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Abstract The study of nerve—tumor interactions has emerged as a rapidly advancing and 

interdisciplinary field with profound implications for understanding cancer progression, prog-

nosis, and therapeutic innovation. While this area holds significant promise for transformative 

discoveries, the mechanisms of nerve—tumor interactions and their translation into clinical ap-

plications remain at an early stage. This review focuses on the role of peripheral nerves in non-

neurogenic solid tumors, discussing the prevalence and clinical impact of nerve—tumor inter-

actions, their underlying forms and mechanisms, advancements in research technologies, ther-

apeutic potential, and future challenges. By synthesizing current knowledge, integrating 

methodologies for studying nerve—tumor interactions, and identifying critical gaps, this work 

aims to provide a foundational resource to guide experimental design and stimulate interest in 

clinical trials targeting neural influences in cancer progression.
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Introduction

The understanding of cancer has evolved significantly over 
the past century, shifting from a narrow focus on intrinsic 
cellular mechanisms to a broader appreciation of the tumor 
as a complex ecosystem 1—8 (Fig. 1). In the late 19th and 
early 20th centuries, cancer was predominantly viewed as a 
disease caused by uncontrolled cell proliferation, driven by 
mutations in key regulatory genes. 2,3 Research during this 
period concentrated on elucidating the intrinsic properties 
of cancer cells, laying the foundation for modern oncology. 

As the understanding of cancer biology deepened, 
attention gradually shifted beyond cancer cells themselves 
to the role of the host immune system. The concept of 
immune surveillance, proposed in 1957, introduced the 
idea that the immune system could recognize and eliminate 
cancer cells. 1 However, it was not until the late 20th cen-

tury that the intricate relationship between tumors and the 
immune system was widely recognized. 4 This led to the 
development of the tumor immune microenvironment 
concept, highlighting the dynamic interplay between tumor 
cells and immune components. The growing understanding 
of this interplay catalyzed the development of immuno-

therapies, including checkpoint inhibitors such as anti-PD-1 
and anti-CTLA-4, which revolutionized cancer treatment in 
the 2010s. 7,8

In parallel, the role of stromal cells, including fibro-

blasts, endothelial cells, and adipocytes, and the extra-

cellular matrix (ECM) gained prominence during the 1980s 
and 1990s. 5,6 These discoveries underscored the impor-

tance of stromal components in supporting tumor growth, 
angiogenesis, and metastasis, reframing the tumor as an 
ecosystem comprising cancer cells, immune cells, and the 
stroma. 5,6 This understanding facilitated the development 
of stroma-targeting therapies, such as anti-angiogenic 
drugs like bevacizumab, which inhibits vascular endothelial 
growth factor (VEGF). 9

More recently, studies from the late 2010s have identi-

fied the nerve—tumor axis as a critical component of the

tumor microenvironment (TME). 10—12 Nerve-derived signals 
have been implicated in promoting cancer cell prolifera-

tion, modulating the immune microenvironment, driving 
metastasis, and contributing to therapy resistance. 13—16 

These findings have opened new avenues for therapeutic 
intervention, including targeting neural signals and nerve-

associated growth factors.

The nervous system comprises the central nervous sys-

tem and the peripheral nervous system (Fig. 2). The pe-

ripheral system is further subdivided into autonomic and 
somatic—sensory divisions. The autonomic division in-

cludes the sympathetic branch, which operates predomi-

nantly through adrenergic signaling; the parasympathetic 
branch, which relies largely on cholinergic signaling; and 
the enteric branch, which regulates gastrointestinal func-

tion and broader visceral homeostasis. 17 The 
somatic—sensory division comprises afferent sensory fibers, 
including nociceptors that detect noxious and inflammatory 
stimuli, and somatic motor fibers that innervate skeletal 
muscle. 18 In this review, we focus on peripheral autonomic 
fibers (sympathetic, parasympathetic, and enteric) and 
sensory afferents that innervate non-neurogenic solid tu-

mors, as these inputs most directly modulate tumor cells as 
well as the immune and stromal compartments of the TME. 
This review provides an in-depth analysis of nerve—tumor 
interactions in non-neurogenic solid tumors, with a 
particular focus on their prevalence, clinical relevance, 
and the underlying molecular mechanisms. Additionally, it 
discusses emerging technologies, therapeutic potentials, 
and the challenges that lie ahead in this rapidly evolving 
field. By synthesizing current knowledge, the review aims 
to foster further research and contribute to the develop-

ment of novel therapeutic strategies targeting the neural 
microenvironment in cancer. It is worth noting that 
Schwann cells, which are responsible for the myelination 
of peripheral nerves, are not included in this review, as 
their involvement in tumor biology has been comprehen-

sively addressed in several high-quality, dedicated 
reviews. 19—21

Figure 1 History and milestones of cancer research.
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Types of nerve—tumor interactions

Nerve—tumor interactions represent a critical aspect of 
cancer progression. These interactions manifest through 
diverse mechanisms, such as perineural invasion (PNI), 
axonogenesis, and neurogenesis, which collectively 
contribute to tumor growth, local invasion, and distant 
metastasis by fostering a dynamic crosstalk between the 
nervous system and tumor cells (Fig. 3). 22—24

Perineural invasion

PNI is a pathological process where cancer cells invade and 
spread along nerves. As one of the most extensively studied 
forms of nerve—tumor interaction, PNI is a prevalent 
feature of nerve—tumor interactions, observed in 
68.8%—100% of pancreatic cancer cases, 11,25—28 

20.7%—81.4% of cholangiocarcinoma cases, 12,29—33 

31.7%—75.6% of gastric cancer cases, 34—38 and 7.0%—75% of 
prostate cancer cases. 39—54 These high incidence rates 
indicate that PNI represents the most common manifesta-

tion of nerve involvement across these malignancies (Table 
1). Importantly, beyond its frequency, PNI also bears 
considerable prognostic value. It has significant clinical 
implications across multiple cancers, including pancreatic 
cancer, 55 oral squamous cell carcinoma, 56 head and neck 
squamous cell carcinoma, 57 breast cancer, 58 laryngeal 
cancer, 59 rectal cancer, 60 gastric cancer, 61,62 and colorectal 
cancer, 63 where its presence has been associated with 
poorer patient survival (Table 2). Moreover, the presence of 
PNI has been strongly linked to metastatic potential in 
several malignancies, including oral squamous cell carci-

noma, 56 head and neck squamous cell carcinoma, 57 breast 
cancer, 58 rectal cancer, 60 gastric cancer, 61,62 and colorectal 
cancer. 63 In particular, in oral squamous cell carcinoma, 56 

head and neck squamous cell carcinoma, 57 and gastric 
cancer, 61,62 PNI is not only predictive of metastasis but is 
also correlated with advanced pathological staging, 
underscoring its role in tumor progression and disease 
severity (Table 2). Beyond prognostic associations,

accumulating evidence indicates that PNI contributes 
meaningfully to cancer-related pain across multiple tu-

mors, particularly pancreatic ductal adenocarcinoma and 
head-and-neck/oral squamous cell carcinomas, with sup-

portive signals also emerging in colorectal cancer (Table 
2). 64—67 Evidence from multiple studies indicates that 
higher PNI burden associates with greater pain intensity, 
and in some contexts, pretreatment pain predicts PNI 
presence or severity. 68

Despite its high prevalence and clinical relevance, the 
characterization and diagnostic assessment of PNI remain 
areas of ongoing debate. While its presence is commonly 
associated with aggressive tumor behavior and poor prog-

nosis, there is still no universally accepted definition or 
diagnostic standard. This lack of consensus contributes to 
substantial variability in how PNI is identified and reported 
across studies and clinical institutions. 29,42,63,69—72 

Different investigators and pathologists adopt varying def-

initions―some restrict PNI to cases where cancer cells are 
found within the nerve sheath, while others include in-

stances where tumor cells are merely surrounding the 
nerve. 29,42,63,69—72 Such inconsistencies not only complicate 
the interpretation of PNI across studies but also hinder the 
establishment of its true clinical value. To address this, 
establishing unified diagnostic criteria is essential to 
enhance consistency, comparability, and reproducibility in 
both clinical and research settings.

Moreover, technical limitations in tissue sampling 
further complicate the reliable detection of PNI. Specif-

ically, small biopsies or limited tissue sections may fail to 
capture the full extent of tumor—nerve interactions, 
resulting in potential underdiagnosis. Therefore, mini-

mizing underdiagnosis and improving detection strategies, 
such as using more comprehensive sampling protocols or 
advanced imaging and histological techniques, will be 
crucial for better understanding the pathological relevance 
of PNI and for guiding its integration into clinical decision-

making. Moving forward, these efforts are expected to 
enhance the diagnostic accuracy and therapeutic stratifi-

cation associated with PNI-positive tumors.

Figure 2 Schematic of nervous system classification.
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Axonogenesis

Axonogenesis refers to the formation of new axonal pro-

jections from existing neurons, a fundamental process in 
neural development and regeneration. 73 In the context of 
cancer, axonogenesis describes the extension of axons from 
pre-existing nerves into the TME, a phenomenon increas-

ingly recognized as a critical component of nerve—tumor 
crosstalk. 74,75 Tumors can secrete various neurotrophic 
factors, including nerve growth factor (NGF) and brain-

derived neurotrophic factor (BDNF), along with other mo-

lecular cues, which collectively stimulate aberrant axonal 
sprouting. 75—77 This tumor-induced axonogenesis facilitates 
reciprocal interactions between nerves and cancer cells, 
contributing to tumor growth, local invasion, and meta-

static dissemination.

Clinically, axonogenesis has been observed in a signifi-

cant proportion of tumors, occurring in 71.1% of pancreatic 
ductal adenocarcinoma cases 78 and 68% of prostate cancer 
cases. 79 Notably, in pancreatic cancer, the presence of 
axonogenesis correlates with poor clinical outcomes and 
reduced overall survival, positioning it as a potential 
prognostic marker and therapeutic target. 78 These data 
emphasize the pathological relevance of axonogenesis as 
not only a hallmark of tumor progression but also a 
contributor to the aggressive behavior of certain 
malignancies.

Recent advances in imaging technologies, such as high-

resolution live imaging and multiphoton microscopy, have 
significantly enhanced our ability to study axonal dynamics 
in real time. 80 In parallel, the development of brain and 
neural organoid models offers physiologically relevant 
platforms to interrogate axonogenesis in vitro, bridging the 
gap between traditional cell culture and in vivo systems. 81

Together, these technological innovations have expanded 
our mechanistic understanding of axonogenesis in both 
physiological and pathological settings.

However, several translational challenges persist. While 
preclinical studies have uncovered important aspects of 
axonogenesis, its integration into clinical oncology remains 
limited. A more comprehensive understanding of how 
axonal outgrowth interfaces with cancer cells, stromal 
components, and immune infiltrates is necessary to eluci-

date its multifaceted role within the TME. Addressing these 
gaps will be critical for harnessing axonogenesis as a ther-

apeutic target in oncology and beyond.

Neurogenesis

Neurogenesis refers to the generation of new neurons from 
neural progenitor or stem cells, a process essential for 
normal development and tissue repair. Within the TME, 
neurogenesis refers to the phenomenon whereby cancer 
cells stimulate the formation of de novo nerves, distinct 
from axonogenesis, which involves the sprouting of axons 
from existing neurons. Tumor-induced neurogenesis has 
been documented across multiple malignancies, including 
in 68% of prostate cancer patients, 82 63% of colorectal 
cancer patients, 83 and 61.8% of breast cancer patients. 84 

These high prevalence rates underscore its emerging rele-

vance as a pathological feature of solid tumors. Impor-

tantly, neurogenesis is strongly associated with poor clinical 
outcomes. In the aforementioned cancers, its presence 
correlates with significantly reduced patient survival. 82—84 

Moreover, in breast cancer, the degree of neurogenesis has 
been shown to increase with tumor grade, progressing from 
grade I to grades II and III. 84 Collectively, these findings

Figure 3 Types of nerve—tumor interactions.
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highlight the potential of neurogenesis to serve as both a 
prognostic biomarker and a modifiable target for thera-

peutic intervention.

Despite its clinical potential, the study of tumor-asso-

ciated neurogenesis remains limited by several unresolved 
challenges. First, substantial variability in neurogenesis 
prevalence across cancer types complicates efforts to 
define its generalizable biological significance. Second, the 
molecular and cellular mechanisms underlying neuro-

genesis in the TME remain poorly characterized. Critical 
questions, such as the cellular origin of newly formed 
nerves, the recruitment of neuronal progenitors, and the 
identity of tumor-secreted neurogenic factors, remain 
unanswered. In addition, as with axonogenesis, current 
methodologies for detecting and quantifying neurogenesis 
are labor-intensive, lack standardized criteria, and often 
rely on static histological analysis, limiting reproducibility 
and cross-study comparability.

