various types of neurons/
nerves and various types of metastatic cancers might lead to
new strategies to prevent and treat metastatic spread. It will
also be fascinating to learn whether metastatic cells become
functionally integrated into neural networks, such as in glioma.

In summary, the distinct mechanisms of interactions between
malignant cancer cells and neurons in their microenvironment
are now being studied across different tissue types and organs,
although much is yet to be understood about how peripheral
cancers may integrate into neural networks and might respond
to electrochemical neurotransmission. There is clear evidence
that in oral squamous cell, head and neck, gastric, colon, rectal,
prostate, breast, and pancreatic cancers, neurons of different
types contribute to malignant tumor growth. Moving forward,
evaluating the effects of direct activity-mediated neurotransmis-
sion to and membrane depolarization of these malignant cells
will be an exciting area of study. New technologies that allow
for interrogation, visualization, and quantification of neuronal ac-
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tivity within peripheral tumors will be needed (Figure 4) to unravel
the neural inputs and signaling patterns that contribute to tumor
pathogenesis. As this field evolves, it is imperative that all axes of
neuronal communication with both neoplastic and non-
neoplastic cells of the tumor microenvironment are thoroughly
investigated.

Neuro-immuno-oncology

Neural cells respond to immune system signaling molecules, and
immune cells respond to neurotransmitters and neuromodula-
tors, so it is not surprising that neural-immune crosstalk can pro-
foundly modulate both nervous system function and immune
system function. In the context of cancer, a triangular relation-
ship between neurons, immune cells, and cancer cells
(Figure 1D) is emerging that is relevant to nervous system influ-
ences on the tumor immune microenvironment, pro- and anti-tu-
mor immunity, and immunotherapy.

The autonomic nervous system plays key roles mediating
communication between the brain and immune system. Afferent
fibers of the vagus nerve convey information about peripheral
immune challenges to the brain, and efferent vagus pathways
modulate the immune response through cholinergic signaling,
for example, powerfully mitigating pro-inflammatory cytokine
release in the context of experimental lipopolysaccharide-
induced sepsis.'®* Such an “inflammatory reflex'**” helps to
exert precise control of powerful immune responses. This anti-
inflammatory influence of parasympathetic nerves and acetyl-
choline on peripheral immune responses is one such mechanism
of control, while neural orchestration of immune cell trafficking
and function by the sympathetic nervous system is another
important mechanism of regulation. Adrenergic signaling via
sympathetic innervation regulates physiological, diurnal traf-
ficking of lymphocytes through lymph nodes'® and egress
of hematopoietic stem cells from the bone marrow into the
circulation,®*'?® as well as movement of immune cells within
tissues, which is essential for their function.’®” In response to
stressors, periventricular hypothalamic corticotropin hormone
(CRH) neurons stimulate the hypothalamic-pituitary-adrenal
axis and regulate trafficking of lymphocytes and monocytes be-
tween peripheral tissues and bone marrow.'® CRH neurons of
the periventricular nucleus and the central nucleus of the amyg-
dala ultimately project to the splenic nerve and can influence
adaptive immune responses through both adrenergic and
cholinergic mechanisms.>®> Norepinephrine, released locally
from sympathetic nerves or systemically largely from the adrenal
gland in a physiological manner or in response to a range of
stressors, binds chiefly to the beta2-adreneric receptor (B2AR)
on immune cells. Norepinephrine-B2AR signaling can exert
immune-suppressive effects such as upregulating PD-1,'%°
regulating myeloid-derived suppressor cells (MDSCs) and
macrophage function and recruitment to tumors,®®'%0:13"
limiting anti-tumor immunity, '?”'*>"*3 and promoting T lympho-
cyte metabolic stress and exhaustion.'* Likewise, innervation of
solid tumors by sensory neurons can induce T cell exhaustion,
preventing effective anti-tumor immunity that could be over-
come by inhibiting CGRP, a nociceptor-produced neuropep-
tide."®> Some of the aversive effects of stress on tumor growth
in a breast cancer model were shown to be attenuated by
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Figure 4. Techniques for studying nervous system-cancer interactions
Methodologies to study nervous system-cancer interactions can be broadly categorized into four dimensions that encompass the functional, structural, and
molecular characterization as well as the material or model system that is studied.

