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Cancer neuroscience: Mechanisms to medicine
Lilach Pasvolsky1, Gregory H. Jones2, Yen Vu1, Frank Winkler3,4, Moran Amit1,5,6,7*

The nervous system is now recognized as an enabling hallmark of cancer biology. Neural inputs drive tumor growth 
in both central nervous system tumors and extracranial tumors through different mechanisms, including synaptic 
signaling, adrenergic regulation, perineural invasion, neuropeptides, immune remodeling, and bioelectric mech-
anisms. These insights have facilitated repurposing of neuroactive agents that are now in clinical trials as adjuncts 
to standard cancer therapy. The central translational challenge now is how to match the right neural circuit to the 
right patient and to pair appropriate neuromodulators with immunotherapy in combinations designed to restore, 
rather than merely supplement, antitumor immunity.

INTRODUCTION
The nervous system is now recognized as an enabling hallmark of 
cancer biology (1). In tumors of both the central and peripheral ner-
vous systems, bidirectional cross-talk between neural circuits and 
malignant cells drives proliferation, invasion, immune evasion, and 
metastasis through diverse mechanisms including synaptic inte-
gration, neurotransmitter signaling, trophic factor gradients, and 
direct bioelectric coupling (2–10). These core pathophysiological 
mechanisms are illustrated across central nervous system (CNS) 
and peripheral nervous system (PNS) tumor contexts in Fig. 1. These 
mechanistic insights have catalyzed an equally expansive transla-
tional opportunity. Many of the agents already in clinical use for neuro-
logical and psychiatric conditions—β-blockers, antiseizure drugs, 
and antidepressants—are now being tested as adjuncts to standard 
cancer regimens, and first-in-class compounds designed specifically to 
interrupt neuron-tumor interfaces are entering clinical trials. Whereas 
prior high-quality reviews addressed specific cancer neuroscience as-
pects (2–6, 8, 9), this Review synthesizes the entire translational 
pipeline across both CNS and PNS tumor types, from mechanistic 
discoveries to clinical-stage neuromodulatory therapeutics, with em-
phasis on emerging opportunities for biomarker-driven patient se-
lection and rational combination with immunotherapy.

CNS MECHANISMS
In brain tumors, malignant cells integrate physically and electrically 
into neural circuits through tumor microtubes (TMs) and electro-
chemical synapses, hijacking the same plasticity machinery that healthy 
neurons use to learn and adapt, including glutamate receptors, syn-
aptic adhesion molecules, and downstream growth kinases, to sustain 
proliferative and invasive programs (Fig. 1A) (11–16). These inter-
actions couple neuronal activity to tumor growth through calcium-
dependent signaling and activity-driven transcriptional programs. 
Direct glutamatergic synaptic input from neurons drives glioma 

progression (17, 18), in part, through α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (AMPAR)/N-methyl-d-aspartate re-
ceptor (NMDAR)–mediated depolarization and downstream Ca2+ 
influx that activates calcium- and calmodulin-dependent protein 
kinase II and progrowth transcriptional pathways, and perisynaptic 
NMDAR activation promotes breast-to-brain metastasis (19). These 
interactions are bidirectional: Isocitrate dehydrogenase–wild-type glio-
blastoma multiforme (GBM) remodels surrounding functional cir-
cuits, degrading cognitive function and overall survival (OS) (16), 
whereas neurofibromatosis type-1 (NF1)–mutant optic pathway glio-
mas depend on neuronal activity for initiation and can be suppressed 
by sensory deprivation (20).

Importantly, these activity-dependent mechanisms are not re-
stricted to adult high-grade gliomas (HGGs). Pediatric diffuse midline 
gliomas form γ-aminobutyric acid (GABA)–ergic neuron-to-glioma 
synapses that drive growth through distinct inhibitory programs 
(21), and the histologic breadth of neuron-tumor synaptic integra-
tion extends to low-grade tumors where the indolent disease course 
makes sustained neuromodulatory strategies particularly appealing. 
These findings underscore that neuron-tumor synaptic integration 
operates across the histologic and age spectrum of brain tumors, in-
cluding low-grade and pediatric contexts. Recent work has further 
revealed that many primary brain tumors exhibit neural-like molecu-
lar, electrophysiological, and morphological features, with tumor cells 
adopting neuronal lineage programs and potentially emulating neural 
phenotypes to facilitate circuit integration or reflecting neurodevel-
opmental features such as pacemaking that govern communicating 
tumor cell networks in glioblastoma (15). These neural-like states 
may enhance electrical coupling, synchronization, and responsive-
ness to neuronal activity in tumor networks. The principle of neuron-
tumor synaptic communication has now been extended beyond 
gliomas to brain metastases, where metastatic cells from breast can-
cer and melanoma can establish excitatory glutamatergic synapses 
with neurons during early metastatic seeding, suggesting that exploi-
tation of neuronal signaling may represent a general adaptive strat-
egy in the brain microenvironment (22–24).

Advances in circuit mapping and connectomics demonstrate that 
tumors engage distributed neuronal circuits and reshape network ac-
tivity across larger anatomical scales, including interactions with 
neuroimmune signaling pathways (21, 25). Not all neuron tumor syn-
aptic connections are equally active, and this heterogeneity may itself 
be therapeutically exploitable. Many tumor-neuron synapses appear 
∼100-fold weaker than bona fide neuronal synapses, suggesting toni-
cally suppressed “silent” synapses whose activation requires relief of 
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γ-aminobutyric acid type B (GABAB)–mediated presynaptic inhi-
bition to drive proliferation, thereby enabling activity-dependent 
synaptic transmission that can trigger downstream proliferative sig-
naling (26). Together, these insights position neuron-tumor synaptic 
integration as a therapeutically actionable feature of CNS malignan-
cies (6, 27), but the nervous system’s influence on cancer does not 
stop at the blood-brain barrier. In extracranial tumors, an entirely 
different set of peripheral circuits shapes tumor biology through 

autonomic tone, neuropeptide gradients, 
and physical nerve invasion.

PNS MECHANISMS: CIRCUITS, 
SCAFFOLDS, AND 
METABOLIC REPROGRAMMING
Beyond the CNS, peripheral neural circuits 
shape tumor biology through an entirely 
different set of anatomical and molecular 
interfaces, one defined not by synapses but 
by autonomic tone, neuropeptide gradi-
ents, and nerve scaffold invasion (1,  10). 
Sympathetic (adrenergic) signaling pro-
motes progression across multiple cancers 
by driving β-adrenergic receptor (β-AR)–
mediated vascular endothelial growth 
factor (VEGF) up-regulation, matrix me-
talloproteinase (MMP) induction, and 
immune suppression. Conversely, para-
sympathetic and cholinergic innervation 
plays context-dependent roles—promoting 
growth in gastric and colorectal cancers 
(CRCs) yet acting as a suppressor in pan-
creatic cancer (10,  28–30). Perineural 
invasion (PNI) remains a major route of 
locoregional spread in pancreatic, pros-
tate, and head-and-neck cancers, driven by 
neurotrophic gradients [nerve growth fac-
tor (NGF), glial cell line–derived neuro-
trophic factor, and artemin] acting on 
tropomyosin receptor kinase (Trk) A/
rearranged during transfection (RET) re-
ceptors (31, 32). This innervation is actively 
influenced by the cancer genome: Exo-
somes reprogram neurons to extend axons 
toward tumors (33), whereas p53 loss in 
head and neck squamous cell carcinoma 
(HNSCC) drives sensory-to-adrenergic 
transdifferentiation via microRNA remod-
eling in tumor-shed extracellular vesicles, 
significantly increasing intratumoral nerve 
density (30, 34).

Sensory neurons have emerged as early 
architects of the tumor-permissive niche. 
Nociceptor-derived calcitonin gene–related 
peptide (CGRP) drives CD8+ T cell ex-
haustion and myeloid-derived suppressor 
cell (MDSC) infiltration, suppresses nat-
ural killer (NK) cell function via cancer-
associated fibroblasts (CAFs) in pancreatic 

cancer, and broadly suppresses tumor-infiltrating lymphocytes (TILs) 
in HNSCC (35–37). Sensory fibers further facilitate invasion via 
physical tracks [e.g., plexinB3 in triple-negative breast cancer (TNBC)] 
and form synapse-like connections that drive growth through CGRP 
receptor activity-modifying protein 1 (RAMP1) signaling (38, 39). 
This axis is regulated by reciprocal feedback: B cell–derived nociceptin/
orphanin FQ (NOFQ), an endogenous opioid, silences CGRP-releasing 
nociceptors, whereas CGRP conversely suppresses B cell NOFQ 

A B

Fig. 1. Bidirectional neural-tumor cross-talk in CNS and PNS cancers. (A) Top and middle: In primary CNS tumors 
and brain metastases, particularly breast cancer and melanoma metastases, malignant cells can exploit neural-circuit 
activity through neuron tumor synaptic signaling. In primary brain tumors, this includes glutamatergic signaling 
through AMPARs and NMDARs, ADAM10-mediated NLGN3 shedding, and downstream neurotrophic/growth signal-
ing that collectively drive activity-dependent tumor growth. Similar excitatory glutamatergic neuron-tumor interac-
tions have also been described in brain metastases. Bottom: Tumor cells form interconnected microtube networks 
linked by Cx43 gap junctions, and a subset exhibit pacemaker-like behavior characterized by KCa3.1 expression and 
autonomous, rhythmic Ca2+ oscillations. (B) PNS mechanisms in extracranial tumors. Top: Sympathetic, sensory, and 
parasympathetic nerves innervate the tumor microenvironment and release distinct mediators shown in the figure: 
norepinephrine (NE), CGRP, SP, NPY, and ACh. Middle: These neural inputs converge on tumor cells and stromal inter-
mediaries, including CAFs and TASc, supporting tumor growth, invasion, perineural spread, and bidirectional tumor-
nerve remodeling. Bottom: Neural signaling establishes a neurotrophic-immune feedforward loop that links peripheral 
neural input to tumor-intrinsic programs, including EMT, MMP-mediated invasion, VEGF-driven angiogenesis, and 
ion-channel activity (Nav and TRPV1), as well as immune modulation involving CD8+ T cells, NK cells, regulatory T cells 
(Treg cells), and MDSCs.
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production, together determining the immunosuppressive tone of 
the tumor microenvironment (TME) (40). Nociceptors also link can-
cer pain to immune evasion; loss of transient receptor potential vanil-
loid 1 (TRPV1) or systemic CGRP antagonism slows tumor growth 
by disrupting a TRPV1–c-Jun–interleukin 6 (IL-6) axis (41, 42). A 
critical conceptual advance is cancer-induced nerve injury (CINI): 
Tumor-induced myelin degradation triggers a neuronal injury pro-
gram, leading to release of IL-6 and type I interferons that promote T 
cell exhaustion and resistance to anti–programmed cell death protein 
1 (PD-1) therapy (43). Conversely, sympathetic signaling may be pro-
tective in colorectal cancer (CRC) and HNSCC, where it enhances 
CD8+ T cell recruitment and cytotoxicity (44, 45).

Neurons are not alone in sculpting the TME. Schwann cells, which 
normally ensheathe and protect peripheral axons, can be repro-
grammed by tumors into dedifferentiated, invasion-promoting guides. 
These tumor-associated Schwann cells (TASc) form dynamic tracks 
that channel cancer cell migration and drive epithelial-mesenchymal 
transition (EMT) (46, 47). This process is often metabolically driven: 
High-lactate environments reprogram TASc into immunosuppres-
sive cells that impair CD8+ T cell function (48), and TASc can drive 
tumor cells toward aggressive basal-like states and organize CAFs 
into inflammatory phenotypes via midkine and IL-1α signaling 
(49). In melanoma, tumor cells can adopt hybrid neural/Schwann 
cell precursor-like states that correlate with early metastasis and resis-
tance to both mitogen-activated protein kinase inhibitors and immune 
checkpoint blockade, with histone deacetylase 2 (Hdac2) inhibition 
capable of remodeling this state and restoring immunotherapy sen-
sitivity (50). CAFs further amplify sympathetic innervation through 
β2-AR/NGF feedforward loops (51) and facilitate PNI via CXCL12-
mediated chemotaxis (52).

Neural influence on tumor biology extends to metabolism. Cancer-
associated neurons can transfer mitochondria directly to tumor cells 
via tunneling nanotubes, enhancing metabolic plasticity and meta-
static potential (53). In the TME, a lactate-NOP2/Sun RNA methyl-
transferase family axis stabilizes proinvasive transcripts to promote 
PNI, whereas nonselective β-blockers reverse this by reducing lac-
tate accumulation (54, 55). The reach of these signals is systemic: 
Obesity-driven NGF from pancreatic adipocytes amplifies PNI (56), 
and chronic stress remodels peritumoral lymphatics to accelerate dis-
semination (57). These peripheral branches are integrated through 
central circuits; lung adenocarcinoma engages vagal sensory neu-
rons (VSNs) that signal to brainstem nuclei, driving elevated sympa-
thetic efferent activity back to the TME to suppress immunity via 
alveolar macrophages (58).

Together, these findings position peripheral neural circuits as 
active regulators of tumor growth, immune evasion, and metastatic 
dissemination, providing a mechanistic foundation for neuromodu-
latory therapeutic strategies. The mechanistic picture that emerges 
from both CNS and PNS contexts is one of remarkable therapeutic 
accessibility: The pathways that nerves use to talk to tumors are, for 
the most part, druggable, with agents already on pharmacy shelves.

CURRENT TREATMENTS TARGETING THESE VULNERABILITIES
We organize neuromodulatory strategies along two overlapping axes: 
the dominant neural architecture (central versus peripheral, sympa-
thetic, parasympathetic, and sensory circuits) and therapeutic intent 
(disease-modifying versus symptom- and survivorship-oriented). In 
densely innervated tumors, pancreatic and head-and-neck cancers 

being the prototypes, Schwann cell–rich autonomic and sensory plex-
uses scaffold invasion, pain, and immune suppression. Electrically 
active but less invasively innervated tumors, including breast cancer 
and melanoma, are instead shaped by tumor-cell ion channels, neu-
rotransmitter receptors, and tumor-derived paracrine factors (59, 60). 
Symptom- and survivorship-oriented approaches represent an equally 
vital arm of cancer neuroscience, and several agents occupy a dual 
space, with established efficacy for cancer-associated symptoms 
such as seizures, pain, nausea, and depression alongside putative an-
titumor potential.

Building on the CNS and PNS mechanisms outlined above, we next 
focus on neuromodulatory strategies that directly target these circuits 
at the level of neurotransmitter receptors, ion channels, and neural-
tumor interfaces. Establishing biomarkers for patient stratification—
PNI grade, nerve density, tumor receptor expression, stress physiology, 
and immune composition—remains a central priority to match mecha-
nisms to the dominant neural circuit in each tumor, as does rational 
combination with immune checkpoint blockade to restore CD8+ 
T cell function and reduce MDSC infiltration. Individual treatment 
classes with available evidence are summarized in Table 1 and Fig. 2 
and discussed in detail below.

Neurotransmitter signaling pathways
β-adrenergic signaling
Supported by meta-analytic data from observational cohorts and more 
than 20 active prospective clinical trials, β-adrenergic signaling is one of 
the most translationally advanced neuromodulatory targets in cancer 
neuroscience for the PNS. In high-PNI and stress-responsive tumors, 
norepinephrine/β-adrenergic (NE/β-AR) signaling is a prototypical 
tumor-promoting sympathetic circuit: Chronic β-adrenergic tone 
drives angiogenesis, epithelial-mesenchymal transition (EMT), metas-
tasis, and immunosuppression, whereas β-blockers reverse these pro-
grams and may synergize with chemotherapy and immunotherapy 
(61). A small, signal-generating propranolol-pembrolizumab trial in 
metastatic melanoma reported a striking objective response rate, al-
though the uncontrolled single-arm design limited conclusions (62). 
Larger observational studies suggest a modest survival benefit with β-
blocker use during immune checkpoint inhibitor (ICI) therapy, with 
nonselective agents appearing more immunologically active than β1–
selective agents (63); quantitative details are provided in Table 1. How-
ever, detrimental associations have also been noted in pancreatic and 
head-and-neck cancers, where β-blockade may exert countervailing 
influences on tumor growth and antitumor immunity (63, 64).

These findings highlight the need for biomarker-stratified trials 
that account for tumor genotype (e.g., tumor protein p53 status), β-
AR subtype expression (65), and tumor immunogenicity when eval-
uating β-blocker interventions. Patient selection will likely hinge on 
AR subtype: β2-AR dominates in TNBC and melanoma, whereas β1-
AR appears more relevant in oral SCC (65). Complementary func-
tional readouts, tumor β2-AR expression by immunohistochemistry 
(IHC) and heart-rate variability as a vagal tone index, may further 
sharpen stratification (66, 67). Structural barriers also matter, given 
that systemically administered β-blockers often fail to reach thera-
peutic concentrations within solid tumors (2). More than 20 active 
clinical trials are prospectively investigating β-blockade as an onco-
logic neuromodulatory strategy, spanning neoadjuvant breast can-
cer, metastatic melanoma, gastrointestinal (GI) cancers, non–small 
cell lung cancer (NSCLC), bladder cancer, angiosarcoma, and TNBC; 
selected trials are summarized in Table 1.
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Table 1. Neuromodulatory agents and emerging targets in cancer neuroscience. Organized by mechanistic class, this integrated table spans the 
translational spectrum from FDA-approved agents under oncologic repurposing to first-in-class compounds and preclinical targets. Evidence levels reflect the 
highest-quality data available; biomarkers listed are candidate stratification tools and have not been prospectively validated. Dash entries indicate not 
applicable. 4-AP, 4-aminopyridine; CA, cancer; CHRM3, cholinergic receptor muscarinic 3; CI, confidence interval; CIPN, chemotherapy-induced peripheral 
neuropathy; DMG, diffuse midline glioma; EA, electroacupuncture; FLNA/FLNC, filamin A/filamin C; GOJ, gastroesophageal junction; GsMTx4, Grammostola 
spatulata mechanotoxin 4; HA-WBRT, hippocampal-avoidance whole-brain radiotherapy; HRV, heart rate variability; M2, M2-polarized tumor-associated 
macrophage; mAbs, monoclonal antibodies; mo, month; mOS, median overall survival; ORR, objective response rate; PIEZO1, Piezo-type mechanosensitive ion 
channel component 1; PR, partial response; RCT, randomized controlled trial; RFS, recurrence-free survival; R/M, recurrent/metastatic; RR, relative risk; RT, 
radiotherapy; SD, stable disease; SLC7A11, solute carrier family 7 member 11 (xCT gene); ST-36, stomach meridian acupoint 36; TMZ, temozolomide; UNC5B, 
unc-5 netrin receptor B; vs., versus; 5-HT, serotonin [5 hydroxytryptamine (5-HT)]; α2δ-1, voltage-gated calcium channel α2δ-1 subunit.