To advance this field, several key areas must be priori-

tized. Standardizing detection protocols and establishing 
quantitative metrics for neurogenesis will be essential for 
validating its role as a clinical biomarker. Expanding 
research across diverse cancer types may uncover both 
shared pathways and tumor-specific mechanisms driving 
neurogenesis, thereby informing tailored therapeutic ap-

proaches. Furthermore, the integration of advanced model 
systems, such as tumor—nerve co-cultures, patient-derived 
organoids, and intravital imaging, will facilitate functional 
dissection of neurogenesis and its contribution to tumor 
growth, metastasis, and therapeutic resistance. These ef-

forts will be instrumental in translating neurogenesis-

related discoveries into clinically actionable strategies 
aimed at improving cancer outcomes.

Mechanisms of nerve—tumor interactions

Having established the diverse types of nerve—tumor in-

teractions, a deeper understanding of the underlying 
mechanisms is critical to unravel how neural signals 
modulate the TME and drive disease progression. This sec-

tion explores the molecular and cellular pathways through 
which nerves influence cancer biology.

Nerve—cancer cell crosstalk

Cancer cells drive tumor initiation and progression and 
actively orchestrate the composition and dynamics of the 
TME. Their capacity for unchecked proliferation, resistance 
to apoptosis, and adaptability to diverse environmental 
stressors enable them to sustain tumor growth and facili-

tate metastasis. 3 Notably, accumulating evidence suggests 
that the nervous system can further modulate these ma-

lignant behaviors, significantly influencing cancer cell pro-

liferation, metastasis, therapy resistance, and interactions 
with the TME. 14,16,85,86 Elucidating the underlying mecha-

nisms of this nerve—cancer cell crosstalk is essential for 
advancing our understanding of tumor progression and 
identifying novel therapeutic targets. The following sec-

tions explore key pathways through which nerves regulate 
cancer cell biology and reshape the TME (Fig. 4, 5).

Neural modulation of cancer cells

Neurotransmitters

Nerves release various neurotransmitters, such as γ-ami-

nobutyric acid (GABA), norepinephrine, epinephrine, 
dopamine, serotonin (5-HT), glutamate, histamine, and 
acetylcholine. These neurotransmitters bind to specific 
receptors on cancer cells, activating intracellular signaling 
pathways that regulate tumor progression by influencing 
cell proliferation, apoptosis, and migration (Table 3).

The effects of neurotransmitters on cancer cells are 
highly context-dependent, varying with both the type of 
receptor engaged and the specific tumor type. The same 
neurotransmitter can elicit distinct, and sometimes 
opposing, biological outcomes depending on the receptor 
subtype it binds to. For instance, GABA promotes gastric 
cancer cell proliferation through activation of GABAA

Table 1 The incidence of different forms of nerve—tumor 

interactions.

Cancer type Incidence

rate

Reference

Perineural invasion 

Pancreatic cancer 68.8%

—100%

11,25—28

Cholangiocarcinoma 81.4% 12,29—33

Gastric cancer 31.7%

—75.6%

34—38

Prostate cancer 7.0%—75% 39—54

Parotid gland malignancies 46% 128

Cervical cancer 8.6%

—35.1%

271—273

Squamous cell carcinoma of the 

larynx and hypopharynx 

33.6% 274

Oral tongue cancer 20.3%

—30%

275—278

Esophagus carcinoma 29% 129

Breast carcinoma 1.14%

—25.7%

71,279

Bladder cancer 24.4% 280—282

Rectal cancer 17.1%

—24.3%

130,283

—286

Colorectal cancer 8.9%

—22.6%

63,127,287

—292

Oropharyngeal carcinoma 15.9% 293

Non-small-cell lung cancer 9.0% 294

Transitional cell carcinoma of the

bladder

8.8% 295

Cutaneous squamous cell carcinoma 5.96% 72

Basal cell carcinoma 2.2%

—2.74%

296,297

Axonogenesis

Pancreatic ductal adenocarcinoma 71.1% 78

Prostate cancer 68% 79

Neurogenesis

Colorectal cancer 63% 83

Breast cancer 61.8% 84

Understanding nerve—tumor interactions 5



receptors, while signaling through GABAB receptors sup-

presses cell proliferation in hepatocellular carcinoma. 15,87 

Similarly, GABAA activation inhibits migration in hepato-

cellular carcinoma cells, whereas GABAB signaling reduces 
cell migration in prostate cancer, hepatocellular carci-

noma, colon carcinoma, and breast carcinoma. In contrast, 
activation of the GABRA3 subtype has been shown to

enhance migration in breast cancer cells. 14,88—91 A compa-

rable receptor-dependent pattern is observed in 5-HT 
signaling. Activation of 5-HTR1A promotes proliferation in 
prostate cancer, while 5-HTR2A facilitates growth in breast 
cancer and cholangiocarcinoma, and 5-HTR4 contributes to 
proliferation in prostate cancer. 92—95 However, 5-HTR 
signaling can also exert inhibitory effects; in bladder

Table 2 The clinical significance of different forms of nerve—tumor interactions.

Interaction

type

Cancer type Prognosis Reference

Survival Recurrence Metastasis Clinical 

stage

Pain

Perineural

invasion

Oral squamous cell carcinoma Yes (OS & DFS) Yes Yes Yes Yes 56,66

Head and neck squamous cell

carcinoma 

Yes (OS) Yes Yes Yes 57,65

Breast cancer Yes (OS & DFS) Yes Yes 58

Laryngeal cancer Yes (OS & DFS) Yes 59

Rectal cancer Yes (OS) Yes Yes 60

Gastric cancer Yes (OS & DFS) Yes Yes Yes 61,62

Squamous cell carcinoma of the

thyroid

Yes (OS) 298

Pancreatic cancer Yes (OS) Yes Yes Yes 25,55,64

Hilar cholangiocarcinoma Yes (OS) 131

Prostate cancer Yes (OS & DFS) 44

Colorectal cancer (stage II) Yes (OS & DFS) Yes Yes 63,67

Laryngeal cancer Yes (OS & DFS) 59

Axonogenesis Prostate cancer Yes (recurrence-free

survival) 

Yes 79

Neurogenesis Pancreatic ductal 

adenocarcinoma 

Yes (OS) Yes 82

Colorectal cancer Yes (OS & DFS) 83

Invasive ductal carcinoma Yes Yes Yes 84

Note: Only patient-based clinical studies are included. Associations are listed only when statistically significant (P < 0.05) in univariable

or multivariable analyses. Endpoints are reported exactly as defined in the original studies (e.g., recurrence, metastasis, clinical stage,

OS/overall survival; DFS/disease-free survival).

Figure 4 Modes of neural regulation of cancer cells.
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cancer, 5-HTR1A activation suppresses tumor cell prolifer-

ation, and in breast cancer, 5-HTR7 mediates anti-

proliferative activity. 96,97

Within the same tumor type, it is common for multiple 
receptor subtypes of a given neurotransmitter to be co-

expressed. These receptors may exert redundant or syn-

ergistic functions. For example, in bladder cancer, both 5-

HTR1A and 5-HTR1B inhibit tumor cell proliferation. 96 In 
prostate cancer, 5-HT promotes proliferation via 5-HTR1A, 
5-HTR2B, and 5-HTR4, demonstrating functional consis-

tency across receptor subtypes. 92,95 In cholangiocarcinoma, 
activation of multiple receptors, including 5-HTR1A, 5-

HTR2A, 5-HTR2B, 5-HTR4, and 5-HTR6 has been associated 
with enhanced tumor growth. 94 This receptor redundancy 
and functional diversity suggest that single-receptor tar-

geting may be insufficient to fully disrupt neurotransmitter-

driven tumor progression. Instead, developing multi-re-

ceptor antagonists or combination strategies targeting 
multiple receptor subtypes may offer a more effective 
approach. Moreover, understanding the relative contribu-

tion of each receptor subtype to specific tumor-promoting 
processes (e.g., proliferation, migration, immune evasion) 
will be critical for optimizing therapeutic selectivity and 
minimizing off-target effects.

More frequently, however, different receptors mediate 
distinct cellular functions. In hepatocellular carcinoma, for 
instance, GABAA signaling suppresses cell migration, while 
GABAB primarily inhibits proliferation. 14,87 In breast cancer, 
activation of GABRA3 promotes migration and invasion, 
whereas GABAB can counteract norepinephrine-induced pro-

migratory effects. 90,91,98 Similarly, in breast cancer, 5-HTR2A 
activation enhances proliferation, whereas 5-HTR7 activation 
suppresses it. 93,99 These observations suggest that tumors 
may selectively utilize specific neurotransmitter—receptor 
interactions depending on their progression stage or micro-

environmental context, potentially through dynamic regula-

tion of receptor expression. These functional divergences 
further underscore the need for receptor subtype-specific 
targeting in drug development. Broad inhibition of entire

neurotransmitter pathways may lead to undesired effects by 
disrupting both pro- and anti-tumor signaling arms. There-

fore, achieving high receptor selectivity will be critical for 
maximizing therapeutic efficacy while minimizing off-target 
effects.

Interestingly, the functional impact of a given 
neurotransmitter—receptor pair can differ across cancer 
types. For example, the GABA—GABAB axis regulates cell 
migration in prostate cancer, colon carcinoma, and breast 
cancer, but primarily controls proliferation in hepatocel-

lular carcinoma. 87—91 Likewise, 5-HT—5-HTR1A signaling 
suppresses proliferation in bladder cancer while promoting 
it in prostate cancer and cholangiocarcinoma. 92,94,96 These 
observations underscore the context-dependent nature of 
neurotransmitter signaling in cancer, which may be shaped 
by differences in receptor abundance, downstream 
signaling networks, and tumor-specific cellular contexts. A 
deeper understanding of these variables could inform the 
development of more selective and effective neuro-

modulatory cancer therapies.

Notably, several tumor types appear to integrate signals 
from multiple neurotransmitter systems. In breast cancer, 
pathways involving GABA, norepinephrine, dopamine, 5-HT, 
and glutamate have all been implicated in tumor pro-

gression. 96—98,100 Similar multimodal regulation has been 
reported in colon carcinoma (involving GABA, norepineph-

rine, 5-HT, and glutamate), 16,89,101,102 as well as in 
pancreatic cancer, where GABA, norepinephrine, and 
glutamate signaling pathways converge. 103—105 Whether 
these pathways are co-activated simultaneously or selec-

tively engaged at different disease stages remains an open 
question. Understanding the regulatory mechanisms that 
determine receptor expression patterns and signaling 
specificity will be crucial for the development of effective 
neurotransmitter-targeted cancer therapies.

Neuropeptides

In addition to classical neurotransmitters, neuropeptides 
represent another crucial class of signaling molecules

Figure 5 Mechanisms of nerve—tumor interactions.
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involved in nerve—tumor interactions. Neuropeptides are 
small, protein-like signaling molecules released by neurons 
that regulate a wide array of physiological functions. Unlike 
classical neurotransmitters, which typically mediate rapid, 
point-to-point synaptic transmission, neuropeptides act 
more slowly and diffusely. 106,107 They often function as 
neuromodulators that shape long-term cellular responses 
and broader tissue-level signaling. 107 Nonetheless, similar 
to neurotransmitters, neuropeptides engage in intercellular 
communication primarily through ligand—receptor in-

teractions. A growing number of neuropeptides, including 
substance P (SP), neuropeptide Y (NPY), Bradykinin, calci-

tonin gene-related peptide (CGRP), vasoactive intestinal 
peptide (VIP), somatostatin, and gastrin-releasing peptide 
(GRP) (the mammalian homolog of amphibian bombesin),

have been implicated in regulating tumor progression 
(Table 4). 

Among them, SP, an 11-amino acid neuropeptide 
belonging to the tachykinin family, exerts its biological 
effects primarily via the neurokinin-1 receptor (NK1R). 108 

SP has been reported to promote tumor cell migration in 
breast carcinoma and pancreatic cancer, and to enhance 
tumor cell proliferation in pancreatic and lung cancers, 
highlighting its role in both local invasion and growth. 100,108 

Notably, a recent study demonstrated that SP can also 
promote breast cancer metastasis through direct binding to 
tumoral tachykinin receptors (TACR1), further supporting 
its pro-metastatic function within the TME. 109 

NPY, a 36-amino acid peptide abundantly expressed in 
both the central and peripheral nervous systems, binds to

Table 3 Functional effects of neurotransmitter—receptor signaling across cancer types.