optogenetic stimulation of the dopaminergic projections from
the ventral tegmental area (VTA) to the medial prefrontal cor-
tex."®® Interestingly, VTA activation reduced tumor growth in
models of melanoma and lung cancer by modulating the sympa-
thetic innervation to the bone marrow, altering the functional pro-
file of MDSCs."®” Together, these results provide a valuable first
guidance on how anti-tumor immunotherapies may be
augmented by neuromodulation strategies. %%

Neuronal signaling molecules are sometimes used by the im-
mune system directly. The neurotransmitter GABA can be synthe-
sized by B lymphocytes and, in the context of a mouse model of
colon cancer, can bind to GABA, receptors on CD8* T lympho-
cytes to reduce anti-tumor immunity and enable tumor growth. '*°
Serotonin, secreted by platelets, upregulates PD-L1 expression in
models of pancreatic and gastric cancer through histone seroto-
nylation and consequent epigenetic regulation of immune
checkpoint expression.'“° In addition, tryptophan, the precursor
of serotonin, is metabolized to kynurenines by indoleamine-2,3-
dioxygenase (IDO) and tryptophan-2,3-dioxygenase (TDO), which
are both neuroactive and immunomodulatory, and implicated in
neurodegenerative disorders and cancer.'*' This also raises the
question whether neuronal activity, with secretion of neuronal
signaling molecules, can directly influence T lymphocytes and
other immune cells. The immunological environment in the CNS
is unique, with a very specialized lymphatic system,'“> communi-
cation with unique immune populations in the skull bone marrow,
and with various neural-immune interactions at the brain borders
(for review, see Rustenhoven and Kipnis'“*) that may influence the
effectiveness of immunotherapies. Accordingly, neuro-immuno-
oncological interactions are probably quite different within the
CNS and outside of it.

The nervous system not only regulates immune responses but
also encodes them in an immunological engram in the brain that
modifies subsequent immune function. Immune responses to

challenges outside of the brain, such as in the gut, can be encoded
by neurons in the insular cortex, and reactivation of the neurons
activated by a particular immune challenge can recapitulate the
immune response operant during the initial immune challenge.’**
This sort of immunological “memory” illustrates that the nervous
system exerts profound regulatory control on the immune system,
in ways that we are only just beginning to understand.

Another key demonstration of integration between neuronal
activity and immune regulation of cancer growth derives from ex-
periments performed using Nf1 optic glioma mice. In addition to
light-induced, visual experience-dependent neuronal control of
optic glioma initiation and progression, NfT mutation in neurons
additionally increases basal action potential firing.'%® This
increased excitability results in the production of midkine, a
paracrine factor of the pleiotrophin family, which acts on
T cells to secrete CCL4 and results in microglial secretion of
CCL5, a key mitogen for glioma cell growth.'#*“6 Consistent
with diverse mechanisms underlying neuronal activity-depen-
dent control of tumor biology, this basal hyperexcitability is
mediated by Nf71 protein control of the hyperpolarization-acti-
vated cyclic nucleotide-gated potassium channel 1 (HCN1),
such that targeting of this channel with the anti-epileptic drug la-
motrigine was sufficient to normalize midkine expression and
suppress Nf1 optic glioma proliferation in vivo.'°® Moreover,
experience-dependent optic nerve activity-regulated shedding
of NLGN3®" appears to operate through mechanisms distinct
from basal Nf1-regulated HCN1-channel-mediated activity-
dependent expression of midkine. This illustrates how the diver-
sity of neuronal activity-dependent mechanisms may underlie
distinct effects on cancer biology in various contexts.'*°

Further principles of neuron-immune cell-tumor cell crosstalk
are also likely to come to light. How might drugs of neuroscience
be leveraged to reduce the immune-suppressive microenviron-
ment of solid tumors and improve immuno-oncology strategies
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(Figure 3)? Might targeting neurotransmitter or neuromodulator
signaling influence the tumor immune microenvironment to pro-
mote anti-tumor immunity? Could targeting growth-promoting in-
teractions between the nervous system and cancer slow down tu-
mor growth to enable immune-based therapies to outpace cancer
growth, facilitating tumor regression? Elucidating the mechanisms
of nervous system-immune system-cancer interactions may open
an important new dimension in immuno-oncology strategies.

