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Role of the nervous system in cancers: a review
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Abstract

interactions.

Nerves are important pathological elements of the microenvironment of tumors, including those in pancreatic, colon
and rectal, prostate, head and neck, and breast cancers. Recent studies have associated perineural invasion with tumor
progression and poor outcomes. In turn, tumors drive the reprogramming of neurons to recruit new nerve fibers.
Therefore, the crosstalk between nerves and tumors is the hot topic and trend in current cancer investigations. Herein,
we reviewed recent studies presenting direct supporting evidences for a better understanding of nerve—tumor

Facts

1. Nerves, as components of the tumor micro-
environment, are associated with cancer outcomes.

2. Nerve transmitters and neurotrophic factors play
an essential role in tumor progression.

3. Perineural invasion is a common characteristic of
some tumors.

Open questions

1. How do tumors and nerves have crosstalk?

2. What is the molecular mechanism underlying of
perineural invasion?

3. How can we appropriately target the nerves to
prevent the tumor progression?

Introduction

The tumor microenvironment (TME) is closely related
to tumor initiation, progression, and metastasis. It con-
sists of the extracellular matrix, fibroblasts, adipose cells,
immune-inflammatory cells, blood, and lymphatic vas-
cular networks'. The functions of oncogenes and tumor
suppressor genes in tumorigenesis have long been
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identified. In recent years, the concept of cancer biology
has shifted from studying the genetics of tumor cells
alone to the field of complicated interplay between tumor
cells and the TME. The elements of this interplay,
especially tumor angiogenesis, have been well-
characterized in previous research’. Hence, nerves as
components of the TME have been increasingly proved
to regulate aberrant tissue function, including cancer
progression. The crosstalk between nerves and cancer
cells has been well-established for a variety of cancers,
including pancreatic, prostate, breast, head and neck
cancers, as well as cholangiocarcinoma®’. This associa-
tion is often correlated with poor outcomes. Upon the
recognition of the significance of nerve—cancer interac-
tions, the National Cancer Institute has convened their
first meeting to explore the “Role of Nerves in Cancer
progression” in March 2015°,

Many research groups have established various models
and demonstrated their own hypothesis to answer the
main relevant questions, such as the influence of neu-
roactive molecules on cancers, the contribution of dif-
ferent nerves to cancers, or how cancers and nerves
communicated. Technological advances in precise nerve
imaging and manipulation has also allowed some progress
in understanding the molecular mechanisms behind the
crosstalk between cancers and nerves.

In this review, current theories on the communication
channels and the functional relationship between cancers
and nerves are summarized. The cellular and molecular
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mechanisms of the process based on recent studies are
also reviewed. Thus, a more comprehensive under-
standing of the interplay between tumor cells and nerves
may be useful to devise new strategies for cancer therapy.

Nerves create a unique TME and associate with
the outcome

Nerves, consisting of a variety of cells such as neurons
and neuroglia, form a unique type of TME. Nerves and
related nerve cell markers have been detected in various
tumors, including those of the head and neck, prostate,
breast, cervix, esophagus, stomach, colorectum, and
pancreas’ ">, When cancers develop from preneoplastic
lesions to obvious cancer, nerve density nearly doubles
compared with the non-neoplastic tissue'®. More impor-
tantly, nerves found in the tumor increase the malignancy
and are often correlated with poor outcomes. Huang
et al.'” confirmed that nerve fibers in breast cancer were
significantly correlated with poor differentiation, lymph
node metastasis, high clinical staging, and the triple-
negative subtype. In the same manner, nerve fiber density
was also correlated with tumor size, margin status, lymph
node metastasis, pathological tumor, and American Joint
Committee on Cancer stages, as well as survival time in
pancreatic cancers”'®, A further study also found nerves
to be involved in angiogenesis related to tumor growth'”.
Horn et al.'® associated nerves with the recurrence of
rectal adenocarcinoma after the radical surgery. All the
above evidences support that nerves play crucial roles in
tumor progression.