Ligand Receptor Cancer type Function Reference

GABA GABAA Gastric cancer Promotes proliferation 15

Hepatocellular carcinoma Inhibits migration 14

GABRA3 Breast cancer Promotes migration and invasion 98

GABRP Pancreatic ductal

adenocarcinoma 

Promotes growth 105

GABAB Prostate cancer Promotes metastasis 88

Hepatocellular carcinoma Inhibits growth 87

Colon carcinoma Inhibits migration 89

Breast carcinoma Regulates migration 90,91

Gastric cancer Inhibits carcinogenesis 299

Norepinephrine β2-adrenoceptor Colon carcinoma Induces locomotion 101

Breast cancer Induces migration 100

β1- and β2-adrenoceptor Pancreatic cancer Promotes invasion 103

Epinephrine β1- and β2-adrenoceptor Esophageal squamous

cell carcinoma 

Stimulates proliferation 300

Dopamine Dopamine D2 receptor Breast cancer Induces migration 100

Serotonin (5-HT) 5-HTR1A Bladder cancer Inhibits proliferation 96

Prostate cancer Stimulates proliferation 92

Cholangiocarcinoma Promotes growth 94

5-HTR1B Bladder cancer Inhibits proliferation 96

5-HTR2A Breast cancer Promotes growth 93

Cholangiocarcinoma Promotes growth 94

5-HTR2B Prostate cancer Stimulates proliferation 95

Cholangiocarcinoma Promotes growth 94

5-HTR3A Colitis-associated

colorectal cancer 

Promotes progression 102

5-HTR4 Prostate cancer Stimulates proliferation 95

Cholangiocarcinoma Promotes growth 94

5-HTR6 Cholangiocarcinoma Promotes growth 94

5-HTR7 Breast cancer Inhibits proliferation 99

Glutamate GluR1 Breast cancer Promotes proliferation 97

GluR2 Glioblastoma multiforme Inhibits proliferation 301

GluR3 Pancreatic cancer Reduces apoptosis; enhances

proliferation and migration 

104

GluR4 Colon cancer Increases 5-fluorouracil resistance 16

GluR5 Laryngeal cancer Stimulates proliferation 302

Histamine H1R Melanoma Chemotactic effect 303

Acetylcholine M3R Small-cell lung cancer Increases proliferation 304

Note: GABA, γ-aminobutyric acid.
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multiple G protein-coupled receptors, including Y1, Y2, Y4, 
and Y5 receptors. In breast cancer, NPY displays receptor-

dependent functional diversity: binding to Y1R suppresses 
estrogen-induced cell proliferation, whereas binding to Y5R 
enhances proliferation. 110—112 Both Y2R and Y5R have been 
associated with increased cancer cell migration, suggesting 
a complex regulatory role in tumor behavior. 111,112 The 
functional impact of NPY signaling is further modulated by 
tumor type and intracellular context. In prostate cancer, 
the effect of NPY—Y1R interaction on proliferation is 
dependent on the temporal dynamics of MAPK activa-

tion. 113 In cholangiocarcinoma, NPY binding to Y2R has 
been shown to suppress tumor cell proliferation and inva-

sion by inhibiting intracellular d-myo-inositol 1,4,5-tri-

sphosphate and PKCα signaling pathways. 86

Beyond SP and NPY, several additional neuropeptides 
have been implicated in modulating tumor progression 
through diverse receptor-mediated mechanisms. These 
molecules, while studied to varying extents, collectively 
highlight the breadth of neuropeptide-driven influence on 
cancer biology. Somatostatin is another well-characterized 
neuropeptide, existing in two bioactive forms of 14 and 28 
amino acids. 114 It acts through five somatostatin receptor 
subtypes (SSTR1—SSTR5), each with distinct expression 
patterns and functions. In pancreatic endocrine tumors, 
somatostatin inhibits cell proliferation primarily via 
SSTR5, 115 whereas in pancreatic ductal adenocarcinoma, its 
antiproliferative effect is mainly mediated through 
SSTR2, 116 underscoring the receptor-context specificity of 
its action. Bradykinin, a nonapeptide generated from kini-

nogen precursors via kallikrein cleavage, also plays a role in 
tumor-related processes. In bladder cancer, bradykinin has 
been shown to promote cell motility through activation of 
the B2 receptor, 117 suggesting a role in facilitating local 
invasion. CGRP is a 37-amino acid peptide derived from 
alternative splicing of the calcitonin gene. It binds to the 
CGRP receptor complex and has been implicated in pro-

moting both tumor growth and angiogenesis in Lewis lung

carcinoma, 118 reflecting its contribution to the vascular 
remodeling commonly seen in aggressive tumors. Vasoac-

tive intestinal peptide (VIP), composed of 28 amino acids, 
signals through VPAC1 and VPAC2 receptors. 119 Upon re-

ceptor activation, VIP has been demonstrated to stimulate 
proliferation in neuroendocrine tumors, particularly small-

cell lung carcinoma, 120 supporting its role in the growth of 
tumors with neuroendocrine features. Similarly, GRP, the 
mammalian homolog of amphibian bombesin and a member 
of the bombesin-like peptide family, acts through bombesin 
receptors (BBRs) to promote the proliferation of neuroen-

docrine tumors, including small-cell lung cancer. 120 Its 
functional similarity to VIP in promoting neuroendocrine 
tumor growth further highlights the relevance of bombesin-

like peptides in cancer biology.

Together, these findings illustrate that neuropeptides 
exert multifaceted and tumor-specific effects through 
distinct receptor-mediated pathways. Their pleiotropic 
roles in proliferation, migration, invasion, and angiogenesis 
make them compelling targets for further investigation in 
the context of nerve—tumor crosstalk.

Organelle transfer

Recent studies show that neurons transfer mitochondria to 
neighboring cancer cells via contact-dependent structures 
consistent with tunneling nanotubes. 121 This transfer en-

hances tumor bioenergetics, metabolic plasticity, and sur-

vival, especially during metastasis, and denervation or 
interruption of neural input diminishes these advantages in 
coculture and in vivo models. 121 These findings elevate 
direct nerve—tumor contact to a core crosstalk axis along-

side neurotransmitters.

Cancer-driven neural modulation

While much attention has been given to how neural inputs 
regulate tumor progression through neurotransmitters,

Table 4 Functional roles of neuropeptide—receptor pathways in tumor progression.

Ligand Receptor Cancer type Function Reference

Substance P TACR1 Breast cancer Drives metastasis 109

NK-1 Breast carcinoma Induces migration 100

Pancreatic cancer Induces proliferation and invasion;

promotes migration

108

Lung cancer Induces proliferation 305

Neuropeptide Y Y1R Breast cancer Decreases cell proliferation 110

Prostate cancer Regulates proliferation 113

Y2R Breast cancer Increases chemotaxis 111

Cholangiocarcinoma Antiproliferative effects 86

Y5R Breast cancer Promotes proliferation and chemotaxis 111,112

Bradykinin B2 Bladder cancer Induces locomotory movement 117

CGRP CLR Oral squamous cell carcinoma Promotes proliferation and migration 118

VIP VIPR Small-cell lung cancer Stimulates proliferation 120

Somatostatin SSTR5 Pancreatic endocrine tumor Anti-proliferative action 115

SSTR2 Pancreatic tumor Inhibits proliferation 116

Bombesin BBR Small-cell lung cancer Stimulates growth 120

Note: TACR1, tumoral tachykinin receptor 1; NK-1, neurokinin-1; CGRP, calcitonin gene-related peptide; CLR, CGRP receptor encoded by

CALCRL; VIP, vasoactive intestinal peptide; VIPR, vasoactive intestinal peptide.

Understanding nerve—tumor interactions 9



Table 5 Bidirectional crosstalk between nerves and TME components.

Nerve to TME

Neural input Target cell Sub-type Functional outcome Reference

Perineural invasion Immune cell NK cell Decreases infiltration 30

Neutrophil Increases infiltration 30

Serotonin Immune cell Macrophage Modulation of polarization 134,135

Dendritic cell Immunomodulatory capacity 187

T Cell Regulates activation, proliferation,

and function

141,143,144

B Cell Up-regulates the proliferation 306

NK cell Enhances the cytotoxicity and proliferation 177,178

Stroma cell CAF CAF reprogramming 197

Stroma cell Endothelial cell Vascular homeostasis 209,210

Norepinephrine Immune cell T Cells Inhibits T cell proliferation 307

B Cells Enhances IgG production 181

TAMs Regulates TAM recruitment and polarization 133,137

NK cells Promotes expansion and effector function 176

Dendritic cell Regulates dendritic cell activation 137

Myeloid-derived

suppressor cell 

Myeloid-derived suppressor cell recruitment 137

Stroma cell Endothelial cell Vascular homeostasis 209

Epinephrine Immune cell Macrophages Promotes M2 polarization 136

Acetylcholine Immune cell T Cells Impairs CD4 + T cell differentiation 156

B Cells Promotes maturation 182

Substance P Immune cell T Cells Modulates adhesion and proliferation 158,159

Neuropeptide Y Immune cell T Cells Induces T cell adhesion 159

Somatostatin Immune cell T Cells Induces T cell adhesion 159

CGRP Immune cell T Cells Induces T cell adhesion; decreases γδ

T cell numbers

159,184

Neutrophils Inhibits recruitment 184,185

Dopamine Immune cell T Cell Induces T cell adhesion 159

Endorphin Immune cell Mononuclear cell Stimulates chemotaxis 308

Enkephalin Immune cell Mononuclear cell Stimulates chemotaxis 308

Stress Immune cell NK cell Enhances cytotoxicity 175

NGF Immune cell Mast cell Increases the size and the number 309

T Cell Promotes proliferation 167

B Cell Promotes proliferation and differentiation 167,168

Polymorphonuclear

leukocyte

Promotes recruitment 310,311

Monocyte Induces differentiation 312

TME to nerve

Source cell Sub-type Functional outcome Reference

Immune cell T Cell Promotes NGF synthesis and release 145

Macrophage Induces NGF production via IL-1β signaling 313

TAM Promotes perineural invasion 138—140

EMΦ Secretes high levels of GDNF,

promotes perineural invasion 

124

T Cell Releases acetylcholine 314

B Cell Releases acetylcholine 183,314

Stroma cell Cancer-associated fibroblast Enhances neural remodeling through

SLIT2 signaling

200

Cancer-associated fibroblast Promotes perineural invasion 133,190,196

Cancer-associated fibroblast Contributes to Schwann-cell-induced

axonal growth

201

Note: TME, tumor microenvironment; EMΦ, a subpopulation of microglia/macrophage; NK cell, natural killer cell; TAM, tumor-associated

macrophage; NGF, nerve growth factor; GDNF, glial cell line-derived neurotrophic factor; CGRP, calcitonin gene-related peptide.
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neuropeptides, and structural innervation, emerging evi-

dence highlights that cancer cells, in turn, actively remodel 
and influence the nervous system. This bidirectional 
crosstalk enables tumors to co-opt neural elements to 
support their own growth and survival. In this section, we 
explore how tumors affect nerves.

A primary mechanism by which cancer cells modulate 
nerves is through the secretion of neurotrophic factors, 
such as NGF, BDNF, and glial cell line-derived neurotrophic 
factor (GDNF), which stimulate axonal sprouting and 
enhance neural infiltration. 122—124 As mentioned above, this 
tumor-induced remodeling has been widely observed in 
cancers like pancreatic and prostate cancer, where 
increased nerve density correlates with aggressiveness and 
poor prognosis. 28,39 Beyond supporting tumor progression, 
newly formed innervation contributes to PNI and neural 
damage, often exacerbating cancer-associated pain. 

Beyond structural remodeling, tumor-derived factors 
can induce functional and phenotypic changes in neurons. 
Increasing evidence shows that tumors modulate neuronal 
gene expression, leading to neurotransmitter switching, 
altered ion channel activity, and reorganization of auto-

nomic innervation. 125,126 A well-documented example is the 
autonomic shift observed in prostate cancer: sympathetic 
nerves are enriched in early tumorigenesis and promote 
initial tumor growth, while parasympathetic nerves become 
predominant in later stages and facilitate invasion and 
metastasis. 125 This dynamic shift in the 
sympathetic—parasympathetic balance represents a form 
of tumor-induced neuronal reprogramming. 125

Moreover, recent studies have revealed that certain tu-

mors can reprogram sensory neurons into pro-tumorigenic 
states. For example, in head and neck squamous cell car-

cinoma, loss of p53 in tumor cells has been shown to induce 
transcriptional reprogramming in neighboring sensory neu-

rons, resulting in a phenotype that actively supports tumor 
progression. 126 These reprogrammed neurons may exhibit 
altered excitability, enhanced secretion of neuroactive 
factors, and modulation of the local immune microenvi-

ronment, suggesting that neurons, far from being passive 
components, can be co-opted into active contributors to 
the tumor niche. 126

Together, cancer-driven neural modulation represents a 
critical and evolving aspect of tumor biology. By secreting 
neurotrophic factors, altering neuronal gene expression, 
and reprogramming neural subtypes, tumors not only re-

cruit structural innervation but also reshape neural func-

tion to favor tumor growth, invasion, and immune evasion. 
These findings redefine nerves as active participants in the 
TME rather than passive conduits.