Treatment class Exemplar agents Tumor types Evidence level Key clinical evidence Notable biomarkers

﻿β-Adrenergic blockers Propranolol, carvedilol, 
atenolol

Breast, melanoma, 
ovarian, prostate, GI, 
angiosarcoma, TNBC

Phase 2 + extensive 
observational; >20 

active trials

Propranolol + pembroli-
zumab (n = 9 melanoma): 

ORR 78% (62). 
BB + ICI meta-analysis 
(12 studies): HR 0.91 
(0.85–0.98) OS (63). 

Nonselective BB > β1-
selective for immune 

modulation (63). 
>12 phase 1/2 trials across 

breast, GI, lung, bladder, 
sarcoma, TNBC recruiting

β2-AR IHC H-score: High 
β2-AR → improved RFS/
OS in esophageal/GOJ 

(HR 0.48–0.57) (67). 
HRV as vagal-tone 

index (survival HR 0.59, 
n = 2539) (66)

CGRP pathway Rimegepant, erenum-
ab, fremanezumab, ep-
tinezumab, olcegepant

Gastric, HNSCC, thyroid, 
melanoma, CRC, solid 

tumors

Phase 2 registered; 
strong preclinical

First antitumor CGRP 
trial: Rimegepant + anti–

PD-1 in liver-met CRC 
(NCT06999252), not yet re-
cruiting. RAMP1 blockade 

nearly triples survival in 
melanoma models (35). 

Rimegepant reduces 
gastric tumor volume 

in vivo (39). 
FDA-approved anti-CGRP 
mAbs provide immediate 

repurposing pathway

RAMP1 expression (IHC/
RNA): Pan-cancer poor 

prognosis (141). 
CGRP gene signature: 
Suppressed antitumor 
immunity across solid 

tumors (37)

Dopamine receptors 
(DRD2/ClpP)

ONC201 (dordavi-
prone), ONC206, 
chlorpromazine

H3K27M DMG, GBM, 
AML, NETs, breast

FDA accelerated 
approval (DMG); phase 

3 ongoing

ONC201 accelerated FDA 
approval for H3K27M 

DMG: mOS ≈ 21–22 mo 
vs. historical 11–15 mo. 

ACTION phase 3 in newly 
diagnosed H3K27M DMG 
(NCT05580562) ongoing 

(74). 
Outside DMG: Mostly sta-

ble disease, few PR; several 
trials completed (75)

DRD2 protein/mRNA: 
4–17-fold overexpres-
sion in GBM vs. normal 
brain (77). ClpP expres-

sion as an ONC201/
imipridone sensitivity 

marker (78)

 Glutamate pathway 
(AMPA, NMDA, xCT)

Perampanel, meman-
tine, sulfasalazine

GBM, glioma, brain me-
tastases, melanoma

Phase 1/2 (glioma); 
symptom-based 

phase 3

Talampanel/perampanel 
+ chemoRT in glioma: 

Acceptable safety, modest 
signals supporting larger 

studies (81–84). 
Memantine standard-of-

care neuroprotectant with 
HA-WBRT (86). 

Multiple sulfasalazine 
phase 1/2 trials; one 

terminated early. GLUGLIO 
trial: Gabapentin + sul-

fasalazine + memantine + 
chemoRT vs. chemoRT in 

GBM (142)

xCT (SLC7A11) expres-
sion: Glutamate export 

dependence (87). 
MEG gamma power/
functional connectiv-
ity as nonmolecular 

marker (16)

(Continued)
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 (Continued)

Treatment class Exemplar agents Tumor types Evidence level Key clinical evidence Notable biomarkers

Axon guidance: 
netrin- 1/SEMA4D

NP137 (anti–netrin-1), 
pepinemab (anti-

SEMA4D)

Endometrial, cervical, 
HNSCC, melanoma, 

osteosarcoma

Phase 1/2 with clinical 
signals

NP137: 8/14 SD, 1 PR 
(>50% reduction) in endo-
metrial CA (NCT02977195) 

(103). 
KEYNOTE-B84: Pepinemab 
+ pembrolizumab in R/M 
HNSCC doubled ORR vs. 

historical (NCT04815720) 
(104). 

Combination trials with 
ICI ongoing (GYNET; 

NCT04652076)

Netrin-1 overexpression 
correlates with EMT 

scores and worse prog-
nosis in endometrial 

cancer (103). 
UNC5B may serve as a 
companion biomarker 
for netrin-1 depend-
ence for NP137 (143)

NLGN3/ADAM10 
synapse pathway

INCB7839 (ADAM10 
inhibitor)

Pediatric HGG, GBM, 
medulloblastoma

Phase 2 ongoing (pedi-
atric HGG)

NLGN3 validated as 
master regulator of 

activity-dependent glioma 
growth. ADAM10 inhibi-

tion blocks neuron-glioma 
synapse formation; sup-
presses HGG xenografts. 

INCB7839 phase 2 in pedi-
atric HGG (NCT04295759); 
repurposed from Alzheim-

er’s (12–14)

NLGN3 cleavage/
ectodomain shedding 

activity

 Gap junction blockers 
(connexins)

Meclofenamate, ton-
abersat, carbenoxolone

GBM, brain metastases Preclinical + early clini-
cal (meclofenamate)

Cx43 mediates tumor 
microtube networks → 

nutrient sharing, chemore-
sistance meclofenamate 
(FDA-approved NSAID) 

blocks Cx43; reduces GBM 
invasion, enhances TMZ 

(105). 
Phase 1/2 ongoing 
in GBM (EudraCT 

2021-000708-39). Trial for 
brain metastases regis-

tered (not yet recruiting) 
(NCT02429570)

 –

 GABA pathway 
(GABAA/B)

Valproic acid, baclofen, 
benzodiazepines

GBM, AML, prostate, 
lung, medulloblastoma

Phase 1/2; extensive but 
inconclusive

Systematic review of VPA 
as glioma radiosensitizer: 

HR 0.80 (retrospective-
driven) (90). 

VPA + RT/TMZ in 
GBM (NCT00302159): 

mOS ∼ 29.6 mo (single-
arm) (89). 

Benzodiazepine use 
associated with increased 
cancer risk (RR 1.19, n = 44 

studies) (91)

HDAC activity/histone 
acetylation as VPA phar-
macodynamic marker. 

GABAA-R subunit 
expression (context-

dependent)

Acetylcholine 
pathway (M3, nAChR)

Botulinum toxin, 
bethanechol, darifena-

cin, donepezil

Gastric, PDAC, prostate, 
CRC, HNSCC

Phase 2 (BTX gastric; 
bethanechol PDAC)

Bethanechol ± gemcit-
abine/nab-paclitaxel in 
PDAC (NCT03572283, 

NCT05241249).  
BTX phase 2 in inoper-
able gastric adenoCA 

(NCT01822210): Completed, 
no results posted. Donepezil: 

No convincing benefit for 
cancer-related cognitive 
impairment (5 RCTs) (95)

M3R (CHRM3): Overex-
pressed in gastric/CRC; 

correlates with EGFR 
transactivation (93). 
ChAT expression as 

autocrine ACh marker 
(94)

(Continued)
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 (Continued)

Treatment class Exemplar agents Tumor types Evidence level Key clinical evidence Notable biomarkers

 Serotonin pathway 
(SERT, 5- HT)

Fluoxetine, sertraline, 
imipramine, telotristat 

ethyl

Glioma, CRC, AML, SCLC, 
breast, NETs

Phase 1 (oncology); FLIRT trial: Fluoxe-
tine + TMZ in glioma 

(NCT05634707). 
Fluoxetine immune mod-
ulation window study in 

CRC (NCT06225011). 
Sertraline + cytarabine in 

AML (NCT02891278). 
No tumor-control or sur-
vival outcomes available 

yet

SERT (SLC6A4) on CD8+ 
T cells: High intratu-

moral SERT → poorer 
survival; predicts SSRI 
immune potentiation 

(80). 
TPH1 in TILs as auto-

crine serotonin circuit 
marker (80)

NK1R antagonists 
(neurokinin/
substance P)

Aprepitant, fosaprep-
itant

Breast, NSCLC, CRC, 
PDAC, HNSCC, GBM

Observational only; 
FDA-approved an-

tiemetic

Aprepitant associated 
with improved breast 

cancer survival vs. other 
antiemetics (HR 0.83) 

(124). 
No prospective antitumor 

trial conducted. Strong 
preclinical: SP/NK1R 

inhibition reduces growth/
metastasis (123)

TACR1 (NK1R): Overex-
pression as pan-cancer 

prognostic marker 
(123). 

Sex-specific expression 
in PDAC (higher in 
female) (125, 126). 

Plasma substance P

 TRPV1 pathway Capsaicin, capsazepine, 
RTX, nanoparticle 

formulations

HCC, ovarian, CRC, HN-
SCC, breast, oral SCC

Phase 1 (RTX for pain 
only); preclinical for 

oncology

RTX phase 1 
(NCT00804154): 38% pain 

reduction, 57% opioid 
reduction (119). 

TRPV1 inhibition sensitizes 
to PD-1 blockade (115). 
RTX denervation: 5-fold 

increase CD8+ TILs in oral 
SCC (118). 

No dedicated antitumor 
capsaicin/capsazepine 

trials

TRPV1-high tumors 
and sensory nerves; 
pan-cancer TRPV1 

expression signature 
linked to TMB/MSI; 

EGFR activation and 
plasma EGF for immu-
notherapy combina-

tions (115)

Voltage- gated 
Na+﻿ channels 
(Nav1.5/1.7)

Lidocaine, ranolazine, 
phenytoin

Breast, melanoma, 
prostate, colon, TNBC, 

HNSCC

Phase 1/2; observation-
al signals

Ranolazine: ∼60% lower 
cancer-specific mortality 

(retrospective) (107). 
Peritumoral lidocaine im-
proves OS in early breast 
CA; many trials underway 

(108). 
Preclinical: 50–60% metas-

tasis reduction with Nav 
blockade (106)

Nav1.5 protein (IHC): 
Correlates with metas-
tasis in breast CA TMA. 

Nav1.7 (SCN9A) 
expression correlates 

with tumor size, lymph 
node metastasis, and 
5-/10-year survival in 
endometrial cancer; 

neonatal splice variant 
nNav1.5 distinguish-

es metastatic from 
nonmetastatic breast 

cancer cells (106)

 Potassium channels 
(Kv1.3, KCa3.1)

Senicapoc, amiodar-
one, clofazimine, 4-AP

TNBC, melanoma, glio-
ma, pancreatic

Phase 1 (SENIPERA trial 
in GBM)

SENIPERA: Senica-
poc ± perampanel in 

newly diagnosed GBM 
(NCT07284069)—first trial 
cotargeting ion channel + 

glutamatergic signal-
ing. Preclinical only for 

amiodarone, clofazimine, 
TRAM-34 (109, 110)

Kv1.3/KCa3.1 expression 
on tumor cells. Bioelectric 

membrane potential 
as functional readout 

(109, 110).

(Continued)
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 (Continued)

Treatment class Exemplar agents Tumor types Evidence level Key clinical evidence Notable biomarkers

Calcium channels 
(α2δ, Cav3.2, L- type)

Gabapentin, pregaba-
lin, mibefradil

GBM, melanoma, breast, 
pancreatic

Phase 1 mibefradil 
(NCT02202993) 

Retrospective signal 
(gabapentinoids)

Extensive preclinical 
evidence for gabapentin; 
use at GBM diagnosis: 4–6 
mo OS benefit (HR ∼ 0.65; 
discovery n = 693, valida-

tion n = 379) (112). 
Gabapentin phase 3 main-
ly for mucositis/symptom 

end points. 
Ketorolac + pregabalin 
in early ER+ breast CA 

(NCT06150898) recruiting

Serum TSP-1: Lower 
in patients with 

gabapentin-treated 
GBM (112). 

α2δ-1 subunit expres-
sion as target engage-

ment marker

 Surgical/chemical 
denervation

Vagotomy, BTX 
injection, celiac plexus 

neurolysis

Gastric, PDAC, prostate Phase 2 + established 
palliative procedures

Vagotomy reduces recur-
rence with gastrectomy. 
Celiac plexus neurolysis: 

Standard-of-care for 
pancreatic cancer pain. 
Radical denervation in 

preclinical models: 87.5% 
complete regression 
(144, 145). BTX phase 
2 in gastric adenoCA 

completed; no efficacy 
results posted

PNI grade: Independent 
predictor of biochemi-
cal recurrence in pros-
tate CA (meta-analysis) 

(132). 
3D PNI morphometry 

emerging (131)

 Tumor- treating fields Optune (200–300 kHz) GBM FDA approved (GBM 
standard of care)

FDA approved for newly 
diagnosed GBM: 5-Month 

OS extension with TMZ; 
pivotal phase 3 efficacy in 

PDAC (133). 
Mechanism: Disrupts 

microtubule dynamics and 
mitosis

Not specifically 
biomarker- stratified

NPY/Y1R antagonism BMS-193885, BIBO3304 PDAC, gastric, breast, 
CRC

Preclinical (2025 dis-
covery)

NPY identified as key 
metastasis driver in PDAC; 

sensory neuron NPY 
release → liver metastasis. 
Y1R antagonism blocked 
metastasis in preclinical 
models (70). No clinical 

trials registered

 –

 PIEZO1 mechanosen-
sitive channels

Yoda1 (agonist), 
GsMTx4 (antagonist)

Breast, ovarian, gastric Preclinical Piezo1 overexpression 
enhances migration and 

peritoneal metastasis, 
whereas genetic or 

pharmacologic Piezo1 
inhibition (including with 
GsMTx4) reduces invasive 

behavior. Context depend-
ent (121, 122). 

No clinical trials

 –

Neuromodulation: 
VNS

Transcutaneous auricu-
lar VNS, implanted VNS

Breast, lung, melanoma, 
various solid tumors

Preclinical (antitumor); 
FDA-approved (cluster 
headache, depression)

VNS enhances CD8+ TIL 
function in lung cancer 

models (135). taVNS 
reduces insomnia/fatigue/

depression in breast CA 
(NCT06006299) (136). 

No prospective antitumor 
outcome data yet

 –

(Continued)
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CGRP pathway
If adrenergic signaling represents the sympathetic arm of tumor in-
nervation, then sensory neuropeptides, particularly CGRP, are its 
nociceptive counterpart, with equally direct consequences for im-
mune surveillance (37). The discovery that pain-signaling neurons 
actively suppress tumor immunity reframed CGRP, a peptide best 
known for causing migraines, as one of the most compelling targets 
in cancer neuroscience. Nociceptor-derived CGRP drives CD8+ T 
cell exhaustion and MDSC infiltration in melanoma via the CGRP-
RAMP1 axis, where RAMP1 blockade nearly triples survival in pre-
clinical models (35). CGRP-RAMP1 signaling on CAFs suppresses 
IL-15 and NK cell function in pancreatic cancer, and CGRP up-
regulation is associated with poor outcomes and immunotherapy re-
sistance across a broad range of advanced solid tumors (37).

CGRP blockade with rimegepant reduces gastric tumor volume 
and prolongs survival in vivo (39), and CGRP knockout increases 
CD8+/NK TIL infiltration in oral SCC (68, 69)—together positioning 
sensory neuropeptides as direct modulators of antitumor immunity 
and linking nociceptor activity to immunotherapy resistance and can-
cer pain across multiple tumor types. Translationally, the first phase 2 
trial specifically targeting CGRP in oncology, combining rimegepant 
plus anti–PD-1 in liver-metastatic CRC (NCT06999252), has been 
registered. RAMP1 expression by IHC or RNA, together with a CGRP 
pathway gene-expression signature associated with suppressed antitu-
mor immunity, may serve as candidate stratification biomarkers for 
future CGRP-directed neuromodulatory strategies (37).
Neuropeptide Y pathway
The preclinical case for neuropeptide Y (NPY) as an oncologic target 
rests on the same principle as CGRP: A peptide classically associated 
with appetite and energy homeostasis turns out to have potent immu-
nosuppressive and prometastatic effects in the TME (58, 70). In this 
context, NPY has recently been identified as a driver of pancreatic 
cancer metastasis (70). Sensory neurons within the tumor microen-
vironment release NPY, which acts through its Y1 receptor (NPY1R) 
on tumor cells to promote migration and liver colonization (70). In 
an autochthonous KPR172HC pancreatic ductal adenocarcinoma 
(PDAC) mouse model, both genetic knockout of Npy1r and pharma-
cologic inhibition with the Y1R antagonist BIBO3304 significantly 
reduced liver metastasis (70). Npy1r blockade also attenuated cancer-
associated cachexia in these models, suggesting a potential link 

between NPY signaling and cachexia beyond direct tumor burden 
reduction (71).