Tumor—nerve interactions are characterized by two
aspects as follows: (i) tumor cells can secrete neurotrophic
factors, neurotransmitters, and axon guidance molecules
via paracrine signaling to drive neuron reprogramming,
and thereby recruit the nerves or invade the existing
nerves; (ii) nerves can also secrete neuroactive molecules
to interact with the receptors of tumors or the TME for
the tumor cells to proliferate, invade, and metastasize.
These two aspects will be discussed in detail below.

Effect of tumor cells on nerves
Perineural invasion in cancers

Cancer cells infiltrate inside or around nerves in the
process of perineural invasion (PNI), which can be
observed before lymphatic or vascular invasion'**°, The
PNI process, first characterized in head and neck carci-
noma in 1856 by Batsakis'’, has been described in detail
by several reviews22"2%, The first definition, however, was
unclear and PNI attracted little attention in subsequent
research. In 2009, Liebig et al.*® summed up previous
studies and characterized PNI by the close proximity of
tumor to nerve, and as a process involving at least 33% of
its circumference or tumor cells present within any of the
three layers of the nerve sheath. Thus, PNI is more
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commonly detected in aggressive cancers. The incidence
of PNI was reported as up to 80% in head and neck
cancers, 75% in prostate cancers, 98% in pancreatic can-
cers, 33% in colorectal cancers®®, and 75% in cholangio-
carcinoma®, Evidences indicating that PNI is a significant
predictor of overall survival or disease-free survival of
tumor patients is emerging”?°~*,

PNI involving structural nerve damage directly leads to
cancer-associated pain®’. More importantly, it is con-
sidered a potential pathway for cancer cells dissemination
and metastasis in the same way as vascular and lymphatic
channels®’. Saloman et al.®> showed that tumor cells
invaded neural tissue before the onset of tumorigenesis. In
addition, at the early stage of cancer, pancreas acinar-
derived cells were found to migrate along sensory neurons
into the spinal cord, providing evidence that PNI could be
a potential route of metastasis®. Recent studies suggest
that the neural tracking hypothesis likely explains the
mechanisms of PNI. Cancer cells track along or around a
nerve after infiltrating into perineural space in the process
of nerve injury, which in turn promotes neural regen-
eration. The damage of perineurium caused by invading
cancer cells leads to a cascade of inflammation cytokines,
thus forming a unique cellular and biochemical micro-
environment around the nerve, named perineural
niche®*°, This perineural niche includes various cellular
components and may regulate the neural tracking to
facilitate the PNI*** (Fig. 1).

In summary, PNI is a special means of tumor—nerve
communication that is correlated to tumor progression.
However, the understanding of PNI mechanisms remains
limited, as an appropriate model to imitate the complex
interactions between tumor and nerve fibers has not been
proposed.

Neoneurogenesis

Neoneurogenesis (also called innervation) is the process
when cancer cells react to nerve regeneration and recruit
new axons into the tumor tissue, similar to angiogenesis.
In contrast to the central nervous system cells, peripheral
nerve cells have the ability to regenerate after injury®®.
Neoneurogenesis is a highly complex biological phe-
nomenon, which remains to be elucidated. The neo-
nerves originating from different nerves play different
roles, or even opposite roles, in various tumors; the cor-
responding results are presented in Table 1.