Neural regulation of tumor immune cells

Beyond directly shaping tumor cell behavior, neural 
signaling exerts profound effects on the TME (Table 5). A 
growing body of evidence indicates that nerves and their 
associated neurotransmitters and neuropeptides modulate 
the activity and function of various tumor-infiltrating im-

mune cells, including tumor-associated macrophages 
(TAMs), T cells, neutrophils, natural killer (NK) cells, and B 
cells, thereby contributing to immune evasion and tumor

progression. 29,32,42,69,78,127—131 This neuro-immune cross-

talk represents a critical, yet underappreciated, dimension 
of tumor—host interactions, with emerging implications for 
immunotherapy resistance and therapeutic targeting. In 
the following sections, we detail how specific neural 
pathways shape the function of individual immune cell 
subsets within the TME.

TAMs

TAMs constitute a major component of the TME and play 
critical roles in tumor initiation, progression, and the 
establishment of an immunosuppressive TME. 132 The inter-

action between the nervous system and TAMs represents a 
pivotal regulatory axis in the modulation of tumor immu-

nity. Through the release of neurotransmitters, neuro-

trophic factors, and other bioactive signals, nerves 
influence the recruitment, polarization, and function of 
TAMs, thereby contributing to the establishment and 
maintenance of an immunosuppressive TME. 133—138 In 
breast cancer, epinephrine promotes the polarization of 
macrophages toward the M2 phenotype by engaging β- 
adrenergic receptor 2 (ADRβ2) on TAMs, facilitating tumor 
progression. 136 Although β-adrenergic signaling may not 
significantly enhance primary tumor growth, it markedly 
promotes macrophage recruitment and M2-like differenti-

ation, ultimately driving metastatic dissemination. 133

Similarly, 5-HT interacts with its receptor 5-HT7 to 
suppress the release of pro-inflammatory cytokines from 
macrophages. 134 During the monocyte-to-macrophage dif-

ferentiation process, blocking 5-HT2B and 5-HT7 receptors 
simultaneously promotes macrophage polarization toward 
the M2 phenotype. 134 Mechanistically, 5-HT binding to 5-

HT2B activates the aryl hydrocarbon receptor (AhR) 
signaling cascade, up-regulating downstream anti-inflam-

matory genes and reinforcing an immunosuppressive 
macrophage phenotype. 135 In addition to individual neuro-

transmitter-mediated effects, broader neural circuits also 
shape macrophage polarization. For example, the sympa-

thetic nervous system exerts systemic immunomodulatory 
effects through the release of catecholamines, which pro-

mote the polarization of TAMs toward an M2-like pheno-

type. 137 Such findings underscore that both localized 
neurotransmitter signaling (e.g., via epinephrine and se-

rotonin) and systemic neural input act in concert to 
orchestrate TAMs’ function and reinforce tumor immune 
evasion.

Reciprocally, TAMs can also exert significant effects on 
nerve structures within the TME, particularly in the context 
of PNI (Table 5). In pancreatic ductal adenocarcinoma, high 
TAM infiltration correlates with PNI positivity, implicating 
TAMs in the facilitation of nerve invasion. 138,139 One 
mechanism involves the activation of endoneurial macro-

phages by pancreatic ductal adenocarcinoma cells, which 
results in elevated secretion of GDNF. 124 GDNF, in turn, 
promotes PNI by activating the RET/ERK signaling pathway 
in tumor cells. 124 Another reported pathway involves matrix 
metalloproteinase-1 (MMP1), which activates AKT signaling 
in dorsal root ganglia, leading to the expression of SP via 
protease-activated receptor-1 (PAR1). 140 SP subsequently 
enhances the migratory and invasive capacity of NK1R-
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expressing pancreatic ductal adenocarcinoma cells, further 
driving PNI. 140

This bidirectional communication between nerves and 
TAMs underscores their cooperative roles in shaping the 
TME. Nerve-derived signals modulate TAMs’ recruitment 
and functional polarization, establishing a pro-tumorigenic 
niche. In return, TAMs actively participate in neural 
remodeling and invasion, facilitating tumor progression 
through neuro-immune signaling networks. Elucidating 
these complex interactions presents promising opportu-

nities for the development of novel therapeutic in-

terventions targeting the nerve—TAMs axis in cancer.

T cells

In parallel with TAMs, T cells engage in dynamic crosstalk 
with nerves within the TME, which plays a pivotal role in 
orchestrating tumor progression, immune modulation, and 
therapy resistance. 141,142 Neural signaling regulates T cell 
activation, differentiation, and effector function through a 
range of neurotransmitters and neuropeptides, thereby 
contributing to immune suppression or stimulation 
depending on context. 141,143,144 This communication is 
increasingly recognized as bidirectional, as T cells them-

selves can also influence neural remodeling and functional 
plasticity within the TME. 145—147 Such neuro-immune in-

teractions collectively shape the balance between immune 
surveillance and immune evasion in cancer. 

Neurotransmitter signaling plays a pivotal role in the 
interaction between nerves and T cells. For instance, 5-HT is 
considered a cofactor in T cell activation. 144 Naive T cells 
predominantly express the 5-HT7 receptor, and signaling 
through this receptor contributes to the early stages of T cell 
activation. 143,144 As activation progresses, T cells begin to 
express additional 5-HT receptors, including 5-HT1B and 5-

HT2A, expanding their responsiveness to serotonergic 
signaling. 143,144 Moreover, stimulation of the 5-HT3 receptor 
with 2-methyl-5-HT accelerates T cell proliferation by facili-

tating cell cycle progression from the S to G2/M phase. 143 At 
later stages of activation, effector T cells up-regulate 5-HT2 
receptors, and 5-HT engagement of these receptors enhances 
inflammatory cytokine secretion, thereby amplifying pro-in-

flammatory responses. 141 However, 5-HT’s effects on T cells 
are not uniformly pro-inflammatory. While it generally pro-

motes T cell differentiation and cytotoxic cytokine produc-

tion, studies in murine models of pancreatic and colorectal 
cancer have paradoxically demonstrated that reduction of 
peripheral 5-HT levels enhances T cell infiltration and dif-

ferentiation within tumors. 142 Mechanistically, this effect 
may be attributed to the serotonin transporter (SERT), which 
acts as a negative regulator of CD8 + T cell-mediated immunity 
by depleting autocrine serotonin in the TME. 148 Notably, 
combining peripheral 5-HT inhibition with immune check-

point blockade therapy increases the intra-tumoral abun-

dance of cytotoxic CD8 + T cells and reduces 
immunosuppressive myeloid-derived suppressor cells, leading 
to significantly improved therapeutic outcomes. 142 These 
context-dependent effects of 5-HT highlight the complexity 
of neurotransmitter—immune interactions. Elucidating the 
molecular mechanisms underlying this variability will be

essential for harnessing the 5-HT pathway as a therapeutic 
target in cancer immunotherapy. 149

The role of epinephrine and norepinephrine in modulating 
T cell function and cancer progression has garnered 
increasing research attention. Emerging evidence indicates 
that elevated epinephrine levels, such as those induced by 
physical exercise, can promote T cell infiltration into tumors, 
thereby augmenting the efficacy of cancer immunother-

apies. 150 Conversely, norepinephrine exerts immunosup-

pressive effects by activating beta2-adrenergic receptors 
(β2-ARs) on T cells, which in turn suppress the production of 
pro-inflammatory cytokines like IFN-γ and facilitate the 
differentiation of regulatory T cells (Tregs), contributing to 
the development of an immunosuppressive TME. 151,152 

Notably, pharmacologic inhibition of β2-ARs has been shown 
to enhance T cell activation, proliferation, and cytokine 
production, suggesting its potential as an immunomodula-

tory strategy. 153 The combination of β2-AR blockade with 
chimeric antigen receptor T cell therapy has yielded prom-

ising results in preclinical models, offering a compelling 
rationale for integrated therapeutic approaches. 153 

Together, these findings underscore the dual and context-

dependent roles of epinephrine and norepinephrine in 
shaping T cell immunity through β-adrenergic signaling, and 
highlight the importance of finely tuned adrenergic modu-

lation to optimize immunotherapeutic efficacy.

Another key neurotransmitter system shaping T cell re-

sponses is cholinergic signaling. In pancreatic ductal 
adenocarcinoma, PNI leads to elevated levels of acetyl-

choline (ACh) within the TME, which in turn suppresses C—C 
motif chemokine ligand 5 (CCL5) expression in tumor cells 
and impairs CD8 + T cell recruitment. 154 In addition to these 
indirect effects, ACh directly inhibits IFN-γ production by 
CD8 + T cells and enhances the differentiation of CD4 + T 
cells into the Th1 subset. 154 Mechanistically, blocking the 
M1 muscarinic ACh receptor on CD8 + T cells, via either 
genetic deletion or pharmacological inhibition, significantly 
impairs their cytotoxic differentiation. 155 Moreover, 
acetylcholine activation of α7 nicotinic acetylcholine re-

ceptors (α7 nAChRs) on CD4 + T cells has been shown to 
promote the differentiation of naı̈ve CD4 + T cells into both 
immunosuppressive Tregs and cytotoxic effector T cells. 156 

This dual regulatory capacity likely contributes to the 
limited therapeutic efficacy of α7 nAChR agonists observed 
in both preclinical and clinical settings. Together, these 
findings underscore the complexity and context depen-

dence of cholinergic signaling in modulating T cell re-

sponses within the TME.

Beyond classical neurotransmitters, neuropeptides, 
including SP, CGRP, and NGF, also exert important regula-

tory effects on T cells within the TME. SP has been shown to 
promote T cell proliferation and enhance interleukin-2 (IL-

2) expression in activated T cells. 157,158 Additionally, SP also 
participates in the regulation of integrin-mediated T-cell 
adhesion, where blocking SP enhances T-cell adhesion. 159 

The role of SP in regulating Tregs appears to be context-

dependent. In dry eye disease, elevated SP levels reduce 
Treg frequencies and impair their suppressive function; 
conversely, antagonizing its receptor, NK-1R, restores Treg 
function and mitigates the pathogenic Th17 response. 160 

However, in the setting of cardiac ischemia—reperfusion 
injury, SP exhibits the opposite effect, increasing both
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IL-10 levels and circulating Tregs. 161 In the context of 
cancer, SP has been implicated in promoting the progres-

sion of breast carcinoma and pancreatic cancer. However, 
its direct effects on intra-tumoral T cells remain poorly 
understood and warrant further investigation. 100,108

In addition to SP, CGRP has likewise emerged as a key 
modulator of T cell function within the immunosuppressive 
TME. In medullary thyroid cancer, elevated CGRP levels are 
associated with reduced functional activity of tumor-infil-

trating T cells. 162 In head and neck squamous cell carci-

noma, CGRP has been shown to directly suppress CD8 + T cell 
activation, thereby impairing anti-tumor immunity. 163 In 
melanoma, CGRP exacerbates CD8 + T cell exhaustion, 
facilitating immune evasion by the tumor. 85 Conversely, loss 
of CGRP function appears to restore antitumor immunity. 
Knockout of CGRP in oral cancer models leads to increased 
infiltration of both CD4 + and CD8 + T cells, enhancing intra-

tumoral immune responses. 164 Additionally, activation of 
transient receptor potential cation channel subfamily V 
member 1-positive (TRPV1 + ) neurons in the dorsal root 
ganglia promotes CGRP release, which in turn reduces Treg 
numbers in the colon and cecum, suggesting a complex role 
of CGRP in shaping immune balance across tissues. 165 Clin-

ically, several CGRP-targeting agents, including eptinezu-

mab, galcanezumab, erenumab, and ubrogepant, are 
currently approved for migraine management. 166 However, 
whether these agents can be repurposed as immunomodu-

latory therapies in oncology, either alone or in combination 
with immune checkpoint blockade (e.g., anti-PD-1/PD-L1), 
remains an important avenue for future investigation.

NGF represents another neuropeptide that plays a 
crucial role in T cell biology by influencing their prolifera-

tion, differentiation, and function within the TME. 167,168 

Notably, a subset of CD4 + T cells in both humans and mice 
expresses NGF along with its cognate receptors, TrkA and 
p75NTR. 145—147 This expression enables these cells to 
regulate their own differentiation into specific subsets via 
autocrine NGF—TrkA/p75NTR signaling. 145—147 In addition to 
autocrine regulation, NGF-producing CD4 + T cells can also 
promote axonogenesis in the surrounding tissue through 
paracrine mechanisms, further highlighting their role in 
neuroimmune crosstalk. 122,169,170 This dual capacity of NGF 
to influence both immune and neural components suggests 
its potential involvement in tumor progression and immune 
evasion. In hepatocellular carcinoma, the NGF—NGFR 
pathway contributes to resistance to anti-PD-1 immuno-

therapy. 171 Similarly, in melanoma, activation of the 
NGF—TrkA axis facilitates immune evasion and suppresses 
effective anti-tumor immunity. 172 Conversely, inhibition of 
this pathway not only sensitizes tumors to immune check-

point blockade but also promotes the activation of long-

lived, low-affinity memory T cells, thereby sustaining du-

rable anti-tumor responses. 172 Collectively, these findings 
position NGF as a key regulator of T cell function and 
neuroimmune dynamics, with significant implications for 
cancer immunotherapy.