NPY2R and purinergic receptor P2Y1 neurons account for most 
lung-innervating vagal sensory neuron (VSN) fibers, and ablation of 
Npy2r VSNs, but not P2ry1 VSNs, significantly reduces lung tumor bur-
den in preclinical models (58). Adrb2 genetic deletion abolishes the 
tumor-promoting effects of vagal NPY2R VSNs in lung adenocarcino-
ma, enhancing antitumor T cell immunity via reprogramming of im-
munosuppressive alveolar macrophages, suggesting potential added 
therapeutic benefit with β-blockade (58). NPY has also been implicated 
in breast and prostate cancer, where it has been shown to link to psycho-
logical depression, adrenergic signaling, and tumor progression (72).

Despite strong preclinical rationale linking neural, metabolic, and 
immune signaling, no clinical trials targeting the NPY/Y1R axis in 
cancer have yet been initiated. NPY in the plasma has been found to 
have additive value combined with prostate-specific antigen for pros-
tate cancer screening, suggesting a potential priority biomarker for 
investigation in other tumors (73).
Dopamine pathway
Translating the neural-tumor concepts into the clinic, ONC201 (dor-
daviprone) has already changed practice: As the first neurotransmitter-
pathway drug to receive US Food and Drug Administration (FDA) 
approval for a primary brain tumor, it established proof of concept 
that targeting dopamine receptor signaling can improve survival in 
molecularly defined gliomas (74).

Outside this molecular niche, ONC201 monotherapy in GBM, 
neuroendocrine tumors (NETs), and breast or endometrial cancer 
has generally yielded stable disease with occasional partial responses, 
and repurposed dopamine-pathway agents (antipsychotics) have 
shown biological but not practice-changing activity (75, 76). These 
data suggest that dopamine-directed strategies may require stringent 
molecular selection and rational combinations rather than broad ap-
plication across tumor types.

Dopamine receptor D2 (DRD2) is overexpressed in GBM as com-
pared with adjacent normal brain (77), and caseinolytic protease P 
(ClpP) expression is a potential marker for ONC201 sensitivity (78). 
Together, these findings position DRD2 and ClpP as candidate bio-
markers for patient stratification and support ongoing efforts to 
refine the therapeutic window for dopamine-pathway targeting in 
CNS and selected extracranial malignancies.

 (Continued)

Treatment class Exemplar agents Tumor types Evidence level Key clinical evidence Notable biomarkers

Neuromodulation: 
TMS

Repetitive TMS (low-
frequency rTMS)

GBM, NSCLC, CIPN Preclinical (antitumor); 
FDA-approved (depres-

sion)

Low-freq rTMS suppresses 
GBM growth via FLNA/
FLNC down-regulation 
(137, 138). Clinical trials 

limited to pain control and 
chemo-brain cognition. 

No human antitumor 
outcome data

 –

Neuromodulation: 
Electroacupuncture

ST-36 bilateral EA TNBC, CRC, HCC, osteo-
sarcoma

Preclinical 
FDA-cleared

Enhanced anti–PD-1 
efficacy in CRC (139). 

No human antitumor trials

 –
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Serotonin pathway
Evidence for the serotonin pathway in oncology remains predomi-
nantly preclinical, with early-phase clinical trials initiated but no 
tumor-control or survival outcomes reported to date. Selective sero-
tonin reuptake inhibitors (SSRIs) such as fluoxetine and tricyclic 
antidepressants such as imipramine induce apoptosis and potentiate 
chemosensitivity in glioma, small cell lung cancer (SCLC), and oth-
er preclinical systems (79). Serotonin reuptake (SERT) blockade on 
CD8+ T cells suppresses melanoma, colon, bladder, breast, and neu-
roendocrine prostate tumors and enhances anti–PD-1 activity, posi-
tioning SSRIs as potential immune-checkpoint–like modulators of 
the intratumoral serotonin axis (80).

Early trials are testing SSRIs in combination with chemotherapy 
and immunotherapy across glioma, CRC, and acute myeloid leuke-
mia (AML), but no efficacy outcomes are yet available. Specific agents 
and trial designs are summarized in Table 1. Given their established 
clinical use for depression and anxiety, SSRIs are attractive dual-
purpose candidates, with emerging tumor-directed potential in 

SERT-high contexts. Intratumoral SERT 
[solute carrier family 6 member 4 (sero-
tonin transporter gene; SLC6A4)] ex-
pression on CD8+ T cells, together with 
tryptophan hydroxylase 1 (TPH1) in TILs, 
serve as candidate biomarkers of the au-
tocrine serotonin circuit and may guide 
patient selection for serotonin-directed 
neuromodulatory strategies (80).
Glutamate pathway
Moving from monoamine to amino acid 
neurotransmitters, glutamatergic signal-
ing represents the most directly synaptic 
of the pathways discussed here and the 
one with the most direct mechanistic 
link to the tumor microtubes and elec-
trochemical synapses described in the 
“CNS mechanisms” section. Glutamater-
gic signaling is among the most advanced 
neurotransmitter-targeting classes in the 
CNS, supported by a prior phase 2 surviv-
al signal and multiple ongoing early-phase 
trials. Preclinical work has established glu-
tamatergic synapses and glutamate release 
as critical drivers of progression, inva-
sion, and treatment resistance in brain tu-
mors (11, 13–19). Pharmacologic AMPAR 
blockade with perampanel, a European 
Medicines Agency/FDA–approved add-
on antiseizure drug, reduces glioma pro-
liferation, invasion, and tumor microtube 
formation in patient-derived xenograft 
models (17, 18, 21). A short-acting ana-
log, talampanel, produced an apparent 
survival benefit when added to chemo-
radiotherapy in a phase 2 GBM trial (81).

Building on these data, phase 2a 
“window-of-opportunity” and early-phase 
combination trials of perampanel in newly 
diagnosed and recurrent glioblastoma 
are underway (81–84). Memantine (an 

NMDAR antagonist) enhances antitumor immunity preclinically (85) 
and is the clinical standard of care for neuroprotection during 
whole-brain radiation (86), supporting its dual-use potential. Com-
binatorial approaches are emerging, exemplified by GLUGLIO, a 
phase 1b/2 trial adding gabapentin, sulfasalazine, and memantine 
to chemoradiotherapy in patients with newly diagnosed GBM 
(summarized in Table 1). For patient stratification, two comple-
mentary approaches are emerging: molecular (AMPAR subunit ex-
pression on tumor cells as a receptor engagement marker) and 
functional [magnetoencephalography (MEG) gamma power and 
calcium imaging as readouts of glutamatergic network activity (16)]. 
Separately, xCT (SLC7A11) overexpression in glioma, breast, and 
lung cancer predicts glutamate export dependence and sulfasalazine 
sensitivity, making it a biomarker candidate for the glutamate-export 
arm of this class (87). The convergence of strong mechanistic data, 
prior survival signals, and ongoing combinatorial trials positions 
glutamatergic signaling as a leading therapeutic target in CNS can-
cer neuroscience.

Fig. 2. Therapeutic landscape of neuromodulatory strategies targeting neural-tumor interactions. Representa-
tive neuromodulatory agents are organized by neural input and molecular target class. CNS neuron targets include 
glutamate receptors (AMPA, NMDA, and metabotropic glutamate receptor) and DRD2, addressed by perampanel, 
valproic acid, gabapentin, ONC201, and sulfasalazine. Sensory targets [RAMP1, neuropeptide Y receptor (NPY-R), and 
NK1R] are addressed by rimegepant, BIBO3304, aprepitant, and resiniferatoxin. Sympathetic targets (β1-AR and β2-AR) 
are addressed by propranolol and atenolol. Parasympathetic targets (M2/M3 muscarinic acetylcholine receptor) are 
addressed by bethanechol, botulinum toxin (BTX), vagotomy, and VNS. Additional target classes include ion channels 
(senicapoc targeting KCa3.1; lidocaine targeting Nav1.5), axon guidance molecules (pepinemab targeting SEMA4D; 
NP137 targeting netrin-1), and synaptic adhesion and gap junction proteins (INCB7839 targeting ADAM10/NLGN3; 
meclofenamate targeting Cx43). Many of these agents (marked with an asterisk *) hold dual-use potential as symp-
tom and survivorship therapies, addressing cognition, fatigue, mood, pain, GI dysfunction, and sleep disruption. In-
dividual agents, tumor types, evidence levels, and candidate biomarkers are detailed in Table 1. 
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GABA pathway
Unlike the other neurotransmitters discussed above, GABA has a 
more context-dependent role in oncology, with tumor-suppressive 
effects in some settings and growth-permissive effects in others. Clin-
ically, most available data come from valproic acid (VPA), which in-
creases brain GABA levels indirectly through GABA transaminase 
inhibition but also has anticancer effects through histone deacetylase 
(HDAC) inhibition (88). As a radiosensitizer in glioma, VPA has been 
associated with an improved overall survival, largely by retrospective 
data, and single-arm studies adding VPA to chemoradiotherapy in 
patients with newly diagnosed glioblastoma have reported pro-
longed median survival (89, 90); regimens are summarized in Table 1. 
GABAA receptor signaling itself appears context dependent, with 
tumor-suppressive roles in several brain tumor models but epidemio-
logic and preclinical data suggesting that pharmacologic GABA po-
tentiation via benzodiazepines may increase cancer risk or promote 
growth in some settings (21, 91, 92). Together, these findings highlight 
the context-dependent and clinically uncertain role of GABA signal-
ing in cancer, underscoring the need for careful mechanistic and 
biomarker-driven approaches.
Cholinergic signaling
Cholinergic pathway modulation has reached early-phase 1/2 clini-
cal testing and appears most relevant in high-PNI, cholinergically 
innervated tumors such as gastric, pancreatic, and prostate cancers. 
In these settings, muscarinic receptor 3 (M3R)– and nicotinic ace-
tylcholine receptor (nAChR)–mediated signaling drives tumor pro-
liferation, immune evasion, and programmed cell death ligand 1 
(PD-L1) up-regulation, whereas interventions such as botulinum tox-
in, muscarinic antagonists, and nAChR inhibitors suppress growth 
and reduce PD-L1 expression preclinically (29, 93). Conversely, 
cholinergic activation with bethanechol extends survival in PDAC 
models (94), reflecting the context-dependent role of cholinergic 
tone across tumor types. Clinically, early-phase trials are evaluating 
bethanechol combination with chemotherapy in pancreatic cancer 
and intratumoral botulinum toxin in gastric cancer; details are sum-
marized in Table 1.

Regarding dual-use potential, donepezil is FDA approved for Al-
zheimer’s disease and prevents brain metastasis in preclinical mod-
els but has not shown consistent benefit for cancer-related cognitive 
impairment in randomized trials (95, 96). Cholinergic signaling re-
mains context dependent, with tumor-promoting or suppressive ef-
fects depending on tumor type and autonomic context (10). Patient 
selection will be essential here. M3R overexpression is a logical stratifi-
cation marker in gastric and colorectal cancers, whereas choline 
acetyltransferase (ChAT) expression marks autocrine acetylcholine-
producing tumors; heart-rate variability may offer a functional in-
dex of parasympathetic tone in future trials, although none of these 
biomarkers has been clinically validated prospectively (66, 93, 94).

An emerging frontier linked to cholinergic modulation is the gut-
brain-microbiome axis, particularly in GI cancers. The enteric ner-
vous system provides the neural substrate through which cholinergic 
and vagus-nerve–targeted interventions can influence tumors locally 
and at distant sites. The potential to convert immune-resistant “cold” 
tumors into immune-responsive “hot” ones may hold promise for im-
mune checkpoint inhibitors (97). Although proof-of-concept target-
ing of this axis has been demonstrated with fecal microbiota–based 
interventions, substantial uncertainty still exists in modulating the 
interactions among the microbiome, immune, and nervous systems 
(98). In the near term, more controlled neuromodulatory strategies 

such as vagus nerve stimulation (VNS) may offer a tractable path to 
clinical translation.

Defining when cholinergic tone is tumor promoting versus tumor 
restrictive will likely be critical for successful clinical translation of 
vagal and enteric neuromodulatory strategies. Whereas neurotrans-
mitters mediate fast, receptor-level signaling between nerves and tu-
mors, neurotrophins and axon-guidance cues operate on a slower 
timescale, governing whether nerves grow toward tumors, invade 
along them, and sustain them over time (1).

Neurotrophin signaling, synaptic adhesion, and 
axon guidance
No other pathway in cancer neuroscience illustrates the full arc from 
bench to bedside quite as clearly as neurotrophin signaling, from the 
discovery that tumors secrete NGF to recruit axons to FDA approvals 
of TrkA/B/C inhibitors now in routine oncologic use. Neurotrophins 
and axon-guidance cues define how nerves enter, pattern, and sustain 
the TME, PNI, and pain in multiple cancers. NGF/TrkA and neuro-
trophic receptor tyrosine kinase (NTRK) fusions demonstrate that 
neurotrophin receptors are highly druggable, with larotrectinib and 
entrectinib achieving high response rates with durable benefit across 
NTRK fusion-positive tumors (99). Although these agents primarily 
target tumor-cell fusion kinases, they validate TrkA/B/C as actionable 
axes and provide a conceptual bridge to brain-derived neurotrophic 
factor (BDNF)/TrkB signaling. In pancreatic and colorectal cancer 
models, Trk inhibition with agents such as larotrectinib and the high-
ly selective TrkA/B/C inhibitor selitrectinib reduces tumor innerva-
tion and slows growth by interrupting β2-adrenergic–neurotrophin 
signaling, linking activity-dependent neuroplasticity, adrenergic 
tone, and tumor progression (51, 100, 101). Trk inhibitors, however, 
frequently cause adverse effects, including weight gain, ataxia, par-
esthesia, and withdrawal pain, with treatment discontinuation in 
roughly one-third of patients, highlighting the need for more targeted 
peritumoral delivery; early work with extracellular vesicle–based ap-
proaches is promising (102).

In the CNS, the synaptic adhesion molecule neuroligin-3 (NLGN3) 
has been extensively validated as a master regulator of activity-
dependent glioma growth, with a disintegrin and metalloprotease 
10 (ADAM10)–mediated cleavage of neuronal NLGN3 driving para-
crine growth and ADAM10 inhibition robustly suppressing neuron-
glioma synapse formation in high-grade glioma (HGG) (12–14). 
INCB7839, an ADAM10 inhibitor originally developed for Alzheim-
er’s disease and shown safe in prior phase 1 studies, is now being evalu-
ated in a phase 2 trial in pediatric high-grade glioma, representing 
direct clinical translation (detailed in Table 1).

More broadly, the INCB7839 trial highlights a substantial gap in 
the field: targeting pediatric and low-grade brain tumors, such as 
NF1-associated optic pathway gliomas (20) and diffuse midline gli-
omas (21). Nearly all neuromodulatory clinical trials to date have 
been designed for adult high-grade populations. Given that many 
repurposed neuroactive agents, such as perampanel, gabapentinoids, 
and senicapoc, carry favorable toxicity profiles relative to conven-
tional cytotoxic therapy, pediatric and low-grade tumors represent a 
particularly compelling context for clinical investigation, where the 
chronic, indolent disease course aligns well with sustained neuro-
modulatory strategies.

Axon-guidance molecules operate at the nerve-tumor-immune 
interface, especially in high-PNI settings. The anti–netrin-1 anti-
body NP137 restores apoptosis by blocking dependence-receptor 
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survival signals, with early-phase trials showing predominantly stable 
disease; combination studies with checkpoint inhibitors are ongoing 
(103). The anti–semaphorin 4D (SEMA4D) antibody pepinemab has 
demonstrated manageable safety and encouraging disease control in 
early-phase trials combined with pembrolizumab (104) (details are 
summarized in Table 1). Netrin-1 expression and SEMA4D on tu-
mor and immune cells represent candidate stratification biomarkers 
for these agents.

Last, glioblastoma cells form extensive TM networks connected 
by connexin-43 (Cx43) gap junctions, enabling calcium-wave prop-
agation, nutrient sharing, and chemoresistance across the tumor 
syncytium. Meclofenamate, an FDA-approved nonsteroidal anti-
inflammatory drug (NSAID), disrupts Cx43-mediated TM connectiv-
ity, reduces GBM invasion, and sensitizes tumor cells to temozolomide 
in preclinical models (105). A phase 1/2 trial is evaluating meclofe-
namate plus temozolomide in progressive MGMT-methylated glio-
blastoma, and a separate feasibility trial in brain metastases is registered 
(specific dosing and design details are summarized in Table 1).

Together, these pathways position neurotrophin signaling, syn-
aptic adhesion, and axon-guidance cues as integrated regulators of 
tumor-nerve interactions, with emerging opportunities for targeted 
and biomarker-driven therapeutic intervention. Neurotrophins and 
guidance cues explain how nerves are recruited to tumors, and ion 
channels explain how tumors exploit the electrical properties of that 
innervation for their own proliferative and invasive programs.