The peripheral nerve system (PNS) includes the sym-
pathetic and parasympathetic nerves, and maintains the
homeostases of the body. The neurotransmitter of
the sympathetic nerves is norepinephrine, whereas that of
the parasympathetic nerves is acetylcholine (Ach), which
both play important roles in the cellular communication.
These coordinated systems control the blood pressure, pH,
thermoregulation, and metabolism, to adapt to external
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Fig. 1 The nerve-tumor crosstalk. Nerves can secrete the neuroactive molecules that act on tumor cells, lymphocytes, and macrophages to
promote tumor proliferation, invasion, angiogenesis, and inflammation. In turn, tumor cells migrate to nerves and damage them to induce the
cancer-associated pain. Moreover, tumor cells secrete cytokines, which drive nerve reprogramming and regeneration. PNI perineural invasion.
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and internal pressures®. Sympathetic and parasympathetic
nerves usually have opposing effects on a given tissue, such
that they increase the activity of one system, whereas
decrease the activity of the other. More specifically, sym-
pathetic nervous activity increases the flow of blood rich in
nutrients to tissues that need it during emergency “fight-
or-flight” reactions. Meanwhile, the parasympathetic sys-
tem predominates during quiet, resting conditions. In
summary, the PNS is affected by the tissues it innervates
and responds to the changes in the microenvironment™.
Therefore, certain lines of evidences have linked neo-
neurogenesis in a tumor to the PNS, including both
sympathetic and parasympathetic nerves*'. Prostate can-
cer neoneurogenesis was recognized relatively early®,
whereas it was only later that Magnon et al® first
demonstrated that the formation of autonomic nerve
fibers in prostate cancer was required for cancer devel-
opment and progression. In various mouse models, sym-
pathetic nerve ablation, including that by both chemical or
surgical method, could prevent prostate cancer develop-
ment. Also, parasympathetic destruction could suppress
the dissemination and invasion of prostate cancer. In a
retrospective study, a high density of sympathetic and
parasympathetic nerves was detected in tumors, and this
was associated with poor clinical outcomes. Consistently
with the results for prostate cancer, sympathectomy by the
bilateral removal of superior cervical ganglia inhibited the
tongue tumor growth and invasiveness*’. Interestingly,
breast cancer growth and progression were accelerated
after sympathetic nerves stimulation, but were suppressed
following the stimulation of parasympathetic nerves™'%**,
These findings suggested that the innervation of sympa-
thetic and parasympathetic nerves play different roles in
different cancers.
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In addition to the parasympathetic and sympathetic
nerves, sensory nerves also participated in the tumor
progression. For example, sensory nerves may drive
inflammation to accelerate precancerous lesions to pan-
creatic cancer via neurogenic mechanisms*>*®. At the
early stage of pancreatic cancer, the expressions of pan-
creatic neurotrophic factors change and sensory inner-
vation obviously increases. At later stages, cells of
pancreatic origin could migrate to the sensory ganglia and
the spinal cord. The above findings prove that the sensory
nerves participated in all stages of pancreatic cancers
including tumorigenesis and progression®”. Furthermore,
the ablation of sensory neurons in a genetic model of
pancreatic cancers showed a suppressive effect on tumor
initiation and progressionS. In a similar manner, sensory
neurons were also shown to play a direct role in tumor
formation in basal cell carcinoma®®,

The vagus nerve, which contains both para-
sympathetic and sensory axons in a mixed nerve*’, has
been demonstrated to play completely inverse roles in
pancreatic ductal adenocarcinoma and gastric cancer.
Using three models of gastric cancer, Zhao et al.>°
proved that vagotomy or pharmacological denervation
of only the stomach portion decreased tumor progres-
sion and prolonged survival when performed in later
cancer stages. Denervation particularly affected the
renewal of the stem cell compartment of gastric tumors
and was also able to enhance the effect of chemother-
apy”’. In addition to the vagus nerve, enteric nerves are
also involved in gastric cancer initiation and progres-
sion®"*%, In contrast to the cancer-inducing effects in
the gastric cancer, vagus nerves had an antitumor effect
in pancreatic cancer®>>*. Vagotomy accelerated pan-
creatic tumorigenesis and enhanced tumor growth
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through recruiting
(TAMs) and mediating the inflammation