NK cells

NK cells are pivotal components of the innate immune 
system, known for their ability to recognize and eliminate

tumor cells without prior sensitization. 173 The crosstalk 
between the nervous system and NK cells plays an impor-

tant role in shaping anti-tumor immunity. 30,174,175 In murine 
models of pancreatic and lung cancer, activation of β- 
adrenergic signaling has been shown to enhance NK cell 
infiltration and cytotoxicity within the TME, thereby sup-

pressing tumor growth. 175

Similarly, during viral infection, NK cells up-regulate 
Adrb2, the gene encoding the β2-adrenergic receptor, and 
conditional deletion of this receptor in NK cells impairs 
their proliferation and effector function, underscoring the 
importance of adrenergic signaling in NK cell biology. 176 

However, whether the TME modulates Adrb2 expression in 
NK cells remains largely unexplored. Serotonin also modu-

lates NK cell activity. It enhances NK cell cytotoxicity via 
serotonin receptor activation, particularly in the presence 
of monocytes. 177 Furthermore, long-term treatment with 
selective serotonin reuptake inhibitors in patients with 
major depressive disorder has been linked to increased NK 
cell populations in peripheral blood, 178 suggesting a po-

tential role for serotonergic signaling in enhancing NK cell-

mediated immunity.

However, in tumors exhibiting PNI, such as intrahepatic 
cholangiocarcinoma, NK cell infiltration is notably 
reduced, suggesting that nerve involvement may hinder 
NK cell—mediated immune responses. 30 Interestingly, in 
the context of peripheral nerve injury, NK cells are 
capable of infiltrating damaged nerves within days, where 
they contribute to axonal degeneration and nerve 
remodeling. 174 These observations imply that nerve-

derived signals may exert context-dependent effects on 
NK cell function. Targeting these pathways to restore NK 
cell activity in nerve-rich tumor niches, particularly in PNI-

positive cancers, may represent a novel therapeutic 
avenue.

B cells

Advances in single-cell sequencing and spatial tran-

scriptomics have brought renewed attention to the role of B 
cells in the TME. 179,180 Emerging evidence suggests that the 
nervous system can regulate various aspects of B cell 
biology, including their proliferation, differentiation, and 
immunoglobulin class switching. 109,110,181,182 For instance, 
splenic B cells express receptors for NGF, allowing NGF to 
directly modulate their proliferation and differentia-

tion. 167,168 In addition, B cells express muscarinic acetyl-

choline receptors (mAChRs), which are involved in cytokine 
production and facilitate the differentiation of B cells into 
plasma cells, supporting the isotype switching from IgM to 
IgG. 181,182 Interestingly, B cells are not only targets but also 
an important source of the neurotransmitter ACh. 183 ACh-

producing B cells can suppress peritoneal neutrophil 
recruitment in an autonomously regulated manner, inde-

pendent of vagal nerve input. 183 These findings reveal a 
previously underappreciated role of B cells as active par-

ticipants in neuroimmune communication. Despite these 
insights, the direct interplay between nerves and B cells 
within the TME remains poorly characterized. Given the 
increasing recognition of B cells as both immune effectors 
and organizers of tertiary lymphoid structures in cancer, a
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deeper understanding of their neuroregulation may open 
new avenues for therapeutic intervention in solid tumors.

Neutrophils

In intrahepatic cholangiocarcinoma, patients exhibiting PNI 
often show elevated neutrophil infiltration, which corre-

lates with poorer overall survival. 30 However, the mecha-

nisms underlying this association remain largely undefined. 
Interestingly, the neurotransmitter ACh has been shown to 
suppress local neutrophil recruitment under certain condi-

tions. 183 Likewise, during bacterial infections, TRPV1 + no-

ciceptor neurons limit neutrophil recruitment and immune 
surveillance by releasing the neuropeptide calcitonin gene-

related peptide (CGRP). 184,185 In cancer, the paradoxical 
coexistence of PNI and increased neutrophil infiltration 
raises important questions about the underlying mecha-

nisms. These findings suggest that neural signaling can 
exert either pro- or anti-inflammatory effects on neutrophil 
behavior, depending on the context. Deciphering how PNI 
enhances neutrophil recruitment could provide key insights 
into neuroimmune crosstalk in the TME and its contribution 
to disease progression.

Dendritic cells (DCs)

Nerve—tumor interactions play an important role in 
modulating DCs’ behavior, influencing their development, 
activation, and capacity to elicit anti-tumor immune 
responses. 137,186 

In medullary thyroid carcinoma, aberrant expression of 
CGRP has been associated with impaired DC development, 
characterized by enhanced cyclic AMP (cAMP) signaling and 
up-regulation of the transcription factor Kruppel-like factor 
2 (KLF2). 162 Notably, pharmacological blockade of the CGRP 
receptor can reverse these defects in vitro, suggesting a 
therapeutic opportunity to restore DCs’ function. 162 Beyond 
tumor-derived neuropeptides, the autonomic nervous sys-

tem also contributes to DCs’ modulation. Vagus nerve 
stimulation has been shown to inhibit the expansion of 
myeloid-derived suppressor cells and enhance DCs’ func-

tion via ACh signaling through the α7 nicotinic acetylcholine 
receptor (α7nAChR), thereby promoting anti-tumor immu-

nity in animal models. 186 Similarly, adrenergic signaling 
influences DCs’ activity: modulation of catecholamine 
levels reduces myeloid-derived suppressor cell accumula-

tion while facilitating DCs activation, further supporting 
effective anti-tumor responses. 137 In addition, 5-HT has 
been implicated in the regulation of DCs’ function under 
inflammatory conditions. Human monocyte-derived CD1a + 

DCs express the 5-HT2B receptor, and activation of this 
receptor suppresses TLR2-, TLR3-, and TLR7/8-induced 
production of pro-inflammatory cytokines and chemokines, 
including TNF-α, IL-6, IL-8, IP-10, and IL-12. 187 Interest-

ingly, this suppressive effect does not extend to type I 
interferon-β responses, indicating that serotonergic 
signaling selectively modulates DC activation depending on 
the immune context. 187 Collectively, these findings high-

light the multifaceted role of neural signaling in regulating 
DCs’ biology, with implications for immune activation,

tumor immune evasion, and therapeutic intervention 
within the TME.

In summary, neural regulation of immune cells within 
the TME constitutes an emerging frontier in cancer research 
with considerable translational potential. Advancing this 
field will require a deeper understanding of the molecular 
and cellular mechanisms through which neural signals, such 
as neurotransmitters, neuropeptides, and neurotrophic 
factors, modulate immune cell behavior within tumors. 
Elucidating these pathways is essential for identifying 
actionable targets and developing neuromodulatory stra-

tegies capable of selectively disrupting pro-tumorigenic 
nerve—immune interactions. Such interventions, whether 
pharmacologic, genetic, or device-based, hold promise for 
enhancing anti-tumor immunity. As our knowledge of neu-

roimmune crosstalk deepens, these insights may enable the 
design of innovative therapeutic approaches that synergize 
with existing immunotherapies and ultimately improve 
clinical outcomes.

Neural remodeling of tumor stroma

The interplay between the nervous system and tumor 
stromal cells represents a critical and evolving dimension of 
tumor biology. Key stromal components, including cancer-

associated fibroblasts (CAFs) and endothelial cells, help 
shape the TME and are essential for supporting tumor 
growth, angiogenesis, immune evasion, and metastatic 
spread. 188,189 Increasing evidence indicates that infiltrating 
nerve fibers communicate with these stromal cells through 
neurotransmitters, neuropeptides, and growth factors, 
thereby influencing their function and reinforcing a tumor-

promoting niche. 123,190,191 Understanding the mechanisms 
underlying nerve—stroma crosstalk may reveal novel ther-

apeutic vulnerabilities and inform the development of 
next-generation cancer treatments that target the 
neuro—stromal axis.

Cancer-associated fibroblasts

Cancer-associated fibroblasts (CAFs) are a major compo-

nent of the TME and play a critical role in tumor progres-

sion, immune modulation, and therapy resistance. 192,193 

Their functional significance stems from their ability to 
interact dynamically with cancer cells, immune pop-

ulations, the extracellular matrix (ECM), and infiltrating 
nerves. 194,195 The bidirectional communication between 
CAFs and nerves is increasingly recognized as a critical 
driver of PNI and axonogenesis in diverse

malignancies. 190,191,196,197

In several cancers, including head and neck squamous 
cell carcinoma and prostate cancer, elevated CAF density 
has been associated with a higher incidence of 
PNI. 190,196,198,199 Building on these observations, growing 
evidence indicates that CAFs actively contribute to both 
PNI and axonogenesis through multiple mechanisms. For 
example, in prostate cancer, CAFs promote PNI by up-

regulating YAP1 signaling in cancer cells, 191 while in oral 
cavity squamous cell carcinoma, they promote nerve inva-

sion through matrix metalloproteinase-2 (MMP-2). 196 In 
pancreatic cancer, CAFs facilitate PNI through extracellular
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vesicle-mediated delivery of a PNI-associated transcript 
(PIAT) and promote axonogenesis by stimulating sympa-

thetic nerve outgrowth. 198,199 CAF-derived SLIT2, a 
neuronal guidance cue, has been shown to induce neurite 
outgrowth from dorsal root ganglia neurons and to promote 
Schwann cell migration and proliferation through N-cad-

herin/β-catenin signaling; notably, inhibition of the SLIT2/ 
ROBO axis can disrupt these stromal—neural in-

teractions. 200 Furthermore, ephrin-B/EphB2 signaling from 
fibroblasts plays a complementary role by guiding Schwann 
cell migration from nerve stumps, thereby facilitating 
axonal regeneration. 201

In addition to being influenced by CAF-derived signals, 
nerves can also modulate the phenotype of CAFs, reprog-

ramming them into tumor-promoting subtypes. In pancre-

atic cancer, Schwann cell-derived interleukin-1α drives the 
transformation of CAFs into inflammatory CAFs (iCAFs), 
which in turn amplify tumor-supportive inflammation. 202 

Neurotransmitters also modulate CAF plasticity; in colo-

rectal cancer, 5-HT induces serotonylation of histone H3 at 
glutamine 5 (H3Q5ser) in CAFs, driving their transition into 
an iCAF-like state that promotes tumor proliferation, in-

vasion, and macrophage polarization. 197 Targeting this 
epigenetic modification by silencing the serotonin trans-

porter SLC22A3 or inhibiting transglutaminase 2 (TGM2) 
mitigates these tumor-promoting effects. 197 Collectively, 
these findings underscore the reciprocal interactions be-

tween CAFs and nerves in shaping a pro-tumorigenic 
microenvironment. Targeting the CAF—nerve axis offers a 
promising strategy for disrupting PNI, axonogenesis, and 
stromal reprogramming in cancer.

Endothelial cells

Endothelial cells (ECs) are a critical component of the TME, 
contributing to tumor progression through their roles in 
angiogenesis, immune evasion, metastasis, and therapy 
resistance. 203,204 In addition to supplying oxygen and nu-

trients, angiogenesis facilitates tumor—nerve interactions 
by providing a scaffold for Schwann cell bundles and axonal 
growth, thereby promoting PNI and axonogenesis. 22,205 

ECs contribute to tumor-associated neural remodeling 
through multiple mechanisms, including the release of 
neurotrophic factors and extracellular vesicles. For 
example, BDNF released by ECs significantly enhances 
axonal outgrowth in peripheral nerves. 123 Additionally, ECs 
support the proliferation and migration of Schwann cells 
after injury, 206 laying the groundwork for axonal extension 
and facilitating tumor-associated nerve remodeling. EC-

derived exosomes also play an important role in this pro-

cess: they deliver miR-199a-5p to activate PI3K/AKT/PTEN 
signaling pathways in Schwann cells, promoting axonal 
regeneration, myelination, and functional recovery. 207 

Similarly, exosomes from NTN1 + ECs deliver let-7a-5p to 
create a pro-regenerative niche conducive to axon 
repair. 208 Conversely, under hypoxic conditions, ECs un-

dergo reciprocal modulation by neural signals; they in-

crease glycolytic activity in response to SC-derived 
exosomes carrying miR-21-5p, thereby enhancing intra-

neural revascularization and further facilitating neural 
remodeling. 205 This reciprocal interaction may constitute a

positive feedback loop in tumors, exacerbating PNI and 
axonogenesis, particularly under hypoxic or injury-associ-

ated conditions. Disrupting this loop could represent a 
promising therapeutic strategy to mitigate tumor-associ-

ated neural remodeling.