Effects of cancer and cancer therapies on the nervous
system

Cancer therapies have the potential to limit the very mecha-
nisms of neural homeostasis and plasticity that cancers
depend on to grow. Unfortunately, the off-target effects of
these therapies on normal neural processes (Figure 1F) can
result in a syndrome of debilitating cognitive symptoms char-
acterized by impaired attention, memory, speed of informa-
tion processing, multitasking and executive function,’’ as
well as neuropathies affecting sensory, motor, and autonomic
peripheral nerves (for review, see Staff et al.’*®). Cancer ther-
apies can result in tissue damage within the CNS—particu-
larly insult to white matter and reduced volume of the hippo-
campus.'*®"°% Furthermore, cancer therapies can disrupt
neural communication and network connectivity—which
ultimately manifests as cognitive impairment.’®’'*® The
neurobiological underpinnings of cognitive impairment after
cancer therapies (reviewed in Gibson and Monje'®) include
radiation- and chemotherapy-induced dysfunction of neural
stem and precursor cell populations,’®*~'*° dysregulation of
hippocampal neurogenesis, '°¢ 157160161 disruption of myelin
homeostasis and plasticity,’>'*° and disruption of synaptic
connectivity. 627164

This fundamental understanding has led to therapeutic strate-
gies targeting regeneration of neural stem and precursor cell
populations that are showing promise in early clinical studies
for cancer therapy-related cognitive impairment.'®>'®” Given
how cancers hijack the very same neural mechanisms and struc-
tures impaired after traditional cancer therapies, one wonders
how the neurotoxicities of cancer therapies contribute to thera-
peutic efficacy. Understanding this may lead to more specific
and less toxic cancer therapeutics.

In addition to neurotoxicity of therapies for cancer, cancer it-
self can change the nervous system; studies have demonstrated
that on a systemic level, mammary gland tumors can disrupt
sleep and alter metabolism via altering a specific neuronal pop-
ulation of the CNS."® These effects can be observed in cancer
patients, who exhibit clinical evidence for behavioral effects of
cancer on sleep and appetite.'®®'"° Furthermore, these interac-
tions are bidirectional. On a more local level, tumor-cell-
and neuron-generated paracrine signaling can bidirectionally
modulate peripheral sensory nerves, resulting in hypersen-
sitivity, nerve sprouting, and PNI, which contribute to cancer
pain.'”"717% At the level of the whole patient, chronic stress can
accelerate metastatic progression of breast and other peripheral
cancers by elevating sympathetic signaling.?®'"* It will be impor-
tant to fully understand these bidirectional interactions that
seem to constitute a vicious cycle of nervous system-cancer
interactions.
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A framework for future clinical and preclinical
development

Cancer neuroscience is a rapidly evolving field with emerging,
exciting discoveries and the potential to influence and even
fundamentally change oncological therapies.'”>'"” Further-
more, these discoveries can feed back to inform basic neurosci-
ence and developmental biology. A key challenge is to identify an
optimal road to translation for neuroscience-instructed cancer
therapies, a path which may be quite different from that of tu-
mor-cell-centric (cytotoxic or molecularly targeted) or anti-tumor
immunological strategies. We will discuss trial-enabling aspects
and develop a framework for implementing concepts from can-
cer neuroscience into clinical practice.

An integrative framework that spans diverse preclinical and
clinical-translational disciplines will be needed to make prog-
ress. In addition to neuroscientific and oncological expertise,
development and adaptation of novel technologies will be
needed (Figure 4). For both clinical trials and animal studies alike,
it will be important to study pharmacological and non-pharma-
cological interventions over the disease course with a compre-
hensive clinical characterization, using cancer neuroscience-
driven methodological frameworks (Figures 5).