Ion channel modulation in lower-PNI but electrically 
active tumors
Voltage-gated sodium channels
Evidence for voltage-gated sodium channel targeting is primarily pre-
clinical and observational at this stage. Voltage-gated sodium chan-
nel 1.5 (Nav1.5) and Nav1.7 act as metastatic “switches” in breast, 
melanoma, prostate, and other lower-PNI but electrically active tu-
mors. Preclinically, ranolazine and classical Nav blockers suppress 
invasion substantially while sparing primary tumor growth, consis-
tent with Nav1.5 as a metastasis-enabling switch rather than a growth 
driver (106). Retrospective data on chronic ranolazine use suggest a 
meaningful reduction in cancer-specific mortality, although confound-
ing limits interpretation (107) (data are in Table 1). Perioperative or 
peritumoral lidocaine injection has improved overall survival (OS) 
in early breast cancer, with multiple trials underway across solid tu-
mor types (108).

Nav1.5 protein expression by IHC correlates with metastasis and 
shortened cancer-specific survival in breast cancer tissue microar-
rays, and the neonatal splice variant nNav1.5 distinguishes metastatic 
from nonmetastatic cells (106) positioning channel expression at the 
invasive front as a logical biomarker to optimize future trials. Collec-
tively, these studies support voltage-gated sodium channels primarily 
as regulators of metastatic competence and invasion in electrically ac-
tive tumors rather than simple drivers of tumor growth.
Potassium channels
Potassium channels are emerging targets in glioblastoma and other 
solid tumors, with early-phase clinical testing underway and strong 
mechanistic support from preclinical work. Voltage-gated potassi-
um channel 1.3 (Kv1.3) and calcium-activated potassium channel 
3.1 (KCa3.1) modulate membrane potential and inflammatory sig-
naling in TNBC, melanoma, pancreatic cancer, glioma, and other 
cell types (109, 110). Recently, KCa3.1 was identified as an integral 
ion channel for tumor pacemaker cells in glioma. Although these 

pacemaker cells are a numerically small subpopulation, they appear 
to coordinate network-wide electrical oscillations that drive invasion 
(15). Glioblastoma dependence on these intrinsically rhythmic cells 
was shown to be effectively targeted by two KCa3.1 inhibitors, seni-
capoc and TRAM-34 {1-[(2-chlorophenyl)diphenylmethyl]-1H-
pyrazole}, which disrupted network synchrony and reduced glioma 
migration (15). Similar effects have been shown with TRAM-34 in 
melanoma metastasis, lung adenocarcinoma, TNBC, hepatocellular 
carcinoma (HCC), and PDAC (109, 110).

Clinically, senicapoc is highly brain penetrant and has shown an 
acceptable safety profile in phase 2/3 sickle-cell disease trials, sup-
porting its repurposing potential (111). The SENIPERA phase 1 
trial of senicapoc with or without the AMPAR antagonist peram-
panel in patients with newly diagnosed glioblastoma exemplifies a 
combinatorial strategy that cotargets ion-channel–driven excitabil-
ity and glutamatergic signaling (regimens and end points are sum-
marized in Table 1). Kv1.3 overexpression has been detected in many 
cancers and, together with bioelectric membrane potential, repre-
sents emerging functional readouts for future patient stratification 
(109, 110). These data support potassium-channel inhibition as a 
promising combinatorial strategy to disrupt glioma network syn-
chrony, invasion, and electrically coordinated tumor behavior.
Calcium channels
With multisite observational data and multiple completed phase 1 
trials targeting calcium channels, calcium channel modulation rep-
resents a promising connection between neuroelectric activity and 
radiosensitivity/chemosensitivity. Gabapentin, which is a calcium 
channel blocker that also inhibits the matricellular protein thrombos-
pondin-1 (TSP-1), reduces glioma growth and enhances radiotherapy/
temozolomide responses in preclinical models (16). In addition, a 
large, multisite retrospective GBM cohort found that gabapentinoid 
use at diagnosis was associated with a 4- to 6-month OS benefit [hazard 
ratio (HR) ∼ 0.65], identifying this pathway as a strong candidate 
for prospective evaluation (112). Beyond their direct antitumor ef-
fects, gabapentinoids are prototypical dual-intent agents: potential 
tumor-directed radiosensitizers in α2δ/Cav3.2-expressing tumors and 
established survivorship drugs for neuropathic pain. Phase 3 and 
early-phase trials are evaluating gabapentin for opioid sparing in 
mucositis during head and neck chemoradiotherapy and pregabalin 
in the perioperative setting to probe how pain control and inflamma-
tion influence metastatic spread in early estrogen receptor–positive 
breast cancer; specific designs are summarized in Table 1. Together 
with ongoing potassium channel studies, ion channel modulation 
represents one of the most promising dual-use targets in cancer neuro-
science. Lower serum TSP-1 in patients with gabapentin-treated glio-
blastoma serves as a pharmacodynamic marker, and α2δ-1 subunit 
and CACNA1D (Cav1.3) expression are candidate stratification bio-
markers (112, 113).
TRPV1 pathway
TRPV1 sits at the intersection of nociception and tumor bioelectric 
signaling, a mechanistically compelling target whose antitumor evi-
dence, although still preclinical, spans multiple cancer types and 
therapeutic modalities. Capsaicin has been shown to induce TRPV1-
mediated Ca2+ overload, mitochondrial disruption, and apoptosis 
in hepatocellular carcinoma (HCC), breast cancer, CRC, tongue SCC, 
and ovarian cancer models and augments cisplatin via calpain and 
autophagy pathways (114). TRPV1 inhibition also sensitizes tumors 
to PD-1 blockade by reversing resistance to cytotoxic T lymphocyte–
mediated killing via epidermal growth factor/epidermal growth factor 
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receptor (EGF/EGFR) signaling (115), and improved delivery has 
been shown with TRPV1-targeted nanoparticles to amplify thermo-
immunotherapy and anti–PD-L1 efficacy (116). Resiniferatoxin (RTX), 
an ultrapotent capsaicin analog derived from a cactus-like plant, se-
lectively ablates TRPV1-expressing nociceptive neurons at doses orders 
of magnitude below those needed for capsaicin, a property that makes 
it uniquely suited for therapeutic denervation (117). RTX denerva-
tion of TRPV1+ neurons increases CD8+ TILs fivefold and reduces 
oral SCC tumor growth in mice (118). TRPV1 thus exemplifies a dual-
purpose target: exploitable for lethal calcium flux in tumor-directed 
strategies and for nociceptive circuit modulation in survivorship. 
Clinically, RTX has demonstrated meaningful pain and opioid re-
duction in an early-phase trial for intractable cancer pain (trial de-
tails are summarized in Table 1) (119). For stratification, pan-cancer 
analysis shows that differential TRPV1 expression carries prognos-
tic importance across multiple tumor types, and plasma EGF levels, 
elevated via TRPV1-driven autophagy-dependent secretion, may serve 
as a response-tracking biomarker (115, 120). The convergence of noci-
ceptive signaling, immune modulation, and calcium-dependent tumor 
vulnerability may make TRPV1 particularly attractive for integrated 
tumor-control and symptom-directed strategies.
Mechanosensitive ion channels (Piezo-type mechanosensitive 
ion channel component 1)
Extending beyond voltage- and ligand-gated mechanisms, mechano-
sensitive ion channels—particularly Piezo-type mechanosensitive ion 
channel component 1 (Piezo1)—transduce physical cues from the 
tumor microenvironment into intracellular signaling. In preclinical 
models, inflammation-induced extracellular matrix (ECM) stiffen-
ing boosts hyperinnervation of the pancreatic precursor lesions, which 
is mediated via neurotrophic factor (BDNF/NGF) signaling from ECM 
tension (121). Mechanistically, Piezo1 transduces mechanical stim-
uli (matrix stiffness and fluid shear stress) into intracellular calcium 
influx, inducing features of EMT, proliferation, neuronal invasion, and 
immune evasion (122). Pharmacologic tools exist to modulate this 
pathway in both directions [agonist (Yoda1) and inhibitor (GsMTx4)] 
but remain preclinical, and no oncology trials have been initiated. 
These findings position Piezo1 as a context-dependent mechano-
transducer linking tumor biomechanics to neural remodeling and 
metastatic behavior, highlighting its potential as a future biomarker-
driven and neuromodulatory therapeutic target.

Neurokinin-1 receptor antagonists and 
symptom-tumor overlap
Similar to TRPV1, evidence for substance P (SP)–neurokinin-1 re-
ceptor (NK1R) is limited to preclinical and observational data but 
has high translational potential with FDA-approved agents targeting 
this mechanism. SP is a tachykinin neuropeptide released from sensory 
and autonomic nerves that mediates pain transmission, neurogenic 
inflammation, and stress responses via its high-affinity receptor NK1R 
[encoded by TACR1 (tachykinin receptor 1)]. NK1R is frequently 
overexpressed in cancers, where SP/NK1R signaling promotes prolif-
eration, migration, angiogenesis, and resistance to apoptosis (123).

Preclinically, substance P/NK1R inhibition reduces tumor growth 
and metastasis in breast cancer, NSCLC, CRC, and other models, 
and an epidemiological study found that aprepitant use was associ-
ated with improved breast cancer survival compared with other an-
tiemetics (124). Aprepitant, an FDA-approved NK1R antagonist used 
as an antiemetic and under evaluation for immune checkpoint in-
hibitor (ICI)–induced pruritus, thus holds potential for multiple 

dual-use roles; however, no prospective dedicated antitumor trial has 
been registered (trial details are summarized in Table 1).

TACR1 (NK1R) overexpression serves as a pan-cancer prognos-
tic marker (cervical cancer, HNSCC, and GBM) with notable sex-
specific expression patterns in PDAC (125, 126), suggesting potential 
for patient stratification should dedicated trials be initiated. Despite 
strong biologic rationale and the availability of FDA-approved NK1R 
antagonists with established safety profiles, dedicated prospective 
oncology trials targeting the SP-NK1R axis remain limited (123). 
Nonetheless, the pathway remains an attractive therapeutic target in 
cancer neuroscience.

Local denervation and interventional neuromodulation
Several of the ion channel and neurotransmitter targets discussed 
above serve double duty: They drive tumor biology and simultane-
ously generate the pain, seizures, and cognitive dysfunction that define 
the lived experience of cancer. This overlap is not coincidental; it re-
flects the fact that the same neural circuits that tumors co-opt are 
those that normally process sensation, mood, and cognition (2, 4).

Denervation strategies have early-phase trials ongoing, support-
ed by a strong preclinical signal, and routine clinical use for pain. In 
high-PNI cancers, these strategies directly target the nerve scaffold, 
which may confer distinct advantages in avoiding systemic and off-
target toxicities with localized delivery, although chemical denerva-
tion may require repeated procedures. Vagotomy in gastric cancer has 
been associated with reduced recurrence and improved chemother-
apy efficacy in some clinical series and preclinical models (127, 128). 
Celiac plexus neurolysis remains the standard of care for patients with 
pancreatic cancer pain (129) and may indirectly reshape tumor-
nerve signaling. Radical denervation in preclinical models has in-
duced complete tumor regression in most treated animals, including 
abscopal-like effects on remote tumors, providing a strong rationale 
for clinical translation (130). An early-phase trial of intratumoral botu-
linum toxin A in inoperable gastric adenocarcinoma has completed 
without posted results; trial details are summarized in Table 1. PNI 
grade serves as a ready-made stratification biomarker, functioning 
as an independent predictor of biochemical recurrence in multiple 
cancers, and emerging three-dimensional (3D) PNI morphometric 
features may improve prognostication further (131, 132).

Neuromodulatory treatments likewise offer distinct advantages 
owing to their favorable toxicity profiles and can disrupt cancer cell 
division and microtubule dynamics. Tumor-treating fields (Optune, 
TTFields) are FDA approved for adjunctive use in newly diagnosed 
GBM and recently demonstrated pivotal phase 3 efficacy in combi-
nation with gemcitabine/nab-paclitaxel in patients with unresectable 
locally advanced pancreatic adenocarcinoma, positioning it as a strong 
platform for combination strategies with repurposed neuromodula-
tory agents (133).

Building on the impact of TTFields in glioblastoma and pancre-
atic cancer, several additional neuromodulatory approaches merit at-
tention. VNS, available as an implanted or noninvasive transcutaneous 
auricular device (taVNS) and FDA approved for drug-resistant epi-
lepsy, depression, and cluster headaches, activates the nucleus trac-
tus solitarius (NTS) to modulate inflammation, pain, and immune 
signaling (134). The NTS forms an integral part of the vagal-brainstem 
circuit described previously, driving immunosuppressive sympathetic 
output via NPY and TRPV1 signaling in lung adenocarcinoma models 
(58). By engaging this circuit, VNS has been shown to enhance 
CD8+ T cell effector function in NSCLC models (135), suggesting a 
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promising translational strategy to therapeutically modulate this path-
way. Clinically, taVNS has reduced insomnia, fatigue, and depres-
sion in patients with breast cancer, reinforcing its dual-use potential 
(136). Trial details are summarized in Table 1.

Low-frequency repetitive transcranial magnetic stimulation (rTMS), 
FDA approved for refractory depression, suppresses glioblastoma 
growth in vitro and in vivo by down-regulating cytoskeletal proteins 
and inhibiting EGFR/phosphatidylinositol 3-kinase/mechanistic target 
of rapamycin (EGFR/PI3K/mTOR) signaling, and small completed 
studies suggest dual-use potential for cancer-related neuropathic pain 
and cognitive impairment (details in Table 1) (137, 138). Electroacu-
puncture enhances anti–PD-1 efficacy in CRC models (139). These 
neuromodulatory modalities are FDA approved and very well toler-
ated, positioning them well as survivorship (pain and depression) 
and immune-priming tools, but additional corroboration is needed 
before prospective human studies.

Their favorable toxicity profiles, compatibility with existing sys-
temic therapies, and potential immune-modulatory effects make local 
denervation and neuromodulatory approaches promising candidates 
for future combination strategies. As patient stratification improves, 
these interventions may offer a more practical and well-tolerated way to 
disrupt tumor nerve signaling while also helping address symptoms 
such as pain, fatigue, and depression.

CONCLUSION
As outlined here, the field now stands at a transition point. Mecha-
nistic understanding has outpaced clinical translation, and the path 
forward runs through three converging priorities: biomarker-driven 
patient selection to match neural circuits to tumor contexts, rational 
combination with immune checkpoint blockade as the shared down-
stream logic, and formal recognition that the “dual-intent” profile of 
many agents, antitumor and symptom directed, is a feature, not a 
footnote. Embedding survivorship end points alongside efficacy mea-
sures in trial design will be essential to capture the full benefit of 
repurposed neuromodulatory agents. One underappreciated impli-
cation of the CINI paradigm is that treating (or preventing) nerve 
injury may itself be an antitumor strategy (43, 140). No neuropro-
tective agent has reached FDA approval for cancer-related neuro-
toxicity, but the emerging link between peritumoral nerve damage, 
immunosuppressive cytokines, and checkpoint resistance suggests 
that survivorship-directed interventions and disease-modifying in-
terventions may ultimately be the same intervention. For CNS tu-
mors, the same glutamatergic and neurotrophic mechanisms that 
promote invasiveness also underpin fundamental, healthy neuronal 
behavior (11–16), presenting substantial challenges to translating these 
discoveries without compromising neurocognitive function. The con-
vergence of these circuits, adrenergic, sensory, and synaptic, into over-
lapping downstream immune consequences suggests that rational 
combinations, rather than single-pathway inhibition, will be the pro-
ductive clinical strategy. GLUGLIO and SENIPERA exemplify this 
logic in the CNS; analogous combination designs in PNS-dominant 
tumors are the natural next step. Similar strategies may also be ben-
eficial in the PNS, for example, combining β-blockers with CGRP, 
TRPV1, or NPY antagonists, given the proper stratification. This 
strategy is especially pertinent for pediatric and low-grade tumors, 
where prolonged survival necessitates treatments with minimal long-
term neurocognitive or systemic impact, which is a profile that many 
repurposed neuromodulatory agents may be well suited to provide. 

Even with biomarker enrichment, however, successful end points are 
not likely to be realized simply by inhibiting isolated neurotransmitter 
pathways. Similarly, the dramatic responses seen in some patients 
with immunotherapies are unlikely to be realized with repurposed 
neuroactive agents. Rather, cancer neuroscience may find success in 
sustainably reprogramming the dominant neural circuits to induce 
a shift in metabolism, vasculature, and immune function toward a 
state more responsive to mainstay treatments.

REFERENCES AND NOTES
	 1.	 M. Amit, Cancer neuroscience: Evidence for a new hallmark of cancer. Adv. Biol. 6, 

e2200192 (2022).
	 2.	D . D. Shi, J. A. Guo, H. I. Hoffman, J. Su, M. Mino-Kenudson, J. L. Barth, J. M. Schenkel,  

J. S. Loeffler, H. A. Shih, T. S. Hong, J. Y. Wo, A. J. Aguirre, T. Jacks, L. Zheng, P. Y. Wen,  
T. C. Wang, W. L. Hwang, Therapeutic avenues for cancer neuroscience: Translational 
frontiers and clinical opportunities. Lancet Oncol. 23, e62–e74 (2022).

	 3.	R . Mancusi, M. Monje, The neuroscience of cancer. Nature 618, 467–479 (2023).
	 4.	 F. Winkler, H. S. Venkatesh, M. Amit, T. Batchelor, I. E. Demir, B. Deneen, D. H. Gutmann,  

S. Hervey-Jumper, T. Kuner, D. Mabbott, M. Platten, A. Rolls, E. K. Sloan, T. C. Wang,  
W. Wick, V. Venkataramani, M. Monje, Cancer neuroscience: State of the field, emerging 
directions. Cell 186, 1689–1707 (2023).

	 5.	D . Yaniv, B. Mattson, S. Talbot, F. O. Gleber-Netto, M. Amit, Targeting the peripheral 
neural-tumour microenvironment for cancer therapy. Nat. Rev. Drug Discov. 23, 780–796 
(2024).