This bidirectional crosstalk extends beyond structural 
remodeling: just as ECs modulate neural growth, neural-

derived signals in turn profoundly influence endothelial cell 
function within the TME. Neurotransmitters and neuro-

peptides exert multifaceted regulatory effects on ECs’ 
function. Among neurotransmitters, ACh reduces the 
expression of endothelial adhesion molecules via musca-

rinic receptors, thereby modulating immune cell traf-

ficking. 183 Norepinephrine (NE) helps maintain endothelial 
barrier integrity, 209 whereas 5-HT enhances EC proliferation 
through activation of 5-HT2 receptors. 209,210 Neuropeptides 
also promote EC activation. SP stimulates ECs’ proliferation 
and angiogenesis, facilitating tumor metastasis in thyroid 
cancer. 211 NGF promotes EC migration via TrkA signaling 
and, under inflammatory conditions, further enhances EC 
proliferation and adhesion molecule expression, thus pro-

moting immune cell recruitment to the endothelium. 212,213 

These findings underscore the diverse and complex in-

teractions between nerves and endothelial cells, suggesting 
that targeting and disrupting these interactions could pro-

vide a novel approach for treating tumors with neural 
involvement.

Targeting nerve—tumor interactions

Given the critical roles of nerve-driven processes such as 
PNI, axonogenesis, and neurogenesis in tumor progression 
and metastasis, targeting these interactions offers sub-

stantial potential to improve cancer treatment outcomes. 
Extensive preclinical research on nerve—tumor crosstalk 
has laid the foundation for therapeutic approaches that not 
only target cancer cells directly but also disrupt the neural 
circuits that support tumor progression. 85—87,214 Therapeu-

tic strategies have emerged to modulate nerve—tumor 
signaling, ranging from inhibition of neurotransmitters to 
repurposing neuroactive drugs and ablating nerve struc-

tures. 125,214,215 This section outlines current strategies, 
ongoing challenges, and future directions for targeting 
nerve—tumor interactions in cancer therapy.

Among available approaches, the most direct way to 
disrupt nerve—tumor connections is direct ablation of pe-

ripheral nerves. In preclinical settings, surgical or chemical 
denervation, such as sympathectomy, vagotomy, and se-

lective sensory fiber ablation, as well as genetic or che-

mogenetic silencing, consistently suppresses tumor 
initiation, growth, invasion, and perineural 
spread. 126,165,216,217 These findings establish a causal 
contribution of innervation. In clinical practice, nerve-

directed procedures are used mainly for palliation. Endo-

scopic-ultrasound-guided celiac plexus neurolysis or 
splanchnicectomy in pancreatic cancer reproducibly re-

duces pain and opioid use but has not shown a survival 
benefit and carries procedure-specific risks, including 
orthostatic hypotension, diarrhea, and neuropathic pain, as 
well as variable durability due to re-innervation. 218—220 

Taken together, direct ablation underscores the
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therapeutic relevance of neural circuits and is presently 
best positioned as a supportive adjunct within multimodal 
care. Future studies should emphasize more selective, 
anatomy-guided targeting and non-destructive neuro-

modulation, coupled with mechanistic endpoints, including 
changes in innervation density and in immune and stromal 
states, to balance efficacy and safety.

Another promising area involves targeting neurotrans-

mitter pathways. A number of neurotransmitter-modulating 
drugs, some of which are already clinically approved for the 
treatment of psychiatric disorders and mood disturbances, 
have entered cancer-related clinical trials (Table 6). For 
example, antipsychotic agents such as thioridazine, chlor-

promazine, trifluoperazine, fluspirilene, pimozide, and 
penfluridol exert their effects primarily through antagonism 
of dopamine receptors.

Thioridazine has been reported to suppress tumor 
growth by inducing G0/G1 phase cell cycle arrest and pro-

moting apoptosis via up-regulation of pro-apoptotic pro-

teins. 215 Chlorpromazine has demonstrated anti-

proliferative effects in breast and colorectal cancer, 221,222 

while trifluoperazine not only inhibits colorectal cancer cell 
viability and proliferation but also enhances the efficacy of 
chemotherapeutics such as 5-fluorouracil and oxaliplatin by 
inducing apoptosis and repressing CDK activity. 223,224 Simi-

larly, fluspirilene has shown synergistic effects when com-

bined with 5-fluorouracil in preclinical studies. 225 Pimozide 
reduces cell proliferation, angiogenesis, and metastasis by 
targeting key pathways such as AKT, VEGF, and MMPs and by 
inhibiting fibroblast-to-myofibroblast differentiation. 226 

Penfluridol inhibits the integrin α6β4 signaling pathway and 
has been shown to reduce tumor burden and metastasis in 
triple-negative breast cancer models. 227

Beyond antipsychotics, other classes of neuroactive 
compounds have shown therapeutic promise. The atypical 
antidepressant mirtazapine, which enhances norepineph-

rine and 5-HT transmission, alleviates gemcitabine-induced 
cachexia in pancreatic cancer mouse models and may 
improve chemotherapy efficacy by modulating the TME. 228 

Tricyclic antidepressants (TCAs) such as imipramine and 
desipramine, known to influence both serotonergic and 
noradrenergic systems, have also been implicated in anti-

tumor activity. 229—231 Imipramine suppresses breast cancer 
progression by blocking DNA repair pathways, inducing cell 
cycle arrest, and enhancing the effects of PARP inhibitors in 
triple-negative breast cancer, as well as disrupting ER-α 
signaling in estrogen receptor-positive cancers. 229,231 Desi-

pramine enhances cisplatin cytotoxicity by increasing 
intracellular drug accumulation and activating p53-medi-

ated apoptosis. 230 Selective 5-HT reuptake inhibitors, such 
as fluoxetine and escitalopram, primarily used to treat 
depression and anxiety, have demonstrated anti-cancer 
effects as well. 232,233 Specifically, escitalopram has been 
shown to inhibit non-small-cell lung cancer cell growth and 
migration by inducing mitochondria-dependent apoptosis 
and suppressing NF-κB signaling. 233

Beyond their potential as monotherapies, several 
neurotransmitter-targeting agents, such as pimozide, 
desipramine, and thioridazine, have been shown to 
enhance the efficacy of conventional chemotherapy and 
radiotherapy in preclinical models, thereby supporting 
their integration into combination treatment regimens to

further improve therapeutic outcomes. 215,226,230 These 
findings underscore the potential of incorporating such 
agents into standard treatment regimens. In particular, 
combining neurotransmitter-targeting drugs with immuno-

therapy is an emerging area of interest, as increasing pre-

clinical evidence suggests that neural signaling can 
modulate the tumor immune microenviron-

ment. 149,153,154,224 However, clinical trials in this area 
remain limited, and robust clinical validation is still lacking. 

It is important to recognize that the effectiveness of 
neurotransmitter-targeted therapies may be influenced by 
cancer type, degree of neural involvement, and TME fea-

tures. For example, β-blockers have been associated with 
improved survival in ovarian cancer, whereas their use in 
lung, breast, or colorectal cancer has not demonstrated a 
similar benefit. 234—236 Additionally, in pancreatic cancer, 
the impact of β-blockers remains controversial: one U.S.- 
based epidemiological study reported no survival benefit, 
while an analysis using the U.K. primary care database even 
showed slightly poorer outcomes among users. 235,237 These 
discrepancies underscore the need for precision medicine 
approaches tailored to tumor context, genetic background, 
and patient characteristics. Future studies should aim to 
identify predictive biomarkers of therapeutic response and 
develop strategies for patient stratification.

Beyond neurotransmitter modulation, targeting neuro-

trophic signaling pathways also holds significant therapeu-

tic potential. For instance, tanezumab, an NGF inhibitor, 
may represent a potential strategy to prevent tumor-

induced axonogenesis and neurogenesis, as suggested by 
preclinical findings on the role of NGF in neural remodel-

ing. 75,76 Although most current clinical trials with tanezu-

mab have focused on its analgesic effects in cancer-related 
pain, its potential as an anti-tumor agent targeting the 
neural niche warrants further investigation. 238

Another approach involves the disruption of tumor-

innervating neural structures. Surgical or pharmacological 
denervation, using agents such as botulinum toxin or 6-

hydroxydopamine (6-OHDA), offers a means to inhibit nerve 
regeneration and reduce neural support for tumor 
growth. 125,214 Compared with surgical denervation, phar-

macological approaches are more controllable and less 
invasive. Preclinical studies in prostate and gastric cancers 
have suggested that denervation may delay tumor pro-

gression, although off-target effects and lack of specificity 
remain key challenges. 125,214,239

In addition to promoting tumor progression, 
nerve—tumor crosstalk plays a central role in cancer-

associated pain, particularly in malignancies with rich 
neural infiltration or PNI. Tumor-derived neurotrophic 
factors such as NGF and GDNF sensitize peripheral nerves 
and amplify pain responses. 240,241 Preclinical studies and 
early-phase clinical trials targeting NGF—TrkA signaling 
(e.g., tanezumab) have demonstrated efficacy in managing 
metastatic and neuropathic cancer pain. 238,242 These 
findings suggest a dual therapeutic opportunity: targeting 
nerve—tumor interactions may not only impede tumor 
progression but also alleviate cancer-associated symptoms. 
Future clinical trial designs may consider enrolling patients 
with prominent tumor-related pain, using pain relief as a 
primary endpoint while concurrently evaluating anti-tumor 
outcomes.
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Despite the compelling biological rationale and sup-

portive preclinical data, clinical translation of nerve-tar-

geting strategies remains limited. Expanding well-designed 
clinical trials focused on nerve—tumor crosstalk is there-

fore urgently needed to fully realize the therapeutic po-

tential of this emerging frontier in oncology.

Emerging technologies for nerve—tumor study

Advancing our understanding of nerve—tumor interactions 
requires tools capable of capturing cellular complexity, 
spatial organization, and dynamic signaling. In recent 
years, technologies such as chemogenetics, optogenetics, 
single-cell sequencing, and spatial transcriptomics have 
significantly expanded the toolkit for investigating these 
interactions (Fig. 6). These approaches not only enable 
detailed mapping of neural components within the TME but

also allow for precise modulation and tracing of neural 
activity. As these methods continue to evolve, they are 
poised to uncover previously inaccessible aspects of 
neurobiology in cancer and offer new opportunities for 
therapeutic intervention.

Chemogenetics

Chemogenetics is an innovative technique that integrates 
genetic engineering and pharmacology to precisely modulate 
the activity of specific cell populations, particularly neu-

rons. 243 Central to this approach are Designer Receptors 
Exclusively Activated by Designer Drugs (DREADDs)-engi-

neered receptors that are selectively activated or inhibited 
by synthetic ligands, such as clozapine-N-oxide (CNO), 
without interfering with endogenous signaling path-

ways. 243,244 These receptors enable targeted manipulation

Table 6 Neuroactive drugs with anti-tumor potential in clinical trials.

Drug Type Mechanism of action Clinical trial 

No.

Phase Reference

Thioridazine Dopamine receptor 

D2 antagonist 

Induces apoptosis NCT02307396 Phase IV 215

Valproic acid Anti-epileptic Induces apoptosis; decreases invasion

and migration

NCT00186186 Phase IV 315

Fluoxetine Selective serotonin 

reuptake inhibitor

Reduces proliferation and induces 

apoptosis; enhances paclitaxel efficacy 

NCT05458479 Phase IV 315

Propranolol β-blocker Reduces angiogenesis; enhances 

paclitaxel and 5-fluorouracil efficacy 

NCT01908972 Phase IV 316

Mirtazapine NaSSA Enhances chemotherapy efficacy by 

modulating the tumor microenvironment 

NCT04155008 Phase IV 315

Penfluridol Anti-psychotic Inhibits tumor growth and metastasis in 

TNBC; suppresses migration and invasion 

NCT01655680 Phase II 227

Pimozide Anti-psychotic Induces apoptosis; disrupts

angiogenesis; reduces migration and 

invasion; suppresses fibroblast-to-

myofibroblast differentiation

NCT00158223 Phase IV 226

Fluspirilene CDK2 inhibitor Enhances therapeutic efficacy

combined with 5-fluorouracil

NCT00119509 Phase IV 225

Promethazine Anti-histamine Inhibits tumor growth and induces 

apoptosis

NCT02648490 Phase I 317

Trifluoperazine Anti-psychotic Induces apoptosis; enhances the

effects of 5-fluorouracil and oxaliplatin 

NCT02704962 Phase IV 223,224

Chlorpromazine Anti-psychotic Inhibits proliferation and induces 

apoptosis

NCT00169039 Phase IV 221,222

Desipramine TCA Enhances the efficacy of platinum-

based therapies

NCT00166114 Phase IV 230

Imipramine TCA Induces apoptosis; enhances PARP 

inhibitor effects in TNBC; reduces invasion 

and metastasis

NCT00296777 Phase IV 229,231

Escitalopram Selective serotonin 

reuptake inhibitor

Induces apoptosis and inhibits non-

small-cell lung cancer cell migration 

NCT00363909 Phase III 233

Sertraline

hydrochloride

TCTP inhibitor Induces apoptosis; promotes autophagy; 

enhances chemotherapy efficacy

NCT00667121 Phase III 318

Solifenacin Muscarinic 

antagonist 

Alleviates bladder irritation post-TURBT 

and chemotherapy

NCT01530373 Phase II 319

Tanezumab Anti-NGF antibody Relieves bone metastasis-related pain NCT02609828 Phase III 238

Note: NaSSA, novel noradrenergic and specific serotonergic antidepressant; TCTP, translation-controlled tumor protein; TCA, tricyclic

antidepressant; TURBT, transurethral resection of bladder tumor.
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of neuronal activity, making them invaluable for studying the 
nervous system and diseases involving neural dysfunction. 