According to novel findings, newly formed adrenergic
nerve fibers in neck and head cancer originated from the
sensory neurons and are not the infiltrations of pre-
existing adrenergic nerves®. Hence, signals that promoted
tumor growth are also regulated by newly formed adre-
nergic nerve fiber instead of pre-existing adrenergic
nerves. Furthermore, Amit et al.” identified the adrenergic
differentiation signature by comparing the transcriptomes
of cancer-associated neurons with those of endogenous
neurons. Their investigation of mechanisms revealed that
TP53 loss in head and neck cancer drives sensory nerves
reprogramming through the delivery of cancer-derived
exosomes lacking miR-34a. Moreover, tumor growth was
inhibited by sensory denervation or the pharmacological
blockade of adrenergic receptors, but not by the chemical
sympathectomy of pre-existing adrenergic nerves. These
results indicated that cancer cells drive the neuron
reprogramming to promote tumor progression. However,
the potential role of neuron reprogramming induced by
cancer cells in other tumors remains to be established.

Another study revealed that nerves emerging in tumors
can also originate from the central nervous system®’. In
mouse models of prostate cancer, neural progenitors
expressing doublecortin (DCX+) in the subventricular
zone, egress into the circulation through disrupting the
blood—brain barrier. These cells then infiltrate and reside
in the tumor and can generate new neurons. Hence, the
genetic depletion of DCX+ cells inhibit the prostate
cancer progression, whereas DCX+ cells transplantation
promotes prostate tumor growth and metastasis. These
results provide new insights into the origin of tumor
nerves, but the mechanisms of how solid tumors com-
municate with the central nervous system remain to be
elucidated. In addition, the seeds of neoneurogenesis in
tumors can also be mesenchymal stem cells (MSCs)
derived from the bone marrow. Tumors recruited MSC,
which in turn can differentiate into neurons under proper
conditions in the TME®®,

In summary, PNI and neoneurogenesis often occur and
function together, thus providing the structural founda-
tion for tumor—nerve communication.

tumor-associated macrophages
55,56

Direct effects of nerves on tumor

Tumors affect nerve behavior but, more importantly,
nerves also play important roles in regulating tumor
progression through direct or indirect pathways. As cell
membranes in tumors bear receptors that respond to
neurotropic factors or neurotransmitters, the nerves
release such molecules to promote tumor progression in a
paracrine manner. Hence, innervations can release neu-
rotransmitters directly into a synapse formed by neurons
and tumor cells to transfer the excitatory signal. In the
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following section, we describe the two main direct effects
of nerves on tumor progression.

Paracrine mode

Nerves, including neurons and Schwann cells, can
modulate the biological behavior of cancer cells and
influence tumor progression through the paracrine
mode. From a broad perspective, neuroactive molecules
released by the nerves involved in tumor—nerve inter-
action can be divided into three main families as fol-
lows: (i) neurotropic factors, such as nerve growth
factor (NGF), brain-derived neurotrophic factor
(BDNF), glial cell line-derived neurotrophic factor, and
others; (ii) axon guidance molecules, such as CCL2,
CX3CL1, EphA2, Slit, etc.; and (iii) neurotransmitters,
including Ach, glutamate, glycine, epinephrine, nor-
epinephrine, dopamine, etc.>””. Unsurprisingly, tumor
cells express various receptors, such as tyrosine kinase
receptor A (TrkA), TrkB, and NGF receptor (NGFR),
when responding to different neuroactive molecules to
activate downstream pathways. Decades of research
revealed the neuroactive molecules and receptors
associated with tumor progression®***°°~%3, This way
of communication between tumor cells and nerves is
shown in Fig. 2.