	 6.	V . Venkataramani, Y. Yang, S. Ille, B. Suchorska, S. Loges, H. Tost, F. Sahm, S. M. Pfister,  
A. Trumpp, S. M. Krieg, T. Kuner, W. Wick, F. Winkler, Cancer neuroscience of brain tumors: 
From multicellular networks to neuroscience-instructed cancer therapies. Cancer Discov. 
15, 39–51 (2025).

	 7.	 M. Amit, T. Eichwald, A. Roger, J. Anderson, A. Chang, P. D. Vermeer, K. O. Dixon,  
N. N. Scheff, S. Talbot, Neuro-immune cross-talk in cancer. Nat. Rev. Cancer 25, 573–589 
(2025).

	 8.	 G. Jones, J. L. Anderson, P. T. T. Nguyen, F. O. Gleber-Netto, W. L. Hwang, V. K. Puduvalli,  
M. Monje, M. Amit, Novel approaches to clinical trial design in cancer neuroscience. 
Neuron 113, 2791–2813 (2025).

	 9.	 M. A. Karreman, F. Winkler, Cancer neuroscience of brain metastasis: When in Rome, do 
as the Romans do. Neuron 113, 2740–2759 (2025).

	 10.	 Y.-H. Wang, X. Yang, C.-C. Liu, X. Wang, K.-D. Yu, Unraveling the peripheral nervous 
system’s role in tumor: A double-edged sword. Cancer Lett. 611, 217451 (2025).

	 11.	 M. Osswald, E. Jung, F. Sahm, G. Solecki, V. Venkataramani, J. Blaes, S. Weil, H. Horstmann, 
B. Wiestler, M. Syed, L. Huang, M. Ratliff, K. Karimian Jazi, F. T. Kurz, T. Schmenger,  
D. Lemke, M. Gömmel, M. Pauli, Y. Liao, P. Häring, S. Pusch, V. Herl, C. Steinhäuser,  
D. Krunic, M. Jarahian, H. Miletic, A. S. Berghoff, O. Griesbeck, G. Kalamakis, O. Garaschuk, 
M. Preusser, S. Weiss, H. Liu, S. Heiland, M. Platten, P. E. Huber, T. Kuner, A. von Deimling, 
W. Wick, F. Winkler, Brain tumour cells interconnect to a functional and resistant network. 
Nature 528, 93–98 (2015).

	 12.	 H. S. Venkatesh, T. B. Johung, V. Caretti, A. Noll, Y. Tang, S. Nagaraja, E. M. Gibson,  
C. W. Mount, J. Polepalli, S. S. Mitra, P. J. Woo, R. C. Malenka, H. Vogel, M. Bredel, P. Mallick, 
M. Monje, Neuronal activity promotes glioma growth through neuroligin-3 secretion. 
Cell 161, 803–816 (2015).

	 13.	 H. S. Venkatesh, L. T. Tam, P. J. Woo, J. Lennon, S. Nagaraja, S. M. Gillespie, J. Ni,  
D. Y. Duveau, P. J. Morris, J. J. Zhao, C. J. Thomas, M. Monje, Targeting neuronal 
activity-regulated neuroligin-3 dependency in high-grade glioma. Nature 549, 533–537 
(2017).

	 14.	 K. R. Taylor, T. Barron, A. Hui, A. Spitzer, B. Yalçin, A. E. Ivec, A. C. Geraghty, G. G. Hartmann, 
M. Arzt, S. M. Gillespie, Y. S. Kim, S. Maleki Jahan, H. Zhang, K. Shamardani, M. Su, L. Ni,  
P. P. Du, P. J. Woo, A. Silva-Torres, H. S. Venkatesh, R. Mancusi, A. Ponnuswami,  
S. Mulinyawe, M. B. Keough, I. Chau, R. Aziz-Bose, I. Tirosh, M. L. Suvà, M. Monje, Glioma 
synapses recruit mechanisms of adaptive plasticity. Nature 623, 366–374 (2023).

	 15.	D . Hausmann, D. C. Hoffmann, V. Venkataramani, E. Jung, S. Horschitz, S. K. Tetzlaff,  
A. Jabali, L. Hai, T. Kessler, D. D. Azoŕin, S. Weil, A. Kourtesakis, P. Sievers, A. Habel,  
M. O. Breckwoldt, M. A. Karreman, M. Ratliff, J. M. Messmer, Y. Yang, E. Reyhan, S. Wendler, 
C. Löb, C. Mayer, K. Figarella, M. Osswald, G. Solecki, F. Sahm, O. Garaschuk, T. Kuner,  
P. Koch, M. Schlesner, W. Wick, F. Winkler, Autonomous rhythmic activity in glioma 
networks drives brain tumour growth. Nature 613, 179–186 (2023).

	 16.	 S. Krishna, A. Choudhury, M. B. Keough, K. Seo, L. Ni, S. Kakaizada, A. Lee, A. Aabedi,  
G. Popova, B. Lipkin, C. Cao, C. Nava Gonzales, R. Sudharshan, A. Egladyous, N. Almeida,  
Y. Zhang, A. M. Molinaro, H. S. Venkatesh, A. G. S. Daniel, K. Shamardani, J. Hyer,  
E. F. Chang, A. Findlay, J. J. Phillips, S. Nagarajan, D. R. Raleigh, D. Brang, M. Monje,  
S. L. Hervey-Jumper, Glioblastoma remodelling of human neural circuits decreases 
survival. Nature 617, 599–607 (2023).

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 03, 2026



Pasvolsky et al., Sci. Transl. Med. 18, eaeh1718 (2026)     29 July 2026

S c i e n c e  T r a n s l at i o n a l  M e d i c i n e  |  R e v i e w

14 of 17

	 17.	 H. S. Venkatesh, W. Morishita, A. C. Geraghty, D. Silverbush, S. M. Gillespie, M. Arzt,  
L. T. Tam, C. Espenel, A. Ponnuswami, L. Ni, P. J. Woo, K. R. Taylor, A. Agarwal, A. Regev,  
D. Brang, H. Vogel, S. Hervey-Jumper, D. E. Bergles, M. L. Suvà, R. C. Malenka, M. Monje, 
Electrical and synaptic integration of glioma into neural circuits. Nature 573, 539–545 
(2019).

	 18.	V . Venkataramani, D. I. Tanev, C. Strahle, A. Studier-Fischer, L. Fankhauser, T. Kessler,  
C. Körber, M. Kardorff, M. Ratliff, R. Xie, H. Horstmann, M. Messer, S. P. Paik, J. Knabbe,  
F. Sahm, F. T. Kurz, A. A. Acikgöz, F. Herrmannsdörfer, A. Agarwal, D. E. Bergles,  
A. Chalmers, H. Miletic, S. Turcan, C. Mawrin, D. Hänggi, H.-K. Liu, W. Wick, F. Winkler,  
T. Kuner, Glutamatergic synaptic input to glioma cells drives brain tumour progression. 
Nature 573, 532–538 (2019).

	 19.	 Q. Zeng, I. P. Michael, P. Zhang, S. Saghafinia, G. Knott, W. Jiao, B. D. McCabe, J. A. Galván, 
H. P. C. Robinson, I. Zlobec, G. Ciriello, D. Hanahan, Synaptic proximity enables NMDAR 
signalling to promote brain metastasis. Nature 573, 526–531 (2019).

	 20.	 Y. Pan, J. D. Hysinger, T. Barron, N. F. Schindler, O. Cobb, X. Guo, B. Yalçın, C. Anastasaki,  
S. B. Mulinyawe, A. Ponnuswami, S. Scheaffer, Y. Ma, K.-C. Chang, X. Xia, J. A. Toonen,  
J. J. Lennon, E. M. Gibson, J. R. Huguenard, L. M. Liau, J. L. Goldberg, M. Monje,  
D. H. Gutmann, NF1 mutation drives neuronal activity-dependent initiation of optic 
glioma. Nature 594, 277–282 (2021).

	 21.	 T. Barron, B. Yalçın, M. Su, Y. G. Byun, A. Gavish, K. Shamardani, H. Xu, L. Ni, N. Soni,  
V. Mehta, S. Maleki Jahan, Y. S. Kim, K. R. Taylor, M. B. Keough, M. A. Quezada,  
A. C. Geraghty, R. Mancusi, L. T. Vo, E. H. Castañeda, P. J. Woo, C. K. Petritsch, H. Vogel,  
K. Kaila, M. Monje, GABAergic neuron-to-glioma synapses in diffuse midline gliomas. 
Nature 639, 1060–1068 (2025).

	 22.	V . Venkataramani, M. A. Karreman, L. C. Nguyen, C. Tehranian, N. Hebach, C. D. Mayer,  
L. Meyer, S. S. Mughal, G. Reifenberger, J. Felsberg, K. Köhrer, M. C. Schubert, D. Westphal, 
M. O. Breckwoldt, B. Brors, W. Wick, T. Kuner, F. Winkler, Direct excitatory synapses 
between neurons and tumor cells drive brain metastatic seeding of breast cancer and 
melanoma. bioRxiv 2024.01.08.574608 [Preprint] (2024); https://doi.
org/10.1101/2024.01.08.574608.

	 23.	 S. Savchuk, K. M. Gentry, W. Wang, E. Carleton, C. A. O. Biagi-Junior, K. Luthria, B. Yalçın,  
L. Ni, H. C. Farnsworth, R. A. Davis, R. Drexler, J. C. Melms, Y. Liu, L. Acosta-Alvarez,  
G. G. Hartmann, E. C. Pavarino, J. LaBelle, P. J. Woo, A. M. Toland, F. Qu, Y. S. Kim,  
M. G. Filbin, M. A. Krasnow, K. L. Ligon, B. Izar, J. Sage, B. L. Sabatini, M. Monje,  
H. S. Venkatesh, Neuronal activity-dependent mechanisms of small cell lung cancer 
pathogenesis. Nature 646, 1232–1242 (2025).

	 24.	V . Sakthivelu, A. Schmitt, F. Odenthal, K. Ndoci, M. Touet, A. H. Shaib, A. Chihab,  
G. A. Wani, P. Nieper, G. G. Hartmann, I. Pintelon, I. Kisis, M. Boecker, N. M. Eckert,  
M. I. Caiaffa, O. Ibruli, J. Weber, R. Maresch, C. M. Bebber, A. Chitsaz, A. Lütz,  
M. K. A. Carpinteiro, K. M. Morris, C. A. Franchino, J. Benz, L. Pérez-Revuelta,  
J. A. Soriano-Campos, M. A. Huetzen, J. Goergens, M. Jevtic, H. M. Jahn-Kelleter,  
H. Zempel, A. Placzek, A. A. Hennrich, K.-K. Conzelmann, H. L. Tumbrink, P. Hunold,  
J. Isensee, L. Werr, F. Gaedke, A. Schauss, M. Minère, M. Müller, H. Fenselau, Y. Liu,  
A. Heimsoeth, G. S. G. Balta, H. Walczak, C. Frezza, R. D. Jachimowicz, J. George,  
M. Schmiel, J. Brägelmann, T. Hucho, S. von Karstedt, M. Peifer, A. Annibaldi,  
R. Hänsel-Hertsch, T. Persigehl, H. Grüll, M. L. Sos, G. Reifenberger, M. Fischer,  
D. Adriaensen, R. Büttner, J. Sage, I. Brouns, R. Rad, R. K. Thomas, M. Anstötz, S. O. Rizzoli, 
M. Bergami, E. Motori, H. C. Reinhardt, F. Beleggia, Functional synapses between neurons 
and small cell lung cancer. Nature 646, 1243–1253 (2025).

	 25.	 S. K. Tetzlaff, E. Reyhan, N. Layer, C. P. Bengtson, A. Heuer, J. Schroers, A. J. Faymonville,  
A. P. Langeroudi, N. Drewa, E. Keifert, J. Wagner, S. J. Soyka, M. C. Schubert, N. Sivapalan, 
R. L. Pramatarov, V. Buchert, T. Wageringel, E. Grabis, N. Wißmann, O. T. Alhalabi, M. Botz, 
J. Bojcevski, J. Campos, B. Boztepe, J. G. Scheck, S. H. Conic, M. C. Puschhof, G. Villa,  
R. Drexler, Y. Zghaibeh, F. Hausmann, S. Hänzelmann, M. A. Karreman, F. T. Kurz,  
M. Schröter, M. Thier, A. K. Suwala, K. Forsberg-Nilsson, C. Acuna, J. Saez-Rodriguez,  
A. Abdollahi, F. Sahm, M. O. Breckwoldt, B. Suchorska, F. L. Ricklefs, D. H. Heiland,  
V. Venkataramani, Characterizing and targeting glioblastoma neuron-tumor networks 
with retrograde tracing. Cell 188, 390–411.e36 (2025).

	 26.	A . J. Houcek, I. A. Uzay, L. M. Monteggia, A. Linkous, B. Fingleton, E. T. Kavalali, Regulation 
of tumor proliferation by unlocking silent synapses on metastatic cancer cells. bioRxiv 
2026.02.16.706220 [Preprint] (2026); https://doi.org/10.64898/2026.02.16.706220.

	 27.	D . D. Azorín, D. C. Hoffmann, N. R. Hebach, E. Jung, D. Hausmann, M. Ratliff, L. Hai,  
S. Horschitz, A. Jabali, M. Osswald, M. A. Karreman, T. Kessler, S. Wendler, C. D. Mayer,  
C. Löb, P. Lehnert, G. Cebulla, D. Reibold, R. K. Khajuria, P. Bordignon, A. E. Moor,  
T. Holland-Letz, J. Reckless, N. Ramsden, D. Grainger, A. Kreshuk, P. Koch, W. Wick,  
S. Heuer, F. Winkler, Screening for tumor microtube-targeting drugs identifies PKC 
modulators as multipotent inhibitors of glioblastoma progression. Cancer Discov. 16, 
367–390 (2026).

	 28.	 P. H. Thaker, L. Y. Han, A. A. Kamat, J. M. Arevalo, R. Takahashi, C. Lu, N. B. Jennings,  
G. Armaiz-Pena, J. A. Bankson, M. Ravoori, W. M. Merritt, Y. G. Lin, L. S. Mangala, T. J. Kim,  
R. L. Coleman, C. N. Landen, Y. Li, E. Felix, A. M. Sanguino, R. A. Newman, M. Lloyd,  
D. M. Gershenson, V. Kundra, G. Lopez-Berestein, S. K. Lutgendorf, S. W. Cole, A. K. Sood, 

Chronic stress promotes tumor growth and angiogenesis in a mouse model of ovarian 
carcinoma. Nat. Med. 12, 939–944 (2006).

	 29.	C . Magnon, S. J. Hall, J. Lin, X. Xue, L. Gerber, S. J. Freedland, P. S. Frenette, Autonomic 
nerve development contributes to prostate cancer progression. Science 341, 1236361 
(2013).

	 30.	 M. Amit, H. Takahashi, M. P. Dragomir, A. Lindemann, F. O. Gleber-Netto, C. R. Pickering,  
S. Anfossi, A. A. Osman, Y. Cai, R. Wang, E. Knutsen, M. Shimizu, C. Ivan, X. Rao, J. Wang,  
D. A. Silverman, S. Tam, M. Zhao, C. Caulin, A. Zinger, E. Tasciotti, P. M. Dougherty,  
A. El-Naggar, G. A. Calin, J. N. Myers, Loss of p53 drives neuron reprogramming in head 
and neck cancer. Nature 578, 449–454 (2020).

	 31.	 J. G. Batsakis, Nerves and neurotropic carcinomas. Ann. Otol. Rhinol. Laryngol. 94, 
426–427 (1985).

	 32.	 G. O. Ceyhan, N. A. Giese, M. Erkan, A. G. Kerscher, M. N. Wente, T. Giese, M. W. Büchler,  
H. Friess, The neurotrophic factor artemin promotes pancreatic cancer invasion. Ann. 
Surg. 244, 274–281 (2006).

	 33.	 M. Madeo, P. L. Colbert, D. W. Vermeer, C. T. Lucido, J. T. Cain, E. G. Vichaya, A. J. Grossberg, 
D. Muirhead, A. P. Rickel, Z. Hong, J. Zhao, J. M. Weimer, W. C. Spanos, J. H. Lee, R. Dantzer, 
P. D. Vermeer, Cancer exosomes induce tumor innervation. Nat. Commun. 9, 4284 (2018).

	 34.	 M. Zhang, H.-C. Xian, L. Dai, Y.-L. Tang, X.-H. Liang, MicroRNAs: Emerging driver of cancer 
perineural invasion. Cell Biosci. 11, 117 (2021).

	 35.	 M. Balood, M. Ahmadi, T. Eichwald, A. Ahmadi, A. Majdoubi, K. Roversi, K. Roversi,  
C. T. Lucido, A. C. Restaino, S. Huang, L. Ji, K.-C. Huang, E. Semerena, S. C. Thomas,  
A. E. Trevino, H. Merrison, A. Parrin, B. Doyle, D. W. Vermeer, W. C. Spanos, C. S. Williamson, 
C. R. Seehus, S. L. Foster, H. Dai, C. J. Shu, M. Rangachari, J. Thibodeau, S. V. Del Rincon,  
R. Drapkin, M. Rafei, N. Ghasemlou, P. D. Vermeer, C. J. Woolf, S. Talbot, Nociceptor 
neurons affect cancer immunosurveillance. Nature 611, 405–412 (2022).