Therapeutic opportunities

A fundamental conviction is that targeting the bidirectional neu-
ral-cancer crosstalk can slow tumor growth, or even reverse it,
and at the same time preserve or reconstitute quality of life
and neurological functioning. Considering the more than one
hundred approved drugs in neurology, psychiatry, and internal
medicine that interfere with neurotransmitter and other neural
signaling, it appears plausible that re-purposing of one or several
of those for a given cancer (sub)type and stage can constitute a
rapid road for clinical translation (Figure 3). Furthermore, drug
development targeting neural-cancer signaling and the function-
ality of the homotypic and heterotypic nervous system-cancer
networks has started, albeit not on a large scale so far.'”® Pro-
spective clinical trials have begun for multiple CNS and systemic
cancer types'”>~'"7; for an overview of clinical trial numbers, see
Pan and Winkler."”® Some early phase trials have been pub-
lished,'®%"®" and further results are eagerly awaited. However,
interference with the normal function of the CNS and PNS might
limit dosing.

Targets and drugs

Figure 3 gives an overview of the principles of cancer neurosci-
ence-related therapies that are tested in distinct indications for
various tumor types. Conceptually, the field should prioritize
strategies that allow a therapeutic window: since targeted mech-
anisms of neural-cancer interactions are frequently also relevant
for the normal nervous system, a drug concentration needs to be
selected that primarily affects cancer biology, or the particular
strategy should be localized to affect the tumor microenviron-
ment only (such as denervation strategies of non-brain tumors),
always with careful monitoring of CNS and PNS side effects in
patients. For children with malignant glioma, an inhibitor of
ADAM10/17 (INCB7839) is being tested, because this inhibition
blocks the secretion of NLGN3®® (NCT04295759). Tumor-
network-disconnecting strategies include the following: (1) the
inhibition of gap junctions with meclofenamate in recurrent adult
glioblastomas in combination with temozolomide chemotherapy
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(MecMeth/NOA-24; EudraCT 2021-000708-39); and (2) targeting
glutamatergic neuron-to-glioma synapses with the approved
anti-seizure drug perampanel, a non-competitive AMPAR inhib-
itor, which is underway in a trial initiative in Germany (EudraCT
2023-503938-52).

Outside the CNS, early phase clinical trials have shown that
beta-blocker modulation of sympathetic neural signaling is
safe in breast cancer patients and well tolerated in combination
with neoadjuvant chemotherapy.'®® Findings show that beta-
blockers reduce biomarkers of breast cancer cell invasion while
improving biomarkers of anti-cancer immunity.'8% 8
Biomarkers and technologies
It will be crucial to understand whether a given neuroscience-in-
structed cancer therapy is hitting its target, leading to the desired
effects on nervous system-cancer crosstalk, or not. If we do not
validate this by accompanying biomarker research, we will not
be able to link a positive study result to a desired target engage-
ment. Likewise, we will not be able to interpret a negative result
correctly: i.e., was the target pharmacologically missed? Or was
it hit, but without a meaningful clinical effect?

Therefore, window-of-opportunity study concepts with inves-
tigation of molecular and structural tissue biomarkers of nervous
system-cancer interactions in resected or (repetitively) biopsied
tumor samples appear particularly meaningful for the first
steps,'®”'®" in addition to the development of imaging and elec-
trophysiological biomarkers (Figure 5). Serial investigation over
the disease course will enable the study of plasticity and evolu-
tion of multicellular neural-cancer networks.