DREADDs are classified based on their functional effects: 
excitatory DREADDs (e.g., hM3Dq) enhance neuronal firing, 
while inhibitory DREADDs (e.g., hM4Di) suppress neuronal 
activity. 245 These receptors can be introduced into specific 
neuronal populations via viral vectors, such as adeno-

associated viruses (AAVs), or transgenic animal models. 165 

Genetic promoters further ensure cell-type specificity, 
allowing precise control over neuronal circuits. Ligand 
administration enables reversible and non-invasive modu-

lation of neural activity, offering unparalleled temporal and 
spatial precision.

In neuroscience, chemogenetics has transformed our 
ability to map and manipulate neural circuits, elucidating 
their roles in behavior, cognition, and disease. 244,246 In the 
context of cancers, chemogenetics provides unique oppor-

tunities to study tumor—neuron interactions. By selectively 
modulating neurons within the TME, researchers can 
investigate how neural activity influences tumor growth, 
metastasis, and therapy resistance. Additionally, chemo-

genetic tools hold the potential for developing targeted 
therapies, including disrupting nerve-driven tumor pro-

gression or enhancing the efficacy of existing treatments. 
The high specificity, reversibility, and minimally invasive 

nature of chemogenetics make it an indispensable tool for 
advancing our understanding of neuronal function and the 
role of nerves in cancer. By bridging neuroscience and 
oncology, chemogenetics opens new avenues for exploring 
the complex interplay between neurons and tumors, driving 
innovative research and therapeutic development.

Optogenetics

Optogenetics is a groundbreaking technique in neurosci-

ence that combines genetic engineering and optical tech-

nology to achieve precise control of neuronal 
activity. 247—249 This approach involves introducing light-

sensitive proteins, known as opsins (e.g., channelrhodopsin 
for activation, halorhodopsin and archaerhodopsin for in-

hibition), into target neurons. 248,250,251 These opsins enable 
neurons to be selectively activated or inhibited in response 
to specific wavelengths of light, allowing researchers to 
modulate neural circuits in living organisms with milli-

second precision. 248,250,251

Compared with chemogenetics, optogenetics offers 
exceptional temporal resolution, operating on a millisecond 
timescale. 247,248 This makes it uniquely suited for studying 
dynamic neuronal processes and rapid interactions within 
neural circuits. 248 Light delivery can be precisely targeted 
to specific regions or even individual neurons using fiber 
optics or advanced imaging systems, enabling unparalleled 
spatial control. 250 The flexibility provided by different 
types of opsins allows researchers to either excite or inhibit 
neural activity, while the immediate and reversible effects 
of light stimulation make it ideal for real-time 
experimentation. 248,250,251

Despite its advantages, optogenetics has notable limi-

tations. The technique requires surgical implantation of 
fiber optics or light sources for light delivery, which can 
lead to tissue damage and inflammation. 247 Targeting deep 
brain regions is challenging due to light scattering and ab-

sorption within the tissue. Additionally, optogenetics de-

mands specialized equipment, such as lasers, optical fibers, 
and stimulation systems, which can be technically complex 
and expensive. 247 Furthermore, prolonged light exposure 
can cause localized heating, potentially affecting neuronal 
health and function. 252

In comparison, while chemogenetics is slower in onset 
and lacks the temporal precision of optogenetics, it is less 
invasive, relies on systemic ligand delivery, and does not 
require sophisticated optical setups. These distinctions 
highlight the complementary nature of these techniques: 
optogenetics excels in real-time, high-precision studies, 
whereas chemogenetics is better suited for long-lasting, 
systemic investigations. Together, these tools provide re-

searchers with powerful means to dissect the neural

Figure 6 Advances in technologies for nerve—tumor research.
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circuits involved in nerve—tumor interactions, offering 
critical insights into how neural activity influences cancer 
progression and how tumors, in turn, remodel neural 
components.

Single-cell sequencing

Single-cell sequencing (SCS) is a transformative tool for 
studying nerve—tumor interactions, providing unparalleled 
insights into the cellular and molecular mechanisms un-

derlying this dynamic interplay. It provides a comprehen-

sive view of cellular components in the TME, including 
cancer cells, immune cells, stroma cells, and neurons. 253 

This ability to resolve cellular heterogeneity and capture 
dynamic cellular states has made SCS invaluable for un-

derstanding the cellular and molecular mechanisms driving 
nerve—tumor interactions. SCS can detect the expression of 
neurotrophic factor receptors, such as TrkA and TrkB, on 
cancer, immune, and stromal cells, and identify their li-
gands, such as NGF and BDNF, expressed by neurons. 254—256 

This enables researchers to uncover receptor—ligand in-

teractions that mediate nerve—tumor crosstalk. Addition-

ally, SCS provides insights into signaling pathways and gene 
expression changes that facilitate nerve-driven tumor 
growth, immune modulation, and metastasis, offering a 
molecular blueprint of this dynamic interaction.

However, SCS has limitations when applied to 
nerve—tumor interactions. One of its primary drawbacks is 
the inability to capture the full structure of neurons. Neu-

rons are complex cells with long axons and dendrites that 
extend far beyond the tumor site, but SCS typically focuses 
on analyzing single-cell bodies. 257 This approach excludes 
critical neural components, such as the nerve fibers 
actively interacting with tumor cells in the TME. Moreover, 
neural signals, such as neurotransmitters and neuropep-

tides, often originate from distant neuronal bodies outside 
the tumor, which SCS cannot capture. This limitation hin-

ders our understanding of how systemic neural inputs in-

fluence tumor behavior.

Another significant limitation is the lack of spatial 
context. While SCS provides detailed molecular data, it 
does not preserve the spatial arrangement of nerve fibers 
and their proximity to cancer or stromal cells within the 
TME. 258 This absence of spatial information makes it chal-

lenging to study the physical and functional relationships 
between nerves and tumors or to identify local signaling 
gradients that drive nerve—tumor interactions. Further-

more, SCS offers only a snapshot of cellular states, lacking 
the ability to directly reveal functional interactions or 
causal mechanisms.

High-plex protein labeling and spatial 
transcriptomics

The study of nerve—tumor interactions requires advanced 
technologies that provide spatial, molecular, and cellular 
insights into the TME. While SCS offers high-resolution 
molecular profiles, it lacks spatial information. 258 Emerging 
technologies such as high-plex protein labeling, 2D spatial 
transcriptomics, and 3D spatial transcriptomics overcome

these limitations by preserving the spatial context of cells 
within tissues. 258—260

High-plex protein labeling is an advanced technique that 
allows for the simultaneous detection of multiple proteins 
within a tissue sample. 259 Methods such as imaging mass 
cytometry (IMC), CODEX (CO-Detection by indEXing), and 
multiplex immunohistochemistry (mIHC) enable re-

searchers to label and visualize dozens to hundreds of 
protein targets in a single sample. 261,262 This technology 
preserves the tissue architecture, allowing the spatial dis-

tribution of nerve fibers, tumor cells, immune cells, and 
stromal cells within the TME to be identified. Furthermore, 
high-plex protein labeling provides direct insights into cell 
signaling dynamics by mapping protein expression and 
phosphorylation states. Despite its advantages, high-plex 
protein labeling has limitations. It is restricted to pre-

selected protein targets, which may result in the omission 
of unexpected or novel markers. Additionally, it has a lower 
throughput compared with transcriptomic approaches, 
which limits its capacity for large-scale molecular profiling.

2D spatial transcriptomics, such as Visium (10x Geno-

mics) and MERFISH (Multiplexed Error-Robust Fluorescence 
In Situ Hybridization), enable the precise mapping of 
transcriptomes to their corresponding locations in a 2D 
plane. 258,263,264 Compared with high-plex protein labeling, 
2D spatial transcriptomics offers high-resolution spatial 
gene expression data and facilitates the discovery of novel 
spatially regulated genes within the TME. 263 However, this 
technique also faces several challenges that may impact its 
broader applicability. It is restricted to 2D tissue sections, 
potentially missing critical 3D interactions. Furthermore, it 
has lower sensitivity than single-cell sequencing, which 
may hinder its ability to detect rare or low-expressed 
genes.

Building on the capabilities of 2D spatial tran-

scriptomics, 3D spatial transcriptomics reconstructs gene 
expression profiles in three dimensions, providing a 
comprehensive volumetric view of tissues. 260 Techniques 
such as STARmap enable high-resolution mapping of gene 
expression in thick tissue sections while preserving the 
spatial architecture, thereby facilitating in situ 3D tran-

scriptomic analysis. 265 This holistic view captures complex 
3D interactions within the TME, offering unparalleled in-

sights into the spatial relationships between cellular com-

ponents. However, the high cost and significant technical 
challenges associated with 3D spatial transcriptomics limit 
its widespread adoption and routine use in research.

Neural tracing methods

Neural tracing methods are indispensable tools for mapping 
the structure and connectivity of neural circuits, offering 
critical insights into the study of nerve—tumor in-

teractions. 266 These methods are broadly categorized into 
anterograde tracing, retrograde tracing, and transsynaptic 
tracing, with emerging tools further enhancing their pre-

cision and applicability. 266,267 In the context of 
nerve—tumor interactions, neural tracing techniques can 
be employed to identify the origins of nerve fibers infil-

trating the TME and to elucidate their connectivity to both 
the central and peripheral nervous systems. Additionally,
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these methods are instrumental in highlighting specific 
neural circuits or pathways that can serve as potential 
therapeutic targets to disrupt nerve—tumor crosstalk, 
thereby mitigating tumor growth and spread.

Each tracing technique provides complementary per-

spectives on neural connectivity: anterograde tracing maps 
output pathways from neurons, retrograde tracing iden-

tifies input connections, and transsynaptic tracing reveals 
multi-synaptic networks. 268—270 However, to fully under-

stand the physiological impact of nerve—tumor in-

teractions, these structural mapping methods must be 
integrated with functional approaches, such as opto-

genetics or electrophysiology. Neural tracing methods, 
combined with advanced functional techniques, hold sig-

nificant promise for advancing our understanding of the 
critical role of nerves in tumor biology and identifying 
innovative therapeutic strategies.

Tissue clearing

Tissue clearing renders large tumor specimens optically 
transparent, enabling light-sheet or confocal 3D visualiza-

tion of intra-tumoral innervation labeled with neural 
markers. In nerve—tumor research, clearing supports 
quantitative readouts: nerve density, branch complexity, 
and fiber orientation, as well as spatial mapping of PNI and 
multiplex co-localization with immune and stromal com-

partments. Common pipelines, such as CLARITY/PACT, 
iDISCO/iDISCO + , CUBIC, and SHIELD, differ in speed, anti-

gen retention, tissue expansion/shrinkage, and compati-

bility with fresh vs. FFPE samples. The choice of protocol 
should match epitopes, fluorophores, and desired imaging 
depth. While powerful, it is constrained by protocol-

dependent antigen loss, volumetric distortion requiring 
scale correction, and depth-related signal attenuation; 
future refinements should explicitly address these gaps.

In summary, each of these technologies offers unique 
advantages for studying the interactions between nerves 
and tumors. However, their respective limitations highlight 
the need for integration with complementary methods to 
achieve a comprehensive understanding of the 
nerve—cancer crosstalk’s molecular and spatial dynamics. 
For instance, combining spatial transcriptomics with neural 
tracing can provide a holistic view of both molecular in-

teractions and connectivity, while functional tools such as 
optogenetics can elucidate the physiological impact of 
nerve-derived signals on tumor progression. By bridging 
these technologies, researchers can address current 
knowledge gaps, identify novel therapeutic targets, and 
develop innovative strategies to disrupt nerve—tumor in-

teractions, ultimately advancing cancer research and 
treatment.