	 36.	L . B. Darragh, A. Nguyen, T. T. Pham, S. Idlett-Ali, M. W. Knitz, J. Gadwa, S. Bukkapatnam,  
S. Corbo, N. A. Olimpo, D. Nguyen, B. Van Court, B. Neuport, J. Yu, R. B. Ross, M. Corbisiero, 
K. N. M. Abdelazeem, S. P. Maroney, D. C. Galindo, L. Mukdad, A. Saviola, M. Joshi,  
R. White, Y. Alhiyari, V. Samedi, A. Van Bokhoven, M. St. John, S. D. Karam, Sensory nerve 
release of CGRP increases tumor growth in HNSCC by suppressing TILs. Med 5, 254–270.
e8 (2024).

	 37.	 T. Fujisawa, N. Sakamoto, Y. Nakamura, R. Yamashita, T. Kuwata, M. Nagamine, G. Ishii,  
C. Morizane, N. Nonomura, H. Iwata, S. Okano, H. Watari, K. Namikawa, T. Hashimoto,  
T. Shibuki, M. Imai, H. Bando, M. Radovich, H. Takagi, T. Yoshino, Clinical significance of 
the CGRP pathway gene expression in advanced solid tumors: A sub-analysis of 
MONSTAR-SCREEN-2. J. Clin. Oncol. 43, 2629–2629 (2025).

	 38.	 T. T. Le, S. L. Payne, M. N. Buckwald, L. A. Hayes, S. R. Parker, C. B. Burge, M. J. Oudin, 
Sensory nerves enhance triple-negative breast cancer invasion and metastasis via the 
axon guidance molecule PlexinB3. NPJ Breast Cancer 8, 116 (2022).

	 39.	 X. Zhi, F. Wu, J. Qian, Y. Ochiai, G. Lian, E. Malagola, B. Zheng, R. Tu, Y. Zeng, H. Kobayashi, 
Z. Xia, R. Wang, Y. Peng, Q. Shi, D. Chen, S. W. Ryeom, T. C. Wang, Nociceptive neurons 
promote gastric tumour progression via a CGRP–RAMP1 axis. Nature 640, 802–810 
(2025).

	 40.	 S. Talbot, T. Eichwald, M. Ahmadi, A. M. Matos, A. R. Nikpoor, K. Roversi, M. Balood,  
F. Obuekwe, M. L. Nilsen, G. Pinheiro, L. Brabenec, M. Rafei, P. Vermeer, T. Bruno, N. Scheff, 
Opioid-expressing B cells silence tumor-infiltrating nociceptor neurons. Research Square 
10.21203/rs.3.rs-7389517/v1 [Preprint] (2025); https://doi.org/10.21203/rs.3.rs-7389517/
v1.

	 41.	 H. Bloomer, S. R. Parker, A. L. Pierce, W. Clawson, M. M. Caron, T. Gerton, A. Pandey, T. T. Le, 
T. Adewumi, C. Kuperwasser, M. Levin, M. J. Oudin, Triple-negative breast cancer cells 
activate sensory neurons via TRPV1 to drive nerve outgrowth and tumor progression. 
bioRxiv 2025.07.22.666151 [Preprint] (2025); https://doi.org/10.1101/2025.07.22.666151.

	 42.	L . A. McIlvried, A. A. M. Matos, R. S. Krane, K. T. Eskew, T. LeGrande, M. A. Atherton,  
M. A. Ottley, M. L. Nilsen, D. Bell, M. Ahmadi, A. R. Nikpoor, S. Talbot, N. N. Scheff, CGRP 
signaling links tumor-associated pain to immune evasion in oral squamous cell 
carcinoma. Cell Rep. 45, 116994 (2026).

	 43.	E . N. Baruch, F. O. Gleber-Netto, P. Nagarajan, X. Rao, S. Akhter, T. Eichwald, T. Xie,  
M. Balood, A. Adewale, S. Naara, H. N. Sathishkumar, S. Islam, W. McCarthy, B. J. Mattson, 
R. Ferrarotto, M. K. Wong, M. A. Davies, S. Jindal, S. Basu, K. Roversi, A. R. Nikpoor,  
M. Ahmadi, A. Ahmadi, C. Harwood, I. Leigh, D. Gong, P. Tallón de Lara, D. L. Tao,  
T. M. Davidson, N. J. Ajami, A. Futreal, K. Rai, V. Kochat, M. Castillo, P. Gunaratne,  
R. P. Goepfert, S. D. Hernandez, N. I. Khushalani, J. Wang, S. S. Watowich, G. A. Calin,  
M. R. Migden, M. Yuan, N. Liu, Y. Ye, W. L. Hwang, P. D. Vermeer, N. J. D’Silva,  
Y. L. Bunimovich, D. Yaniv, J. K. Burks, J. Gomez, P. M. Dougherty, K. Y. Tsai, J. P. Allison,  
P. Sharma, J. A. Wargo, J. N. Myers, S. Talbot, N. D. Gross, M. Amit, Cancer-induced nerve 
injury promotes resistance to anti-PD-1 therapy. Nature 646, 462–473 (2025).

	 44.	 X. Chen, Y. Cao, Y. Zhao, Y. Ma, X. Shi, J. Wang, Z. Jiang, R. Luo, Z. Deng, X. Zhou, J. Yang,  
W. Fu, Neurodegeneration of local sympathetic inputs promotes colorectal cancer 
progression. Cancer Lett. 625, 217817 (2025).

	 45.	 F. O. Gleber-Netto, D. Silverman, T. Xie, S. Akhter, N. R. Vaughn, A. Adebayo, K. C. Debnath, 
S. Naara, S. Islam, E. Knutsen, E. L. Ashkin, S. Anfossi, S. Leahey, P. Hwu, S. Talbot,  

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 03, 2026

https://doi.org/10.1101/2024.01.08.574608
https://doi.org/10.1101/2024.01.08.574608
http://dx.doi.org/10.64898/2026.02.16.706220
https://doi.org/10.21203/rs.3.rs-7389517/v1
https://doi.org/10.21203/rs.3.rs-7389517/v1
http://dx.doi.org/10.1101/2025.07.22.666151


Pasvolsky et al., Sci. Transl. Med. 18, eaeh1718 (2026)     29 July 2026

S c i e n c e  T r a n s l at i o n a l  M e d i c i n e  |  R e v i e w

15 of 17

E. K. Sloan, R. Saddawi-Konefka, R. Rangel, J. N. Myers, G. A. Calin, M. Amit, β-Adrenergic 
signaling promotes anti-tumor immunity in TP53-mutant oral squamous cell carcinoma. 
Adv. Sci. 13, e16859 (2026).

	 46.	 S. Deborde, L. Gusain, A. Powers, A. Marcadis, Y. Yu, C.-H. Chen, A. Frants, E. Kao, L. H. Tang, 
E. Vakiani, M. Amisaki, V. P. Balachandran, A. Calo, T. Omelchenko, K. R. Jessen, B. Reva,  
R. J. Wong, Reprogrammed Schwann cells organize into dynamic tracks that promote 
pancreatic cancer invasion. Cancer Discov. 12, 2454–2473 (2022).

	 47.	 S. Zhang, J. Chen, F. Cheng, F. Zheng, The emerging role of Schwann cells in the tumor 
immune microenvironment and its potential clinical application. Int. J. Mol. Sci. 25, 13722 
(2024).

	 48.	 Y. Liu, J. Lin, Z. Yu, X. Li, X. Lv, P. Liu, X. Sun, Z. Zhang, X. Gao, K. Sun, D. Li, J. Li, Y. Liu,  
Y. Jiang, S. Zou, J. Lin, B. Sun, D. Fu, B. Shen, Tumor-associated Schwann cell remodeling 
under metabolic stress via lactate sensing orchestrates pancreatic ductal 
adenocarcinoma development. Cell Metab. 37, 1907–1925.e14 (2025).

	 49.	 M. Xue, Y. Zhu, Y. Jiang, L. Han, M. Shi, R. Su, L. Wang, C. Xiong, C. Wang, T. Wang, S. Deng, 
D. Wu, Y. Cao, L. Dong, F. Bai, S. Zhao, X. Deng, C. Peng, H. Li, J. Chen, B. Shen, L. Jiang,  
H. Chen, Schwann cells regulate tumor cells and cancer-associated fibroblasts in the 
pancreatic ductal adenocarcinoma microenvironment. Nat. Commun. 14, 4600 (2023).

	 50.	V . Gopalan, C. W. Wong, R. Leshem, L. Owen, T. Vallius, Y. Shi, Y. Jiang, E. Pérez-Guijarro,  
E. Wu, S. Chin, J. Ebersole, C. Smith, A. Sassano, M. A. Constantino, M. J. Haley, F. Livak,  
R. M. Simpson, C.-P. Day, A. Hurlstone, S. Hannenhalli, G. Merlino, K. L. Marie, Transitory 
Schwann cell precursor and hybrid states underpin melanoma therapy resistance and 
metastasis. bioRxiv 2022.10.14.512297 [Preprint] (2025); https://doi.
org/10.1101/2022.10.14.512297.

	 51.	 H. Kobayashi, T. Iida, Y. Ochiai, E. Malagola, X. Zhi, R. A. White, J. Qian, F. Wu,  
Q. T. Waterbury, R. Tu, B. Zheng, J. S. LaBella, L. B. Zamechek, A. Ogura, S. L. Woods,  
D. L. Worthley, A. Enomoto, T. C. Wang, Neuro-mesenchymal interaction mediated by a 
β2-adrenergic nerve growth factor feedforward loop promotes colorectal cancer 
progression. Cancer Discov. 15, 202–226 (2025).

	 52.	 T. Li, R. He, Q. Tian, T. Huang, H. Jiang, H. Chen, Y. Yuan, Y. Jiang, S. Zheng, C. Hu, S. Li, G. Li, 
R. Chen, Cancer-associated fibroblast-derived circKLHL24 drives perineural invasion in 
pancreatic cancer via dual regulation of the sec31a-CXCL12 axis. J. Exp. Clin. Cancer Res. 
44, 281 (2025).

	 53.	 G. Hoover, S. Gilbert, O. Curley, C. Obellianne, M. T. Lin, W. Hixson, T. W. Pierce,  
J. F. Andrews, M. F. Alexeyev, Y. Ding, P. Bu, F. Behbod, D. Medina, J. T. Chang, G. Ayala,  
S. Grelet, Nerve-to-cancer transfer of mitochondria during cancer metastasis. Nature 
644, 252–262 (2025).

	 54.	 H. Satilmis, E. Verheye, P. Vlummens, I. Oudaert, N. Vandewalle, R. Fan, J. M. Knight,  
N. De Beule, G. Ates, A. Massie, J. Moreaux, A. Maes, E. De Bruyne, K. Vanderkerken,  
E. Menu, E. K. Sloan, K. De Veirman, Targeting the β2-adrenergic receptor increases 
chemosensitivity in multiple myeloma by induction of apoptosis and modulating cancer 
cell metabolism. J. Pathol. 259, 69–80 (2023).

	 55.	 T. Huang, C. Hu, H. Chen, H. Jiang, T. Li, Q. Tian, R. He, Y. Yuan, Y. Jiang, Y. Zhou, Q. Lin,  
X. Wei, R. Chen, S. Zheng, Lactylation-driven NSUN2-mediated RNA m5C modification 
promotes perineural invasion in pancreatic cancer. Theranostics 16, 1782–1803 (2026).

	 56.	 S. S. Mayengbam, A. Alam, M. Witkowski, S. Senchanthisai, E. I. Bektas, M. Ma, V. Thiel,  
N. Dross, Y. Zhang, M. Johnson, K. V. d. Jeught, B. Hu, J. Wang, R. Brentjens, C. Fountzilas,  
L. Cherkassky, H. Wang, E. Mackey, A. Trumpp, E. Knudsen, W. Liao, E. Repasky,  
M. Seshadri, S. I. Abrams, J. Qu, M. Kim, P. Dey, Obesity-mediated intratumoral innervation 
increases pancreatic cancer tumorigenesis. Cell Press Sneak Peek 10.2139/ssrn.5080354 
[Preprint] (2025); https://papers.ssrn.com/sol3/papers.cfm?abstract_id=5080354.

	 57.	C . P. Le, C. J. Nowell, C. Kim-Fuchs, E. Botteri, J. G. Hiller, H. Ismail, M. A. Pimentel,  
M. G. Chai, T. Karnezis, N. Rotmensz, G. Renne, S. Gandini, C. W. Pouton, D. Ferrari,  
A. Möller, S. A. Stacker, E. K. Sloan, Chronic stress in mice remodels lymph vasculature to 
promote tumour cell dissemination. Nat. Commun. 7, 10634 (2016).

	 58.	 H. K. Wei, C. D. Yu, B. Hu, X. Zeng, H. Ichise, L. Li, Y. Wang, R. L. Wang, R. N. Germain,  
R. B. Chang, C. Jin, Tumour–brain crosstalk restrains cancer immunity via a sensory–
sympathetic axis. Nature 650, 1007–1016 (2026).

	 59.	A . C. Restaino, P. D. Vermeer, Neural regulations of the tumor microenvironment. FASEB 
Bioadv. 4, 29–42 (2021).

	 60.	 X. Wang, Y. Fan, Q. Wang, X. Shu, J. Lin, J. Guo, Z. Li, J. Xu, Tumor-infiltrating nerves: 
Unraveling the role of cancer neuroscience in tumorigenesis, disease progression, and 
emerging therapies. Discov. Oncol. 16, 1209 (2025).

	 61.	 Y. Attia, A. Hakeem, R. Samir, A. Mohammed, A. Elsayed, A. Khallaf, E. Essam, H. Amin,  
S. Abdullah, S. Hikmat, T. Hossam, Z. Mohamed, Z. Aboelmagd, O. Hammam, Harnessing 
adrenergic blockade in stress-promoted TNBC in vitro and solid tumor in vivo: Disrupting 
HIF-1α and GSK-3β/β-catenin driven resistance to doxorubicin. Front. Pharmacol. 15, 
1362675 (2024).

	 62.	 S. Gandhi, M. R. Pandey, K. M. Attwood, W. Ji, A. Witkiewicz, E. S. Knudsen, C. Allen, J. Tario, 
P. Wallace, C. Cedeno, M. Levis, S. Stack, P. Funchain, J. Drabick, M. Bucsek, I. Puzanov,  
H. Mohammadpour, E. A. Repasky, M. S. Ernstoff, Phase I clinical trial of combination 
propranolol and pembrolizumab in locally advanced and metastatic melanoma: Safety, 

tolerability, and preliminary evidence of antitumor activity. Clin. Cancer Res. 27, 87–95 
(2021).

	 63.	 F. Zhang, Y. Wang, F. Liu, Y. Li, X. Liu, X. Ren, X. Yuan, Impact of beta blockers on cancer 
neuroimmunology: A systematic review and meta-analysis of survival outcomes and 
immune modulation. Front. Immunol. 16, 1635331 (2025).

	 64.	 H. Y. Chen, W. Zhao, S. Na’ara, F. O. Gleber-Netto, T. Xie, S. Ali, Z. M. Thompson, J. Buell,  
H. Stafford, P. Nagarajan, M. Davies, M. K. Wong, M. R. Migden, P. Sharma, J. N. Myers,  
N. D. Gross, M. Amit, Beta-blocker use is associated with worse relapse-free survival in 
patients with head and neck cancer. JCO Precis. Oncol. 7, e2200490 (2023).

	 65.	 S. L. Rains, C. N. Amaya, B. A. Bryan, Beta-adrenergic receptors are expressed across 
diverse cancers. Oncoscience 4, 95–105 (2017).

	 66.	W .-B. Huang, H.-Z. Lai, J. Long, Q. Ma, X. Fu, F.-M. You, C. Xiao, Vagal nerve activity and 
cancer prognosis: A systematic review and meta-analysis. BMC Cancer 25, 579 (2025).

	 67.	 T. Oliveira, S. Sasi, J. Trainor, D. T. McManus, S. McQuaid, C. Lewis, J. A. James,  
H. G. Coleman, Ú. C. McMenamin, R. C. Turkington, Prognostic significance of 
beta-adrenergic receptor expression in oesophageal adenocarcinoma. J. Pathol. Clin. Res. 
12, e70070 (2026).

	 68.	L . A. McIlvried, M. A. Atherton, N. L. Horan, T. N. Goch, N. N. Scheff, Sensory 
neurotransmitter calcitonin gene-related peptide modulates tumor growth and 
lymphocyte infiltration in oral squamous cell carcinoma. Adv. Biol. 6, e2200019 (2022).

	 69.	A . C. Restaino, M. Ahmadi, T. Eichwald, A. R. Nikpoor, A. Walz, M. Balood, S. Talbot,  
P. D. Vermeer, Tumor-infiltrating nociceptor neurons promote immunosuppression. Sci. 
Signal. 18, eads7889 (2025).

	 70.	C . R. Chambers, S. Watakul, P. Schofield, A. E. Howell, J. Zhu, A. M. H. Tran, N. Kuepper,  
D. A. Reed, K. J. Murphy, L. M. Channon, B. A. Pereira, V. M. Tyma, V. Lee, M. Trpceski,  
J. Henry, P. Melenec, L. Abdulkhalek, M. Nobis, X. L. Metcalf, S. Ritchie, A. Cadell, J. Stoehr, 
A. Magenau, D. Chacon-Fajardo, J. L. Chitty, S. O’Connell, A. Zaratzian, M. Tayao,  
A. Da Silva, R. J. Lyons, L. D. Goldstein, A. Dale, A. Rookyard, A. Connolly, B. Crossett,  
Y. T. H. Tran, P. Kaltzis, C. Vennin, M. Dinevska, Australian Pancreatic Cancer Genome 
Initiative, Australian Pancreatic Cancer Matrix Atlas, D. R. Croucher, J. Samra, A. Mittal,  
R. J. Weatheritt, A. Philp, G. Del Monte-Nieto, L. Zhang, R. F. Enriquez, T. R. Cox, Y.-C. C. Shi, 
M. Pinese, N. Waddell, H.-W. Sim, T. Chtanova, Y. Wang, A. M. Joshua, L. Chantrill,  
T. R. J. Evans, A. J. Gill, J. P. Morton, M. Pajic, D. Christ, H. Herzog, P. Timpson, D. Herrmann, 
Targeting the NPY/NPY1R signaling axis in mutant p53–dependent pancreatic cancer 
impairs metastasis. Sci. Adv. 11, eadq4416 (2025).