In the prostate cancer model®, adrenergic fibers play a
significant role through B2- and P3-adrenergic receptors,
whereas the cholinergic fibers act through the cholinergic
receptors. The fact that B-blocker use can prolong survival
in high-risk or metastatic prostate cancer patients is con-
sistent with these findings®*. Similar effects were also
observed in skin cancer and breast cancer patients taking
adrenergic antagonists®>~%’. Subsequently, Hayakawa et al.”*
discovered that cholinergic stimulation by nerves through
the release of Ach induced NGF expression in the gastric
epithelium. In turn, NGF overexpression promoted cancer
progression®”, Using the The Cancer Genome Atlas data,
Deborde et al.® revealed that a total of 48% of pancreatic
cancer patients showed an alteration in genes coding neu-
roactive molecules or their receptors. The alternation of
these genes was similar at 48% of patients with neu-
roendocrine prostate cancer and at 67% of patients with
breast cancer. The gene whose expression changed most
obviously was NTRKI coding TrkA**., A further study
demonstrated that TrkA expression could be found in 1.6%
of solid tumors and was paralleled by the number of NTRK1
gene copies”. Inhibitors of TrkA have already shown a
potential to treat NTRK fusion-positive cancer’’.

The neurotransmitter ACh acts as an autocrine growth
factor in human lung cancer and pancreatic cancer. Song
et al. showed that ACh stimulated the proliferation of
lung cancer cells via activating the mitogen-activated
protein kinase and AKT pathways’"’%. Apart from pro-
liferation, ACh potently stimulates the adhesion,
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Fig. 2 Two direct ways of communication between tumor cells and nerves. Tumors release molecules also secreted by nerves, including
neurotropic factors, axon guidance molecules, and neurotransmitters. These factors act on receptors of nerves to drive the nerve reprogramming,
while they can also act on tumor receptors to activate downstream signaling. In addition to the paracrine model, tumors and nerves can form the
synapses for depolarization to promote tumor progression. TrkA tyrosine kinase receptor A, TrkB tyrosine kinase receptor B, NGFR nerve growth factor
receptor, AchR acetylcholine receptor, ADRB adrenoceptor 3 receptor, CX3CR1 C-X3-C motif chemokine receptor 1, GFR glial cell-derived
neurotrophic factor family receptor.

migration, and invasion of human lung cancer cells. Lin
et al.”® observed that ACh increased the expression of
MMP9 and downregulated the expression of E-cadherin.
Both of these signaling events were associated with the
migration and invasion phenotype in lung cancer. In
another study, the stimulation of 7-nAChR enhanced
pancreatic cancer metastasis via activating the JAK2/
STATS3 signaling cascade and the Ras/Raf/MEK/ERK1/2
pathway”*.

The above findings revealed that neuroactive molecules
and receptors both participate in the tumor progression
through the paracrine mode.

Chemical synapse

A special form of crosstalk between tumors and nerves
is the chemical synapse, which is a structure that usually
involves two adjacent neurons communicating using
neurotransmitters, such as glutamate75 . Synaptic struc-
tures involving presynaptic neurons and postsynaptic
tumor cells in glioma were also observed by electron
microscopy’®’’. More importantly, by recording the
excitatory postsynaptic potentials in glioma cells, both
Venkatesh et al.”® and Venkataramani et al.”’ indicated
that these neurogliomal synapses may be functional in a
similar manner to those formed between neurons. Gene
expression analysis and confocal microscopy revealed that
AMPA receptor was common in the postsynaptic region
of glioma cells. Further studies on this receptor indicated
that it mediated the depolarization of a glioma cell, which
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then spread through the network of glioma cells through
their gap junctions. Crucially, neuronal activity or depo-
larization could promote tumor proliferation and invasion
while preventing depolarization induced by synaptic
activity, thus leading to a smaller tumor burden and
longer survival time of animals’®*°,

Zeng et al.*! also revealed that breast-to-brain metas-
tasis (B2BM) cells establish pseudo-tripartite synapses
between two neurons through the expression of neuroli-
gin, which aids cell adhesion similar to the glioma® ~%,
High levels of the NMDA receptor (NMDAR)—in parti-
cular the subunit GLuN2B—was identified in B2BM cells
through transcriptomic data. Furthermore, the currents
and calcium transients after NMDAR activation were
recorded. Cells produced smaller brain tumors and the
mice had longer survival times after knocking down
GLuNZ2B, suggesting that NMDAR synapses may promote
the growth of cancer cells in the brain.