Neural-cancer interactions have been chiefly characterized on
a cellular and subcellular level using high-resolution light and
electron microscopy as well as electrophysiological patch-
clamp recordings (Figures 4 and 5). Although these approaches
yield a precise readout, it will be difficult to implement these
methods on a larger scale for clinical trials. Therefore, a multi-
omics approach from the macroscopic to the nanoscopic scale
(Figure 5) will help define surrogate parameters that can be
routinely employed for clinical trials. Additionally, such multi-
omics approaches will extend our knowledge about the cancer
neuroscience-related spatiotemporal cellular as well as molecu-
lar heterogeneity and plasticity of cancers. This will require
the intensive collaboration of method developers, biologists,
clinicians, and biostatisticians. In return, this approach yields
the opportunity to methodologically advance not only the
cancer neuroscience field but also the neuroscience and
oncology fields.

Disease stage

Preclinical work should ideally address the question of whether
an anti-cancer therapy that targets neural regulatory mecha-
nisms is likely to be more efficient in the primary setting, in recur-
rence, or during further metastatic and invasive dissemination,
which will define the ideal patient population to include in a trial.
Mounting data that particularly resistant and recurrent tumors
accumulate neuronal molecular signatures'®® could speak for
the latter. On the other hand, secondary evolution of heterogene-
ity, immune disturbances, and general aspects of patient dispo-
sition as well as options for co-treatments and target evaluation,
including biological response assessment, favor the newly diag-
nosed setting.
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Outcome parameters

Another important question is the selection of the best efficacy
measure, or outcome parameter(s). Targeting conserved neuro-
developmental pathways and structures that have a role in tu-
mor:tumor cell/neuron:tumor cell contacts alike requires careful
neurological and neurocognitive as well as behavioral assess-
ments, exceeding the standard batteries in clinical studies. In
addition to morphological, physiological, and functional MR im-
aging and metabolic assessments, network analyses via EEG/
MEG should be considered. Of note, for systemic (non-CNS)
cancers, advanced imaging should consider peripheral nerve
MRI, which offers a sensitive novel tool for potential effects of
the cancer or neuroscience-instructed cancer therapy on sen-
sory nerves.'® For any treatment, the first hurdle will be demon-
stration of a biological impact. This may require tumor or surro-
gate tissue (CSF/blood)-based diagnostics, i.e., demonstration
of change in a preclinically defined biomarker of connectivity or
network activity.

Trial design

The primary goal of the early trials should be a definition of the
right patient population, which includes stage of the disease
(see above), co-treatment as well as target identification, and
quantification. Biomarkers from the serum, CSF, and/or tumor
tissue, and potentially also imaging biomarkers, may help to
identify the patient subpopulation that is most likely to profit
from a given neuroscience-instructed cancer therapy, similar
to targeted therapy developments in other areas of oncology.
As a starting point, phase 0 (window-of-opportunity) trials for
neuroscience-instructed cancer therapy appear particularly
meaningful, because they include the measurement of drug
exposure and biological target engagement in resected tumor
tissue. Standardization of clinical protocols will help accelerate
the development of effective treatments.

Combination therapy

Therapies targeting neural-cancer interactions might work as
monotherapies, but, more likely, they may be used as sensitizers
to radiotherapy or chemotherapy (as shown for disconnection
strategies of tumor cell networks®'*%'"") or to work synergisti-
cally to benefit the efficacy and timeline of anti-tumor immuno-
therapies, as recently discussed.'®* Targeting neural-cancer
interactions may be a required component of effective combina-
tion therapy strategies. Therefore, it will be important to devise
optimal combination partners, including concomitant cytotoxic,
epigenetic, or immunological therapies that together may
achieve meaningful clinical effects.

Adapting and developing methodologies for preclinical
and basic cancer neuroscience

Further advancing cancer neuroscience, including clinical trans-
lation, will require joint efforts in technology development and
application in preclinical studies (Figures 4 and 5) that define
targetable mechanisms and test novel therapeutic strategies.
Using functional imaging techniques such as calcium imaging
or voltage imaging would help to decipher functional nervous
system-cancer connectivity. Electrophysiological (e.g., micro-
electrode) arrays can be used to assess electrical connectivity.
Ideally, the correlation of functional imaging techniques and
spatial transcriptomics would allow for identifying the transcripts
that are functionally relevant. The mapping of neuronal input can
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Figure 5. Cancer neuroscience from bench-to-bedside and bedside-to-bench
A framework for integrative cancer neuroscience at the intersection of preclinical and translational research. The figure provides an example for brain tumor

studies, but it can also serve as a blueprint for extracranial tumors.

be achieved today with the help of evolving, elegant technolo-
gies, such as retrograde tracing with advanced viral vectors
combined with tissue clearing and light-sheet microsocopy for
large-volume imaging.