	 71.	I . Antal-Zimanyi, M. A. Bruce, K. L. Leboulluec, L. G. Iben, G. K. Mattson, R. T. McGovern,  
J. B. Hogan, C. L. Leahy, S. C. Flowers, J. A. Stanley, A. A. Ortiz, G. S. Poindexter, 
Pharmacological characterization and appetite suppressive properties of BMS-193885, a 
novel and selective neuropeptide Y(1) receptor antagonist. Eur. J. Pharmacol. 590, 
224–232 (2008).

	 72.	 Y. Cheng, X.-Y. Tang, Y.-X. Li, D.-D. Zhao, Q.-H. Cao, H.-X. Wu, H.-B. Yang, K. Hao, Y. Yang, 
Depression-induced neuropeptide Y secretion promotes prostate cancer growth by 
recruiting myeloid cells. Clin. Cancer Res. 25, 2621–2632 (2019).

	 73.	 K. Ueda, A. Tatsuguchi, N. Saichi, A. Toyama, K. Tamura, M. Furihata, R. Takata, S. Akamatsu,  
M. Igarashi, M. Nakayama, T.-A. Sato, O. Ogawa, T. Fujioka, T. Shuin, Y. Nakamura, H. Nakagawa, 
Plasma low-molecular-weight proteome profiling identified neuropeptide-Y as a prostate 
cancer biomarker polypeptide. J. Proteome Res. 12, 4497–4506 (2013).

	 74.	I . Arrillaga-Romany, A. Lassman, S. L. McGovern, S. Mueller, B. Nabors, M. van den Bent,  
M. A. Vogelbaum, J. E. Allen, A. S. Melemed, R. S. Tarapore, P. Y. Wen, T. Cloughesy, 
ACTION: A randomized phase 3 study of ONC201 (dordaviprone) in patients with newly 
diagnosed H3 K27M-mutant diffuse glioma. Neuro Oncol. 26, S173–S181 (2024).

	 75.	V . V. Prabhu, S. Morrow, A. R. Kawakibi, L. Zhou, M. Ralff, J. Ray, A. Jhaveri, I. Ferrarini,  
Y. Lee, C. Parker, Y. Zhang, R. Borsuk, W.-I. Chang, J. N. Honeyman, F. Tavora, B. Carneiro,  
A. Raufi, K. Huntington, L. Carlsen, A. Louie, H. Safran, A. A. Seyhan, R. S. Tarapore,  
L. Schalop, M. Stogniew, J. E. Allen, W. Oster, W. S. El-Deiry, ONC201 and imipridones: 
Anti-cancer compounds with clinical efficacy. Neoplasia 22, 725–744 (2020).

	 76.	 G. Ghaisas, V. Y. Londhe, From neuropsychiatric use to oncology: Repurposing 
antipsychotic drugs for cancer treatment. Eur. J. Pharmacol. 1019, 178683 (2026).

	 77.	 J. Li, S. Zhu, D. Kozono, K. Ng, D. Futalan, Y. Shen, J. C. Akers, T. Steed, D. Kushwaha,  
M. Schlabach, B. S. Carter, C.-H. Kwon, F. Furnari, W. Cavenee, S. Elledge, C. C. Chen, 
Genome-wide shRNA screen revealed integrated mitogenic signaling between 
dopamine receptor D2 (DRD2) and epidermal growth factor receptor (EGFR) in 
glioblastoma. Oncotarget 5, 882–893 (2014).

	 78.	 P. R. Graves, L. J. Aponte-Collazo, E. M. J. Fennell, A. C. Graves, A. E. Hale, N. Dicheva,  
L. E. Herring, T. S. K. Gilbert, M. P. East, I. M. McDonald, M. R. Lockett, H. Ashamalla,  
N. J. Moorman, D. S. Karanewsky, E. J. Iwanowicz, E. Holmuhamedov, L. M. Graves, 
Mitochondrial protease ClpP is a target for the anticancer compounds ONC201 and 
related analogues. ACS Chem. Biol. 14, 1020–1029 (2019).

	 79.	L . Chen, S. Huang, X. Wu, W. He, M. Song, Serotonin signalling in cancer: Emerging 
mechanisms and therapeutic opportunities. Clin. Transl. Med. 14, e1750 (2024).

	 80.	 B. Li, J. Elsten-Brown, M. Li, E. Zhu, Z. Li, Y. Chen, E. Kang, F. Ma, J. Chiang, Y.-R. Li, Y. Zhu,  
J. Huang, A. Fung, Q. Scarborough, R. Cadd, J. J. Zhou, A. I. Chin, M. Pellegrini, L. Yang, 

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 03, 2026

http://dx.doi.org/10.1101/2022.10.14.512297
http://dx.doi.org/10.1101/2022.10.14.512297
http://dx.doi.org/10.2139/ssrn.5080354


Pasvolsky et al., Sci. Transl. Med. 18, eaeh1718 (2026)     29 July 2026

S c i e n c e  T r a n s l at i o n a l  M e d i c i n e  |  R e v i e w

16 of 17

Serotonin transporter inhibits antitumor immunity through regulating the intratumoral 
serotonin axis. Cell 188, 3823–3842.e21 (2025).

	 81.	 S. A. Grossman, X. Ye, M. Chamberlain, T. Mikkelsen, T. Batchelor, S. Desideri, S. Piantadosi, 
J. Fisher, H. A. Fine, Talampanel with standard radiation and temozolomide in patients 
with newly diagnosed glioblastoma: A multicenter phase II trial. J. Clin. Oncol. 27, 
4155–4161 (2009).

	 82.	A . Coppola, A. Zarabla, A. Maialetti, V. Villani, T. Koudriavtseva, E. Russo, A. Nozzolillo,  
C. Sueri, V. Belcastro, S. Balestrini, E. Ferlazzo, D. Giannarelli, L. Bilo, M. Maschio, 
Perampanel confirms to be effective and well-tolerated as an add-on treatment in 
patients with brain tumor-related epilepsy (PERADET Study). Front. Neurol. 11, 592 
(2020).

	 83.	V . Venkataramani, M. Schneider, F. A. Giordano, T. Kuner, W. Wick, U. Herrlinger, F. Winkler, 
Disconnecting multicellular networks in brain tumours. Nat. Rev. Cancer 22, 481–491 
(2022).

	 84.	 S. Heuer, I. Burghaus, M. Gose, T. Kessler, F. Sahm, P. Vollmuth, V. Venkataramani,  
D. Hoffmann, M. Schlesner, M. Ratliff, C. Hopf, U. Herrlinger, F. Ricklefs, M. Bendszus,  
S. M. Krieg, A. Wick, W. Wick, F. Winkler, PerSurge (NOA-30) phase II trial of perampanel 
treatment around surgery in patients with progressive glioblastoma. BMC Cancer 24, 135 
(2024).

	 85.	D . Yuan, J. Hu, X. Ju, E. M. Putz, S. Zheng, S. Koda, G. Sun, X. Deng, Z. Xu, W. Nie, Y. Zhao,  
X. Li, W. C. Dougall, S. Shao, Y. Chen, R. Tang, K. Zheng, J. Yan, NMDAR antagonists 
suppress tumor progression by regulating tumor-associated macrophages. Proc. Natl. 
Acad. Sci. U.S.A. 120, e2302126120 (2023).

	 86.	V . Gondi, S. Deshmukh, P. D. Brown, J. S. Wefel, T. S. Armstrong, W. A. Tome, M. R. Gilbert, 
A. Konski, C. G. Robinson, J. A. Bovi, T. L. S. Benzinger, D. Roberge, V. Kundapur,  
I. Kaufman, S. Shah, K. Y. Usuki, A. M. Baschnagel, M. P. Mehta, L. A. Kachnic, Sustained 
preservation of cognition and prevention of patient-reported symptoms with 
hippocampal avoidance during whole-brain radiation therapy for brain metastases: Final 
results of NRG Oncology CC001. Int. J. Radiat. Oncol. Biol. Phys. 117, 571–580 (2023).

	 87.	 S. M. Robert, S. C. Buckingham, S. L. Campbell, S. Robel, K. T. Holt, T. Ogunrinu-Babarinde, 
P. P. Warren, D. M. White, M. A. Reid, J. M. Eschbacher, M. E. Berens, A. C. Lahti, L. B. Nabors, 
H. Sontheimer, SLC7A11 expression is associated with seizures and predicts poor survival 
in patients with malignant glioma. Sci. Transl. Med. 7, 289ra286 (2015).

	 88.	C . J. Phiel, F. Zhang, E. Y. Huang, M. G. Guenther, M. A. Lazar, P. S. Klein, Histone 
deacetylase is a direct target of valproic acid, a potent anticonvulsant, mood stabilizer, 
and teratogen. J. Biol. Chem. 276, 36734–36741 (2001).

	 89.	A . V. Krauze, S. D. Myrehaug, M. G. Chang, D. J. Holdford, S. Smith, J. Shih, P. J. Tofilon,  
H. A. Fine, K. Camphausen, A phase 2 study of concurrent radiation therapy, 
temozolomide, and the histone deacetylase inhibitor valproic acid for patients with 
glioblastoma. Int. J. Radiat. Oncol. Biol. Phys. 92, 986–992 (2015).

	 90.	 J. K. Sullivan, P. P. Fahey, K. E. Agho, S. P. Hurley, Z. Feng, R. O. Day, D. Lim, Valproic acid as 
a radio-sensitizer in glioma: A systematic review and meta-analysis. NeuroOncol. Pract. 
10, 13–23 (2023).

	 91.	 H.-B. Kim, S.-K. Myung, Y. C. Park, B. Park, Use of benzodiazepine and risk of cancer: A 
meta-analysis of observational studies. Int. J. Cancer 140, 513–525 (2017).

	 92.	D . Huang, P. B. Alexander, Q.-J. Li, X.-F. Wang, GABAergic signaling beyond synapses: An 
emerging target for cancer therapy. Trends Cell Biol. 33, 403–412 (2023).

	 93.	C . Zhang, X. Guo, Y. Wang, S. Zhang, Z. Wang, The role of acetylcholine and its receptors 
in tumor immune regulation: Mechanisms and potential therapeutic targets. Mol. Cancer 
24, 231 (2025).

	 94.	 B. W. Renz, T. Tanaka, M. Sunagawa, R. Takahashi, Z. Jiang, M. Macchini, Z. Dantes,  
G. Valenti, R. A. White, M. A. Middelhoff, M. Ilmer, P. E. Oberstein, M. K. Angele, H. Deng,  
Y. Hayakawa, C. B. Westphalen, J. Werner, H. Remotti, M. Reichert, Y. H. Tailor, K. Nagar,  
R. A. Friedman, A. C. Iuga, K. P. Olive, T. C. Wang, Cholinergic signaling via muscarinic 
receptors directly and indirectly suppresses pancreatic tumorigenesis and cancer 
stemness. Cancer Discov. 8, 1458–1473 (2018).

	 95.	 M. Fornalik, S. Moska, M. Gimła, A. Yabluchanskiy, C. Bonin Pinto, Donepezil for 
cancer-related cognitive impairment: Systematic review and meta-analysis. Clin. Exp. 
Med. 25, 196 (2025).

	 96.	 X. Li, K. Liu, Z. Zhang, W. Zhu, M. Zhao, D. Zhao, Y. Zhao, Y. Zhang, F. Fu, H. Chen, Targeting 
the cholinergic-astrocyte axis: A novel strategy for brain metastasis prevention in lung 
adenocarcinoma. Cancer Lett. 628, 217870 (2025).

	 97.	E . M. Park, M. Chelvanambi, N. Bhutiani, G. Kroemer, L. Zitvogel, J. A. Wargo, Targeting the 
gut and tumor microbiota in cancer. Nat. Med. 28, 690–703 (2022).

	 98.	A . Elkrief, R. Pidgeon, S. M. Vareki, M. Messaoudene, B. Castagner, B. Routy, The gut 
microbiome as a target in cancer immunotherapy: Opportunities and challenges for 
drug development. Nat. Rev. Drug Discov. 24, 685–704 (2025).

	 99.	 G. D. Demetri, F. De Braud, A. Drilon, S. Siena, M. R. Patel, B. C. Cho, S. V. Liu, M.-J. Ahn, 
C.-H. Chiu, J. J. Lin, K. Goto, J. Lee, L. Bazhenova, T. John, M. Fakih, S. P. Chawla,  
R. Dziadziuszko, T. Seto, S. Heinzmann, B. Pitcher, D. Chen, T. R. Wilson, C. Rolfo, Updated 
integrated analysis of the efficacy and safety of entrectinib in patients with NTRK 
fusion-positive solid tumors. Clin. Cancer Res. 28, 1302–1312 (2022).

	100.	 B. W. Renz, R. Takahashi, T. Tanaka, M. Macchini, Y. Hayakawa, Z. Dantes, H. C. Maurer,  
X. Chen, Z. Jiang, C. B. Westphalen, M. Ilmer, G. Valenti, S. K. Mohanta, A. J. R. Habenicht, 
M. Middelhoff, T. Chu, K. Nagar, Y. Tailor, R. Casadei, M. Di Marco, A. Kleespies,  
R. A. Friedman, H. Remotti, M. Reichert, D. L. Worthley, J. Neumann, J. Werner, A. C. Iuga, 
K. P. Olive, T. C. Wang, β2 Adrenergic-neurotrophin feedforward loop promotes pancreatic 
cancer. Cancer Cell 33, 75–90.e7 (2018).

	101.	R . S. Banh, D. E. Biancur, K. Yamamoto, A. S. W. Sohn, B. Walters, M. Kuljanin, A. Gikandi,  
H. Wang, J. D. Mancias, R. J. Schneider, M. E. Pacold, A. C. Kimmelman, Neurons release 
serine to support mRNA translation in pancreatic cancer. Cell 183, 1202–1218.e25 (2020).

	102.	 J. Qin, J. Liu, Z. Wei, X. Li, Z. Chen, J. Li, W. Zheng, H. Liu, S. Xu, T. Yong, B. Zhao, S. Gou,  
S. Ju, G.-J. Teng, X. Yang, L. Gan, Targeted intervention in nerve–cancer crosstalk 
enhances pancreatic cancer chemotherapy. Nat. Nanotechnol. 20, 311–324 (2025).

	103.	 P. A. Cassier, R. Navaridas, M. Bellina, N. Rama, B. Ducarouge, H. Hernandez-Vargas,  
J.-P. Delord, J. Lengrand, A. Paradisi, L. Fattet, G. Garin, H. Gheit, C. Dalban, I. Pastushenko, 
D. Neves, R. Jelin, N. Gadot, N. Braissand, S. Léon, C. Degletagne, X. Matias-Guiu,  
M. Devouassoux-Shisheboran, E. Mery-Lamarche, J. Allard, E. Zindy, C. Decaestecker,  
I. Salmon, D. Perol, X. Dolcet, I. Ray-Coquard, C. Blanpain, A. Bernet, P. Mehlen, Netrin-1 
blockade inhibits tumour growth and EMT features in endometrial cancer. Nature 620, 
409–416 (2023).

	104.	E . E. Evans, C. Mallow, H. Bussler, T. L. Fisher, S. Garg, C. Snyder, E. Gersz, M. Scrivens,  
R. Kirk, M. Gil-Moore, E. Giampoli, B. J. Czerniecki, C. Steuer, M. Lowe, G. B. Lesinski,  
C. M. Paulos, N. Saba, M. Zauderer, Abstract LB-C007: Enhancing immune interactions in 
tumor with pepinemab SEMA4D blocking antibody. Cancer. Immunol. Res. 14, LB-C007 
(2026).

	105.	 M. Schneider, L. Vollmer, A.-L. Potthoff, V. M. Ravi, B. O. Evert, M. A. Rahman, S. Sarowar,  
J. Kueckelhaus, P. Will, D. Zurhorst, K. Joseph, J. P. Maier, N. Neidert, P. d’Errico,  
M. Meyer-Luehmann, U. G. Hofmann, A. Dolf, P. Salomoni, E. Güresir, P. Ø. Enger,  
M. Chekenya, T. Pietsch, P. Schuss, O. Schnell, M.-A. Westhoff, J. Beck, H. Vatter, A. Waha,  
U. Herrlinger, D. H. Heiland, Meclofenamate causes loss of cellular tethering and 
decoupling of functional networks in glioblastoma. Neuro Oncol. 23, 1885–1897 (2021).

	106.	 H. Liu, J. Weng, C. L. H. Huang, A. P. Jackson, Voltage-gated sodium channels in cancers. 
Biomark. Res. 12, 70 (2024).

	107.	 M. B. A. Djamgoz, Ranolazine: A potential anti-metastatic drug targeting voltage-gated 
sodium channels. Br. J. Cancer 130, 1415–1419 (2024).

	108.	 K. Carnet Le Provost, O. Kepp, G. Kroemer, L. Bezu, Trial watch: Local anesthetics in cancer 
therapy. OncoImmunology 13, 2308940 (2024).