Taken together, these results demonstrate that nerves
communicate with the tumors through establishing
functional synapses to boost tumor progression. However,
these tumors all occur in the brain environment and it
remains unknown whether other solid tumors form
synapses with nerves.

Indirect effects of the nerves on tumor

Nerves also interact with multiple stromal components
in the TME to indirectly promote tumor growth and
metastasis. Previous studies have proved that nerves
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Fig. 3 Nerves affect tumor cell behaviors through indirect pathways. Nerves induce angiogenesis through secreting transmitters and
neurotrophic factors. On the other hand, they regulate tumor-associated macrophages via cholinergic and adrenergic signaling. In addition, nerves
mediate the expression of immune checkpoint molecules (PD-1, PD-L1 FOXP3) by lymphocytes; all the above processes influence tumor behaviors.

TNF o

Tumor cells

J

directly regulate stromal structures®. In this section,
interactions between nerves and stromal compartments
are discussed (Fig. 3).

Angiogenesis

The process of angiogenesis, which is the growth of new
capillary vessels from existing vasculature by the activa-
tion, proliferation, and migration of endothelial cells,
plays a crucial role in tumor growth and metastasis® %, It
allows tumors to develop their own nutrients and oxygen
supply, thus enabling cell proliferation and tumor growth.
Angiogenesis reflects the aggressiveness of tumor cells
and associated with tumor outcomes®”°.

Transmitters and neurotrophic factors secreted by the
nerves are involved in the process of angiogenesis through
binding to receptors and inducing endothelial cells
migration®®. These factors, including catecholamines,
Ach, dopamine, NGF, BNDF, etc., have been well sum-
marized by Kuol and colleagues®”**~*>, Recently, Zahalka
et al.'” revealed that adrenergic nerves regulated angio-
genesis in the prostate cancer microenvironment by
altering the metabolism of blood vessel endothelial cells.
Mechanistically, ADRB2 inhibited endothelial oxidative
phosphorylation, which led to angiogenesis. The meta-
bolic shift induced by nerves promoted prostate tumor
growth through angiogenesis'’

Angiogenesis and neoneurogenesis indeed share a
number of similarities. Both processes are regulated by
similar transmitters and neurotrophic factors, and even
share the same receptors®. All the above findings
demonstrate that the regulation of angiogenesis and
neoneurogenesis are closely intertwined.

Immunity

Nerves, as components of the TME, are also in crosstalk
with the immune system, which could contribute to the
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tumor progression via inflammation””. These complex
systems interact at multiple levels. Neuroendocrine and
neuronal pathways are involved in the control of immune
responses, as most of their molecular signals and recep-
tors come from the same superfamily. In the spleen, e.g.,
adrenergic innervation was found to stimulate ACh pro-
duction in [(2-adrenergic receptor (p2-AR)-expressing
T cells®®. T-cell-derived ACh has been recently reported
to play an important role in regulating immunity,
including cancer immunity. T-cell-derived ACh can
inhibit tumor necrosis factor (TNF) production through
the o7 nicotinic Ach receptor expressed by cytokine-
producing macrophages®”. The released ACh also binds
back to nicotinic and muscarinic receptors on lung cancer
cells to accelerate their proliferation, migration, and
invasion'%’. Choline acetyltransferase, which catalyzes the
synthesis of ACh from choline, is indeed strongly induced
in both CD4+ and CD8+ T cells via IL-21, to regulate T-
cell migration and immune functions'®" (Fig. 4). In con-
clusion, these studies showed that the autonomic nervous
system can directly regulate the immune system.