Conclusions

The recognition of nerves as critical players represents the 
next frontier in cancer research, offering novel insights and 
therapeutic opportunities. The study of nerve—tumor in-

teractions opens numerous translational and clinical op-

portunities, from developing innovative therapies to 
enhancing current treatment modalities.
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258. Ståhl PL, Salmén F, Vickovic S, et al. Visualization and analysis 

of gene expression in tissue sections by spatial tran-

scriptomics. Science. 2016;353(6294):78—82.

259. Liu Y, DiStasio M, Su G, et al. High-plex protein and whole 

transcriptome co-mapping at cellular resolution with spatial 

CITE-seq. Nat Biotechnol. 2023;41(10):1405—1409.

260. Schott M, León-Periñán D, Splendiani E, et al. Open-ST: High-

resolution spatial transcriptomics in 3D. Cell. 2024;187(15): 

3953—3972.e26.

261. Jaimes MC, Leipold M, Kraker G, Amir EA, Maecker H, 

Lannigan J. Full spectrum flow cytometry and mass cytom-

etry: a 32-marker panel comparison. Cytometry Pt A. 2022; 

101(11):942—959.

262. Black S, Phillips D, Hickey JW, et al. CODEX multiplexed tissue 
imaging with DNA-conjugated antibodies. Nat Protoc. 2021; 

16(8):3802—3835.

263. Quan Y, Zhang H, Wang M, Ping H. Visium spatial tran-

scriptomics reveals intratumor heterogeneity and profiles of 
Gleason score progression in prostate cancer. iScience. 2023; 

26(12):108429.

264. Choi J, Li J, Ferdous S, Liang Q, Moffitt JR, Chen R. Spatial 

organization of the mouse retina at single cell resolution by 
MERFISH. Nat Commun. 2023;14(1):4929.

265. Lugmayr W, Kotov V, Goessweiner-Mohr N, Wald J, DiMaio F, 

Marlovits TC. StarMap: a user-friendly workflow for Rosetta-

driven molecular structure refinement. Nat Protoc. 2023; 

18(1):239—264.

266. Saleeba C, Dempsey B, Le S, Goodchild A, McMullan S. A 

student’s guide to neural circuit tracing. Front Neurosci. 
2019;13:897.

267. Hui Y, Zheng X, Zhang H, et al. Strategies for targeting neural 

circuits: how to manipulate neurons using virus vehicles. 

Front Neural Circ. 2022;16:882366.

268. Zingg B, Chou XL, Zhang ZG, et al. AAV-mediated anterograde 

transsynaptic tagging: mapping corticocollicular input-

defined neural pathways for defense behaviors. Neuron. 

2017;93(1):33—47.

269. Tervo DGR, Hwang BY, Viswanathan S, et al. A designer AAV 
variant permits efficient retrograde access to projection 

neurons. Neuron. 2016;92(2):372—382.

270. Callaway EM, Luo L. Monosynaptic circuit tracing with glyco-

protein-deleted rabies viruses. J Neurosci. 2015;35(24): 
8979—8985.

271. Zhu Y, Zhang G, Yang Y, et al. Perineural invasion in early-

stage cervical cancer and its relevance following surgery. 
Oncol Lett. 2018;15(5):6555—6561.

272. ElSahwi KS, Barber E, Illuzzi J, et al. The significance of 

perineural invasion in early-stage cervical cancer. Gynecol 

Oncol. 2011;123(3):561—564.

273. Horn LC, Meinel A, Fischer U, Bilek K, Hentschel B. Perineural 

invasion in carcinoma of the cervix uteri: prognostic impact. J 

Cancer Res Clin Oncol. 2010;136(10):1557—1562.

274. Chiril� a M, Bolboac� a SD, Cosgarea M, Tomescu E, Mures ‚ an M.

Perineural invasion of the major and minor nerves in laryngeal 

and hypopharyngeal cancer. Otolaryngol Head Neck Surg. 

2009;140(1):65—69.

275. Cracchiolo JR, Xu B, Migliacci JC, et al. Patterns of recurrence 

in oral tongue cancer with perineural invasion. Head Neck. 

2018;40(6):1287—1295.

276. Nair D, Mair M, Singhvi H, et al. Perineural invasion: inde-

pendent prognostic factor in oral cancer that warrants adju-

vant treatment. Head Neck. 2018;40(8):1780—1787.

277. Shen WR, Wang YP, Chang JY, Yu SY, Chen HM, Chiang CP. 

Perineural invasion and expression of nerve growth factor can 
predict the progression and prognosis of oral tongue squa-

mous cell carcinoma. J Oral Pathol Med. 2014;43(4):258—264.

278. Tai SK, Li WY, Chu PY, et al. Risks and clinical implications of 
perineural invasion in T1-2 oral tongue squamous cell carci-

noma. Head Neck. 2012;34(7):994—1001.

279. Karak SG, Quatrano N, Buckley J, Ricci Jr A. Prevalence and 

significance of perineural invasion in invasive breast carci-

noma. Conn Med. 2010;74(1):17—21.

280. Lagwinski N, Thomas A, Stephenson AJ, et al. Squamous cell 

carcinoma of the bladder: a clinicopathologic analysis of 45 

cases. Am J Surg Pathol. 2007;31(12):1777—1787.

281. Hong SK, Kwak C, Jeon HG, Lee E, Lee SE. Do vascular, 

lymphatic, and perineural invasion have prognostic implica-

tions for bladder cancer after radical cystectomy? Urology. 

2005;65(4):697—702.

282. Muppa P, Gupta S, Frank I, et al. Prognostic significance of 

lymphatic, vascular and perineural invasion for bladder can-

cer patients treated by radical cystectomy. Pathology. 2017; 
49(3):259—266.

283. Peng J, Sheng W, Huang D, et al. Perineural invasion in pT3N0 

rectal cancer: the incidence and its prognostic effect. Can-

cer. 2011;117(7):1415—1421.

284. Kinugasa T, Mizobe T, Shiraiwa S, Akagi Y, Shirouzu K. Peri-

neural invasion is a prognostic factor and treatment indicator 

in patients with rectal cancer undergoing curative surgery: 

2000-2011 data from a single-center study. Anticancer Res. 
2017;37(7):3961—3968.

285. Shirouzu K, Isomoto H, Kakegawa T. Prognostic evaluation of 

perineural invasion in rectal cancer. Am J Surg. 1993;165(2): 
233—237.

286. Ho S, Yu M, Mun K, et al. Significance of perineural and lym-

phovascular invasion in locally advanced rectal cancer 

treated by preoperative chemoradiotherapy and radical sur-

gery: can perineural invasion be an indication of adjuvant 

chemotherapy? Radiother Oncol. 2019;133:125—131.

287. Qin L, Heng Y, Deng S, et al. Perineural invasion affects prog-

nosis of patients undergoing colorectal cancer surgery: a pro-

pensity score matching analysis. BMC Cancer. 2023;23(1):452.

288. Suzuki T, Suwa K, Ogawa M, et al. Adjuvant chemotherapy for 

the perineural invasion of colorectal cancer. J Surg Res. 2015; 

199(1):84—89.

Understanding nerve—tumor interactions 27

http://refhub.elsevier.com/S2352-3042(25)00444-1/sref247
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref248
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref248
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref248
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref249
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref249
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref250
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref250
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref250
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref251
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref251
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref251
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref252
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref252
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref252
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref253
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref253
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref253
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref254
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref254
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref254
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref255
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref255
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref255
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref256
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref256
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref256
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref256
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref257
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref257
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref257
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref258
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref258
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref258
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref259
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref259
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref259
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref260
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref260
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref260
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref261
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref261
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref261
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref261
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref262
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref262
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref262
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref263
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref263
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref263
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref263
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref264
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref264
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref264
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref265
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref265
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref265
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref265
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref266
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref266
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref266
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref267
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref267
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref267
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref268
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref268
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref268
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref268
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref269
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref269
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref269
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref270
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref270
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref270
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref271
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref271
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref271
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref272
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref272
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref272
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref273
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref273
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref273
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref274
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref274
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref274
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref274
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref275
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref275
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref275
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref276
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref276
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref276
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref277
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref277
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref277
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref277
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref278
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref278
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref278
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref279
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref279
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref279
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref280
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref280
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref280
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref281
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref281
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref281
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref281
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref282
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref282
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref282
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref282
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref283
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref283
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref283
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref284
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref284
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref284
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref284
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref284
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref285
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref285
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref285
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref286
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref286
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref286
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref286
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref286
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref287
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref287
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref287
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref288
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref288
http://refhub.elsevier.com/S2352-3042(25)00444-1/sref288


289. Huang Y, He L, Dong D, et al. Individualized prediction of 
perineural invasion in colorectal cancer: development and 

validation of a radiomics prediction model. Chin J Cancer Res. 

2018;30(1):40—50.

290. Alotaibi AM, Lee JL, Kim J, et al. Prognostic and oncologic 
significance of perineural invasion in sporadic colorectal 

cancer. Ann Surg Oncol. 2017;24(6):1626—1634.

291. Leijssen LGJ, Dinaux AM, Taylor MS, et al. Perineural invasion 
is a prognostic but not a predictive factor in nonmetastatic 

colon cancer. Dis Colon Rectum. 2019;62(10):1212—1221.

292. Cienfuegos JA, Martı́nez P, Baixauli J, et al. Perineural inva-

sion is a major prognostic and predictive factor of response to 
adjuvant chemotherapy in stage I—II colon cancer. Ann Surg 

Oncol. 2017;24(4):1077—1084.

293. Albergotti WG, Schwarzbach HL, Abberbock S, et al. Defining 

the prevalence and prognostic value of perineural invasion 
and angiolymphatic invasion in human papillomavirus-positive 

oropharyngeal carcinoma. JAMA Otolaryngol Head Neck Surg. 

2017;143(12):1236—1243.

294. Liu W, Ren S, Zeng C, Hu Y. Prognostic value of perineural 

invasion in resected non-small cell lung cancer: a meta-

analysis. Heliyon. 2023;9(4):e15266.

295. Antunes AA, Nesrallah LJ, Dall’Oglio MF, et al. Perineural in-

vasion by transitional cell carcinoma of the bladder in pa-

tients submitted to radical cystectomy: what is the prognostic 

value? Int Braz J Urol. 2007;33(2):161—166.

296. Bechert CJ, Stern JB. Basal cell carcinoma with perineural 
invasion: reexcision perineural invasion? J Cutan Pathol. 

2010;37(3):376—379.

297. Leibovitch I, Huilgol SC, Selva D, Richards S, Paver R. Basal 
cell carcinoma treated with Mohs surgery in Australia III. 

Perineural invasion. J Am Acad Dermatol. 2005;53(3): 

458—463.

298. Huang Q, Huang Y, Chen C, et al. Prognostic impact of lym-

phovascular and perineural invasion in squamous cell carci-

noma of the tongue. Sci Rep. 2023;13(1):3828.

299. Tatsuta M, Iishi H, Baba M, Nakaizumi A, Ichii M, Taniguchi H. 

Inhibition by gamma-amino-n-butyric acid and baclofen of 
gastric carcinogenesis induced by N-methyl-N’-nitro-N-nitro-

soguanidine in Wistar rats. Cancer Res. 1990;50(16): 

4931—4934.

300. Liu X, Wu WKK, Yu L, et al. Epinephrine stimulates esophageal 
squamous-cell carcinoma cell proliferation via beta-adreno-

ceptor-dependent transactivation of extracellular signal-

regulated kinase/cyclooxygenase-2 pathway. J Cell Biochem. 
2008;105(1):53—60.

301. Beretta F, Bassani S, Binda E, et al. The GluR2 subunit inhibits 

proliferation by inactivating Src-MAPK signalling and induces 

apoptosis by means of caspase 3/6-dependent activation in 
glioma cells. Eur J Neurosci. 2009;30(1):25—34.

302. Stepulak A, Luksch H, Uckermann O, et al. Glutamate re-

ceptors in laryngeal cancer cells. Anticancer Res. 2011;31(2): 

565—573.

303. Tilly BC, Tertoolen LG, Remorie R, et al. Histamine as a 

growth factor and chemoattractant for human carcinoma and 

melanoma cells: action through Ca 2+ -mobilizing H1 receptors. 
J Cell Biol. 1990;110(4):1211—1215.

304. Song P, Sekhon HS, Lu A, et al. M3 muscarinic receptor an-

tagonists inhibit small cell lung carcinoma growth and 

mitogen-activated protein kinase phosphorylation induced by 

acetylcholine secretion. Cancer Res. 2007;67(8):3936—3944.
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