	109.	N . T. H. Van, J. H. Nam, Intermediate conductance calcium-activated potassium channel 
(KCa3.1) in cancer: Emerging roles and therapeutic potentials. Biochem. Pharmacol. 230, 
116573 (2024).

	110.	W . L. Liu, X. Xie, H. Chen, Y. Wan, B. Tang, W. Mao, Targeting ion channel dysregulation in 
tumors: Emerging therapeutic opportunities. Trends Pharmacol. Sci. 47, 131–154 (2026).

	111.	 K. I. Ataga, M. Reid, S. K. Ballas, Z. Yasin, C. Bigelow, L. S. James, W. R. Smith, F. Galacteros, 
A. Kutlar, J. H. Hull, J. W. Stocker, ICA-17043-10 Study Investigators, Improvements in 
haemolysis and indicators of erythrocyte survival do not correlate with acute 
vaso-occlusive crises in patients with sickle cell disease: A phase III randomized, 
placebo-controlled, double-blind study of the gardos channel blocker senicapoc 
(ICA-17043). Br. J. Haematol. 153, 92–104 (2011).

	112.	 J. D. Bernstock, M. Mehari, J. V. E. Gerstl, D. M. Meredith, P. A. Valdes, P. Heesen,  
V. S. Ambati, S. Krishna, J. A. Chen, H. Arora, B. R. Johnston, M. Negussie, K. Grieco,  
C. Nava Gonzales, A. Dada, A. B. Lebouille-Veldman, A. Kabir, L. Spanehl, J. Kaur, S. Oten,  
Y. E. Sibih, R. A. Mekary, A. Daniel, J. F. de Groot, S. Izzy, F. A. Gessler, S. Stone, O. Arnaout, 
Y. Lu, B. D. Choi, M. D. Hall, M. P. Mehta, Y. Odia, G. K. Friedman, E. A. Chiocca, P. P. Peruzzi, 
T. R. Smith, S. L. Hervey-Jumper, Gabapentinoids confer survival benefit in human 
glioblastoma. Nat. Commun. 16, 4483 (2025).

	113.	 X. Liu, B. Shen, J. Zhou, J. Hao, J. Wang, The L-type calcium channel CaV1.3: A potential 
target for cancer therapy. J. Cell. Mol. Med. 28, e70123 (2024).

	114.	 S. R. Chinreddy, N. T. Mashozhera, B. Rashrash, G. Flores-Iga, P. Nimmakayala,  
G. R. Hankins, R. T. Harris, U. K. Reddy, Unraveling TRPV1’s role in cancer: Expression, 
modulation, and therapeutic opportunities with capsaicin. Molecules 29, 4729 (2024).

	115.	 M. K. Son, H.-J. Lee, E. Cho, S. J. Oh, T. W. Kim, TRPV1 inhibition sensitizes tumors to PD-1 
blockade by reversing resistance to CTL-mediated killing. Sci. Rep. 15, 20600 (2025).

	116.	 T. Li, S. Jiang, Y. Zhang, J. Luo, M. Li, H. Ke, Y. Deng, T. Yang, X. Sun, H. Chen, Nanoparticle-
mediated TRPV1 channel blockade amplifies cancer thermo-immunotherapy via heat 
shock factor 1 modulation. Nat. Commun. 14, 2498 (2023).

	117.	A . Szallasi, Resiniferatoxin: Nature’s precision medicine to silence TRPV1-positive 
afferents. Int. J. Mol. Sci. 24, 15042 (2023).

	118.	 K. T. Eskew, L. A. McLlvried, A. M. M. Matos, M. A. Atherton, N. N. Scheff, Impact of 
resiniferatoxin on oral squamous cell carcinoma pain and tumor-associated immune 
response. J. Pain 25, 15 (2024).

	119.	A . J. Mannes, J. D. Heiss, A. Berger, C. C. Alewine, J. A. Butman, M. S. Hughes, N. Rabbee,  
C. Hayes, T. S. Williams, M. R. Sapio, M. J. Iadarola, Treatment of intractable cancer pain 
with resiniferatoxin — An interim study. NEJM Evid. 4, EVIDoa2400423 (2025).

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 03, 2026



Pasvolsky et al., Sci. Transl. Med. 18, eaeh1718 (2026)     29 July 2026

S c i e n c e  T r a n s l at i o n a l  M e d i c i n e  |  R e v i e w

17 of 17

	120.	 F. Wang, B. Deng, M. Qin, Z. Cheng, J. Zhang, G. Xie, Pan-cancer analysis of TRPV1: A novel 
immune infiltration-related biomarker for tumor prognosis and immunotherapy 
response prediction. BMC Cancer 26, 216 (2026).

	121.	 S.-H. Jiang, S. Zhang, Z. Cai, M.-H. Yu, H. Li, L. Jiang, S. Cai, Y. Zhu, H. Wang, R.-X. Huo,  
X. Xia, H.-F. Yao, L. Zhu, X.-L. Zhang, L.-P. Hu, Q. Li, J. Li, Y.-M. Huo, R. Hua, J. Xue, C. Jiang, 
Y.-W. Sun, J.-F. Zhang, Z.-Z. Zhang, D.-J. Liu, G. G.-S. Xiao, Z.-G. Zhang, Mechanical cues of 
extracellular matrix determine tumor innervation. bioRxiv 2024.03.25.586535 [Preprint] 
(2024); https://doi.org/10.1101/2024.03.25.586535.

	122.	 P. Qu, H. Zhang, The dual role of Piezo1 in tumor cells and immune cells: A new target for 
cancer therapy. Front. Immunol. 16, 1635388 (2025).

	123.	R . Coveñas, F. D. Rodríguez, P. Robinson, M. Muñoz, The repurposing of non-peptide 
neurokinin-1 receptor antagonists as antitumor drugs: An urgent challenge for 
aprepitant. Int. J. Mol. Sci. 24, 15936 (2023).

	124.	E . Botteri, S. Hjorth, F. Conforti, V. Bagnardi, B. K. Andreassen, N. C. Støer, S. Bhargava,  
G. Ursin, S. Gandini, E. K. Sloan, A. Chang, Aprepitant use during chemotherapy and 
association with survival in women with early breast cancer. J. Natl. Cancer Inst. 117, 
2249–2258 (2025).

	125.	A . Garnier, M. Ilmer, K. Becker, B. Häberle, D. Von Schweinitz, R. Kappler, M. Berger, Truncated 
neurokinin-1 receptor is an ubiquitous antitumor target in hepatoblastoma, and its 
expression is independent of tumor biology and stage. Oncol. Lett. 11, 870–878 (2016).

	126.	 S. Ittermann, “The role of NEAT1 and paraspeckles in the regulation of translation and 
human brain development,” thesis, LMU München: Faculty of Medicine, Ludwig-
Maximilians-Universität München, München, Germany (2025).

	127.	 G. Lundegårdh, A. Ekbom, J. K. McLaughlin, O. Nyrén, Gastric cancer risk after vagotomy. 
Gut 35, 946–949 (1994).

	128.	 H.-L. Rabben, C.-M. Zhao, Y. Hayakawa, T. C. Wang, D. Chen, Vagotomy and gastric 
tumorigenesis. Curr. Neuropharmacol. 14, 967–972 (2016).

	129.	 F. Lu, X. Wang, J. Tian, X. Li, Early versus delayed computed tomography-guided celiac 
plexus neurolysis for palliative pain management in patients with advanced pancreatic 
cancer: A retrospective cohort study. Front. Neurol. 14, 1292758 (2023).

	130.	 J. D. Mitsou, V. Tseveleki, F.-I. Dimitrakopoulos, K. Konstantinidis, H. Kalofonos, Radical tumor 
denervation activates potent local and global cancer treatment. Cancers 15, 3758 (2023).

	131.	 F. Nozzoli, M. Catalano, L. Messerini, F. Cianchi, R. Nassini, F. De Logu, L. F. Iannone,  
F. Ugolini, S. Simi, D. Massi, P. Geppetti, G. Roviello, Perineural invasion score system and 
clinical outcomes in resected pancreatic cancer patients. Pancreatology 24, 553–561 
(2024).

	132.	 S. S. Chow, R. Wang, Y. Zhao, R. Serafin, E. Baraznenok, L. Lan, X. Farre, K. Bishop, G. Gao,  
L. D. True, A. Madabhushi, J. T. Liu, Abstract 2436: Prostate cancer risk stratification based 
on 3D histomorphometric features related to perineural invasion (PNI). Cancer Res. 85, 
2436 (2025).

	133.	 H. M. Babiker, V. Picozzi, S. R. Chandana, B. Melichar, A. Kasi, J. Gang, J. Gallego, A. Bullock, 
H. Chunyi, L. Wyrwicz, E. Hitre, A. Osipov, C. de la Fouchardiere, I. Ales, T. Dragovich,  
W. Lee, K. Feeney, P. Philip, M. Ueno, E. Van Cutsem, T. Seufferlein, T. Macarulla, PANOVA-3 
Study Investigators, Tumor treating fields with gemcitabine and nab-paclitaxel for locally 
advanced pancreatic adenocarcinoma: Randomized, open-label, pivotal phase III 
PANOVA-3 study. J. Clin. Oncol. 43, 2350–2360 (2025).

	134.	 J. Y. Y. Yap, C. Keatch, E. Lambert, W. Woods, P. R. Stoddart, T. Kameneva, Critical review of 
transcutaneous vagus nerve stimulation: Challenges for translation to clinical practice. 
Front. Neurosci. 14, 284 (2020).

	135.	E . Reijmen, S. De Mey, H. Van Damme, K. De Ridder, T. Gevaert, E. De Blay, L. Bouwens,  
C. Collen, L. Decoster, M. De Couck, D. Laoui, J. De Grève, M. De Ridder, Y. Gidron,  
C. Goyvaerts, Transcutaneous vagal nerve stimulation alone or in combination with 
radiotherapy stimulates lung tumor infiltrating lymphocytes but fails to suppress tumor 
growth. Front. Immunol. 12, 772555 (2021).

	136.	 M. Do, A. Evancho, W. J. Tyler, Bilateral transcutaneous auricular vagus nerve stimulation 
for the treatment of insomnia in breast cancer. Sci. Rep. 16, 1081 (2025).

	137.	 S. Perrino, U. Vazana, O. Prager, L. Schori, G. Ben-Arie, A. Minarik, Y. M. Chen, O. Haçariz,  
M. Hashimoto, Y. Roth, G. S. Pell, A. Friedman, P. Brodt, Transcranial magnetic stimulation 

enhances the therapeutic effect of IGF-trap in intracerebral glioma models. 
Pharmaceuticals 17, 1607 (2024).

	138.	 S. Jo, S. H. Im, S. H. Kim, D. Baek, J.-K. Shim, S.-G. Kang, J. H. Chang, G. R. Notario, D.-W. Lee, 
A. Baek, S.-R. Cho, Tumor suppressive effect of low-frequency repetitive transcranial 
magnetic stimulation on glioblastoma progression. Neurotherapeutics 22, e00569 (2025).

	139.	 Y. Wang, F. Liu, X. Du, J. Shi, R. Yu, S. Li, R. Na, Y. Zhao, M. Zhou, Y. Guo, L. Cheng, G. Wang,  
T. Zheng, Combination of anti–PD-1 and electroacupuncture induces a potent antitumor 
immune response in microsatellite-stable colorectal cancer. Cancer Immunol. Res. 12, 
26–35 (2024).

	140.	A . A. Martel-Matos, L. A. McIlvried, N. L. Horan, N. A. Rodriguez, J. I. Rothberg,  
M. A. Atherton, S. V. Glass, M. L. Nilsen, N. N. Scheff, Cancer-induced nerve injury unveils a 
sympathetic-to-sensory nerve axis in head and neck cancer. bioRxiv 2025.09.19.677339 
[Preprint] (2025); https://doi.org/10.1101/2025.09.19.677339.

	141.	L . Xie, W. Xiao, H. Fang, G. Liu, RAMP1 as a novel prognostic biomarker in pan-cancer and 
osteosarcoma. PLOS ONE 18, e0292452 (2023).

	142.	 M. Mastall, P. Roth, A. Bink, A. Fischer Maranta, H. Läubli, A. F. Hottinger, T. Hundsberger, 
D. Migliorini, A. Ochsenbein, K. Seystahl, L. Imbach, T. Hortobagyi, L. Held, M. Weller,  
H.-G. Wirsching, A phase Ib/II randomized, open-label drug repurposing trial of 
glutamate signaling inhibitors in combination with chemoradiotherapy in patients with 
newly diagnosed glioblastoma: The GLUGLIO trial protocol. BMC Cancer 24, 82 (2024).

	143.	 J. Lengrand, I. Pastushenko, S. Vanuytven, Y. Song, D. Venet, R. M. Sarate, M. Bellina,  
V. Moers, A. Boinet, A. Sifrim, N. Rama, B. Ducarouge, J. Van Herck, C. Dubois, S. Scozzaro, 
S. Lemaire, S. Gieskes, S. Bonni, A. Collin, N. Braissand, J. Allard, E. Zindy, C. Decaestecker, 
C. Sotiriou, I. Salmon, P. Mehlen, T. Voet, A. Bernet, C. Blanpain, Pharmacological targeting 
of netrin-1 inhibits EMT in cancer. Nature 620, 402–408 (2023).

	144.	C .-M. Zhao, Y. Hayakawa, Y. Kodama, S. Muthupalani, C. B. Westphalen, G. T. Andersen,  
A. Flatberg, H. Johannessen, R. A. Friedman, B. W. Renz, A. K. Sandvik, V. Beisvag,  
H. Tomita, A. Hara, M. Quante, Z. Li, M. D. Gershon, K. Kaneko, J. G. Fox, T. C. Wang,  
D. Chen, Denervation suppresses gastric tumorigenesis. Sci. Transl. Med. 6, 250ra115 
(2014).

	145.	C . Coarfa, D. Florentin, N. Putluri, Y. Ding, J. Au, D. He, A. Ragheb, A. Frolov, G. Michailidis, 
M. Lee, D. Kadmon, B. Miles, C. Smith, M. Ittmann, D. Rowley, A. Sreekumar,  
C. J. Creighton, G. Ayala, Influence of the neural microenvironment on prostate cancer. 
Prostate 78, 128–139 (2018).

Acknowledgments 
Funding: This work was supported by the following funding sources, listed by author initials. 
M.A. was supported by the National Institutes of Health, the National Cancer Institute grant 
R37 1R37CA242006-01A1, the Stiefel Family Discovery Award, the Institutional Research Grant, 
R01 DE032018 [National Institute of Dental and Craniofacial Research (NIDCR)] funding, and 
the Disruptive Science Moonshot Award, MD Anderson Cancer Center (MDACC). F.W. is 
supported by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation), 
SFB 1389, UNITE Glioblastoma, project ID 404521405. Author contributions: L.P., G.H.J., F.W., 
and M.A. contributed to the conceptualization and overall structure of the Review. L.P., G.H.J., 
Y.V., and F.W. performed the literature review and investigation, with L.P. and G.H.J. leading the 
overall manuscript development and F.W. contributing specifically to the CNS-related sections. 
L.P., G.H.J., and F.W. contributed to writing the original draft. G.H.J. prepared the figures and 
contributed to visualization. L.P. coordinated manuscript organization and project 
administration and supervised Y.V.’s contributions. M.A. supervised the overall work and 
acquired funding. L.P., G.H.J., Y.V., F.W., and M.A. contributed to manuscript review and editing. 
All authors reviewed and approved the final manuscript. Competing interests: F.W. has an 
issued patent, WO2017020982A1, “Agents for use in the treatment of glioma.” The other 
authors declare that they have no competing interests.

Submitted 16 March 2026 
Accepted 25 June 2026 
Published 29 July 2026 
10.1126/scitranslmed.aeh1718

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 03, 2026

https://doi.org/10.1101/2024.03.25.586535
https://doi.org/10.1101/2025.09.19.677339


Cancer neuroscience: Mechanisms to medicine
Lilach Pasvolsky, Gregory H. Jones, Yen Vu, Frank Winkler, and Moran Amit

Sci. Transl. Med. 18 (860), eaeh1718.  DOI: 10.1126/scitranslmed.aeh1718

View the article online
https://www.science.org/doi/10.1126/scitranslmed.aeh1718
Permissions
https://www.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Translational Medicine (ISSN 1946-6242) is published by the American Association for the Advancement of Science. 1200 New
York Avenue NW, Washington, DC 20005. The title Science Translational Medicine is a registered trademark of AAAS. 

Copyright © 2026 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 03, 2026

https://www.science.org/content/page/terms-service

	Cancer neuroscience: Mechanisms to medicine
	INTRODUCTION
	CNS MECHANISMS
	PNS MECHANISMS: CIRCUITS, SCAFFOLDS, AND METABOLIC REPROGRAMMING
	CURRENT TREATMENTS TARGETING THESE VULNERABILITIES
	Neurotransmitter signaling pathways
	β-adrenergic signaling
	CGRP pathway
	Neuropeptide Y pathway
	Dopamine pathway
	Serotonin pathway
	Glutamate pathway
	GABA pathway
	Cholinergic signaling

	Neurotrophin signaling, synaptic adhesion, and axon guidance
	Ion channel modulation in lower-PNI but electrically active tumors
	Voltage-gated sodium channels
	Potassium channels
	Calcium channels
	TRPV1 pathway
	Mechanosensitive ion channels (Piezo-type mechanosensitive ion channel component 1)

	Neurokinin-1 receptor antagonists and symptom-tumor overlap
	Local denervation and interventional neuromodulation

	CONCLUSION
	REFERENCES AND NOTES
	Acknowledgments
	AbstractOne-sentence summary: 