The analysis of tumor cells in the context of spatial patterns is
helpful for the analysis of the tumor microenvironment, and this
certainly extends to cancer neuroscience-related questions.
For example, it will be important to learn how proximity to neu-
rons and neuronal processes influences cancer cell and tumor
immunological features, and whether (how) cancer cell hetero-
geneity is related to specific neuronal features of cancer cells
and/or specific neural interactions. Furthermore, multi-omics
strategies that combine the methylome, transcriptome, transla-
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tome, and proteome will further increase our knowledge of the
molecular machinery associated with the neurobiology of cancer
and might reveal novel therapeutic targets.

Finally, methods such as large-scale volume EM and super-
resolution light microscopy would allow analysis of neuron-tu-
mor connections on a nanoscopic scale. Figure 5 shows a
concept of how multi-omics strategies might be integrated
across scales for future progress in the field of cancer neurosci-
ence, including clinical and reverse translation.

Mapping the neural-tumor connectome by community-
wide efforts

Cancer cell types and their neural partners will need to be clas-
sified based on their tumor biological function, connectivity,
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physiology, molecular signature, and morphology, in analogy to
neuronal cell classification. This will require technological inno-
vation to integrate and understand tumor biological functions.
Such initiatives could borrow from neuroscience (e.g., Allen
Brain Atlas, neuromorpho.org, and EM connectome data) and
oncology (TCGA) consortia to adopt analogous frameworks for
cancer neuroscience.

The complexity of such a clinical-translational framework re-
quires a highly interdisciplinary infrastructural framework. Apart
from various clinical disciplines that will need to work closely
together (e.g., neurology, oncology, neurosurgery, neuropsy-
chology, radiology, and pathology), the close connection to the
fields of neuroscience and basic cancer research will be an
important element of the collaborative efforts in this direction.
Therefore, we believe that establishing and interconnecting
specialized cancer neuroscience hubs will be crucial to orches-
trate such efforts (Figure 5).

Summary and outlook

Research of the last few years has increasingly consolidated the
new field of cancer neuroscience. The demonstrations of direct
and indirect influences of the nervous system on cancer initia-
tion, growth, dissemination, and treatment resistance signifi-
cantly contribute to our understanding of cancer biology today.
For every cancer entity investigated so far, cancer-promoting
or (less frequently) cancer-inhibitory interactions with the CNS
or PNS have been well documented. With more and more mech-
anisms from more and more cancers reported, the question
arises whether nervous system-cancer interactions may some-
day be regarded as another general principle of cancer patho-
genesis. In the next few years, we can expect exciting further
discoveries in mechanisms known to be relevant for cancer
neuroscience today (Figure 1). In addition, a better understand-
ing of the role of CNS and PNS glial cells and the influence of
innervation on other components of the tumor microenvironment
will complement our body of knowledge and strengthen the ther-
apeutic armamentarium.

The challenges are clear: we need to better map the nervous
system-cancer interactome and connectome on multiple scales
and levels. This is a key requirement to gain deeper insight into
the complex world of interactions between the nervous system
and specific cancer entities and stages. The future selection of
the most promising neuroscience-instructed cancer therapies
for individual patients will depend on this knowledge, particularly
on our ability to conduct meaningful clinical trials and potentially
also on feasible biomarkers for nervous system-cancer interac-
tions. Another key requirement for the future will be the joint
development of collaborative networks and of cross-disciplinary
thinking, methodologies, and research strategies. Cancer neuro-
science holds the promise to elucidate fundamentally new and
therapeutically important insights into the pathobiology of
many —if not all—cancers.
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