Tumor lymphocyte infiltration and activation are the
important processes to inhibit tumor growth and progres-
sion'%%. However, tumor cells escape immunosurveillance
through the activation of immune checkpoint pathways that
suppress antitumor immune response5103'104. A retro-
spective analysis of breast cancer patient revealed that
sympathetic and parasympathetic nerve density correlated
with the expression of immune checkpoint molecules (PD-
1, PD-L1, and FOXP3) and clinical outcomes”. This effect
was also observed in animal experiments. Genetic sympa-
thetic nerve denervation and parasympathetic neuro-
stimulation reduced the expression of immune checkpoint
molecules in a tumor tissue-specific and fiber type-specific
manner in animal breast cancer models. These findings
partly explained the opposing effects of sympathetic and
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macrophages also regulate tumor metastasis through CXCL10. CXCL10 recruits the myeloid cells and suppresses T cells via VISTA and PD-L1.
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parasympathetic nerves in breast cancer, and indicated that
nerves have a close association with immune checkpoint
therapy. Nevertheless, the mechanism of how nerves reg-
ulate immune checkpoint molecules requires further
elucidation.

TAMs, as essential components of the cancer micro-
environment, play critical roles in the regulation of tumor
development and progression'®>, TAMs can also modify the
ability of tumor cells to resist cytotoxic chemotherapy via
mediating the TME'®. Interestingly, TAM recruitment is
also regulated by both cholinergic and adrenergic signaling,
which are related to the nerves. In pancreatic cancer,
adrenergic signaling promotes tumor growth and reduces
survival via TAM recruitment, while cholinergic signaling
has the opposite effects®™'?”. A further study revealed that
vagotomy promoted pancreatic cancer growth and reduced
survival time through mediating TNFoa secterion by
TAMs>>. Similar results were observed in the breast can-
cer'®, Stress-induced neuroendocrine activation induced
breast cancer metastasis to distant tissues, including the
lung and lymph nodes. The pharmacological activation of
[-adrenergic signaling induced similar effects, whereas a
[B-antagonist reversed these effects. Specifically, adrenergic
signaling increased the infiltration of CD11b+ F4/80+
macrophages into the primary tumor and thereby induced a
metastatic gene expression signature, accompanied by M2
macrophage differentiation.

Endoneural macrophages also participate in tumor
metastasis. Microglia, as a type of native macrophages
of the nervous system, are key promoters of brain
metastasis'®. Guldner et al. demonstrated that endo-
neural macrophages in the central nervous system drive
immune suppression in the brain metastases through
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CXCL10. Furthermore, macrophages could suppress T-
cell activation to promote the brain metastases via
VISTA and PD-L1'*°. The elimination or inhibition of
microglia function resulted in good antitumor metas-
tasis effect. The blocking of any of the CCL2, STAT3,
CSE-1R, and PI3K pathways of macrophages could
inhibit brain metastasis'''~''*. However, more detailed
investigations are needed to clarify the role of endo-
neural macrophages in tumorigenesis.

In summary, results suggest that nerves can regulate
tumor progression through affecting the immune cells.

Neural regulation in treatment resistance

Owing to the deeper understanding of the underlying
biological processes and molecular mechanisms of cancer
progression, great progress has been made in cancer
treatment. However, sooner or later, resistance develops
to all kinds of therapy. Recent studies suggest that nerves
and neural signals manipulate cancer therapeutic resis-
tance''>"'®, This section aims to discuss the association
between neural regulation and treatment resistance.

Chemotherapy is one of the most important applied
therapeutic strategies for most cancers. Response to
chemotherapeutics, however, varies greatly between
individuals. Accumulating evidences suggest that the
aberrant activation of adrenergic signaling affect sen-
sitivity to cytotoxic chemotherapeutics by modulating
the expression of other anti-apoptotic genes and inhi-
biting cellular apoptosis. Eng et al.''” reported that the
activation of p2-ARs resulted in changes in the apop-
totic pathway regulation, which led to reduced ther-
apeutic response. In cervical cancer cells, B2-AR
activation also induced chemoresistance by modulating
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p53 acetylation through upregulating SIRT1''®. A fur-
ther study also indicated that P2-AR remarkably
impaired the chemotherapy response via upregulating
DUSP1'". These findings suggest that poor response to
chemotherapeutics may be partly attributed to the
abnormal functional activities of adrenergic signals.

Growing evidence reveals that nerves also stimulate a
wide variety of signaling pathways causing resistance to
drug therapy. Targeting members of the Epidermal
Growth Factor Receptor family is an effective strategy for
treating various cancers. Trastuzumab is the first line of
therapy for Her2-positive breast cancer and gastric can-
cer !, However, Trastuzumab resistance is a major
clinical problem in the treatment of cancers'**. Further
evidence has suggested that p2-AR is involved in the
mechanism of Trastuzumab resistance. Shi et al. revealed
that p2-AR expression was positively correlated with Her2
expression in breast cancer; 2-AR and Her2 comprised a
positive feedback loop, where Her2 induced the upregu-
lation of B2-AR via ERK pathway, whereas $2-AR induced
the upregulation of Her2'**, Moreover, p2-AR resulted in
Trastuzumab resistance through mediating the PI3K/
AKT/mTOR pathway. Retrospective studies have also
demonstrated that combining p-blockers with trastuzu-
mab significantly improved survival in the patients with
metastatic breast cancer'**, It has also been reported that
the activation of the $2-AR signaling confers resistance to
the tyrosine kinase inhibitor in the non-small cell lung
cancer and hepatocellular carcinoma'*>'2°,

Taken together, these results revealed that neural reg-
ulation was involved in tumor treatment resistance and
targeting neural signaling pathway might be a potential
strategy for treatment resistance.

Conclusions

In this review, it was highlighted that tumors can affect
the nerves, which in turn, may modulate tumor biology via
direct or indirect pathways. The detailed mode of
tumor—nerve interaction was presented in Fig. 1. All of the
listed evidences indicate that the nervous system is not a
bystander with regards to cancer development and pro-
gression. Furthermore, some lines of evidences have linked
the nerves to the treatment resistance. Due to the intimate
relationship between nerves and tumor behavior, targeting
nerves may provide novel strategies for the treatment of
highly innervated cancers. As a result of nervous regula-
tion of tumor angiogenesis and immunity, nerve targeting
strategies could also be combined with anti-vascular
therapy or immune therapy for a better cancer treatment
effect. In recent years, the nerve targeting approach has
already been applied in some clinical trials, but relevant
methods are still far from clinical application.

For instance, surgical denervation significantly reduced
gastric tumor incidence and progression®’. However, the

Official journal of the Cell Death Differentiation Association

Page 9 of 12

assessment of benefits and side effects of the procedure
needs further investigation. The pharmacological inhibi-
tion of neural signaling is a promising target in anti-
cancer therapy. Adrenergic signaling plays a critical role
in tumor progression; thus, cancer treatment using
B-adrenergic blockers remains controversial. Several lines
of evidence have suggested that [B-adrenergic blockers
could prevent or reduce the mortality of various cancers,
such as those of the pancreas, breast, and prostate'*"%5,
Meanwhile, Heitz et al. claimed that selective [3-blockers
intake did not influence the prognosis for ovarian cancer
patients.'*® Regarding neurotrophic factors, NGF, BDNF,
and their TrK receptors are the current research hotspots.
However, the small-molecular targeting of TrKs has not

been shown to have an impact on patient survival in

clinical trials'**"*!; they even exhibit certain side effects

by affecting other tyrosine kinases'*>. As a whole, further
research is needed to identify the mechanisms of targeting
the nerve pathway more specifically and to identify cancer
patients that would benefit denervation procedures.
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